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Abstract

T h e  atm ospheric  lifetim es of a  series of e thers  and keto nes w a s  
estab lished , with respect to reaction with O H  radicals and Cl atom s, 
using a  relative rate sm og ch am ber techn ique . R eactiv ity  of th ese  
com pounds w as affected  by , their C - H bond dissociation en erg ies  , th e  
oxygen atom  in their structure , steric effects , an d  polarity contributions . 
From  the rate constant d a ta  ca lculated in this w o rk  it w as  concluded that 
the  tropospheric lifetim es of th ese  com pounds is prim arily d e term in ed  by 
their reactivity with O H  radicals . O nly four of th e  com pounds an a lysed  (2- 
ch lo ro ,1 ,1 ,1-trifluoro ethyl ethyl ether, Isoflurane, en flu rane and aceto n e) 
had sufficiently long tropospheric lifetim es which will allow  transportation  
of th es e  species to the stratosphere . T h re e  of th es e  com pounds w e re  
chlorinated ethers . T h e s e  species m ay re lea se  their chlorine atom s in the  
stratosphere , ultim ately resulting In ozone depletion  .

R e le as e  figures for the two ha lo gen ated  an ae sth etic  e thers  , 
isoflurane and enflu rane , w e re  ca lculated in our laboratory and com bined  
with atm ospheric  lifetim e d a ta  to establish the possible contribution of the  
anaesthetics  to ozone depletion . It w as es tim ated  that only a  fraction of 
the  re leased  species will be effective in causing o zo n e  depletion  .

T o  establish the ulitlm ate atm ospheric fa te  of the  anaesthetics  , 
stratospheric photooxidation reaction m echan ism s w e re  investigated  for 
th ese  species . Result d a ta  indicated that the  an aesthetics  will undergo  
reaction processes initiated by chlorine atom s produced from  the  
photodecom position of the  parent species . T h e s e  ch lorine-sensitised  
photooxidation reaction m echanism s ultim ately lead  to the form ation of 
C F 20  and C 0 2 , both g reen h o u se g ases .

A lthough the an aesthetics  isoflurane and en flu rane  a re  re lease d  to  
the  troposphere , their effect on stratospheric o zo n e  and on w orld c lim ate  
w as estim ated to be m inim al com pared with o ther C F C s  . This w ork  
serves as a  quick guide to the type of reaction processes which are  
im portant in environm ental assessm ent of volatile  an thropogen ic species  
and also illustrates the significance of seco ndary factors such as em ission  
figures , reaction products , etc., in atm ospheric quality a s s e s s m e n t.



CHAPTER 1

General Introduction
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1.1 The Atmosphere and this thesis

Every year large quantities of chem icals a re  re lease d  into th e  a tm osphere  

from  natural as well as anthropogenic sources . T h e s e  com pounds are  

then  transported both vertically and horizontally w ithin th e  a tm o sp h ere  by 

air circulation . D epend ing  on the nature of th e  c h e m ic a l, th e re  a re  

various m echanism s by w hich th ese  spec ies can  be rem o ved  from  the  

atm osphere . C om pounds w hich are  w a te r soluble a re  read ily  rem oved  by 

precipitation , i.e. in rain , w hile  others such as chlorofluorocarbons  

(C F C s) a re  non-polar and stab le  in the low er a tm o sp h ere  and thus can  

reside in the atm osphere for years before th ey  are  ultim ately transform ed  

/  rem oved as a  result of reaction in the upper reach e s  of the  a tm o sp h ere  . 

M uch interest in the past 16 years has centred  on th e  chem istry of those  

com pounds which are  vo latile , non-polar and highly h a lo g en ated  , i.e . 

C F C s  . D ue to the relative inertness of such com pounds in th e  low er 

atm osphere  , it w as  initially considered that th es e  chem icals  w ould  have  

little effect on the  quality of the  a tm osphere . H o w e v e r , such stability  

allow s th ese  com pounds tim e to undergo transportation  to th e  higher 

reaches of the atm osphere , w here  these species  can  then  react 

disturbing the de licate  ba lance  existing th ere  .

T h e  atm ospheric fa te  of a chem ical re leased  at th e  su rface of th e  

earth  depends on a  num ber of factors including th e  nature of th e  chem ical 

, the  p resence and concentration of other species  and th e  efficiency of 

transport and mixing processes within the a tm o sp h ere  .

This thesis studies th e  atm ospheric rem oval m echan ism s of a  

series of volatile , n o n -p o la r , oxygenated  (som e ha lo gen ated ) 

com pounds . C h ap ter 2 d ea ls  with the rate of rem oval of th ese  

com pounds by reactive species in the low er a tm o sp h ere  , and C h a p te r 3 

involves a  study of rem oval m echanism s for tw o of th es e  com pounds in

2



the  stratosphere . In this opening chapter w e  look briefly at characteristics  

of th e  atm osphere , at the pollutants them selves  , the ir rem oval 

m echanism s , possible effects of these species especia lly  in the  

stratosphere and th e  u ltim ate effects which th ese  com pounds m ay have  

on life at the earth 's surface .

T h e  earth's a tm o sp h ere  consists of an en ve lo p e  of g ases  extending  

to a  height of approxim ately  2 0 0 0  km , with the density  of th es e  g ases  

decreasing  rapidly w ith increasing altitude . T e m p e ra tu re  varia tions also  

occur with altitude and it is this characteristic varia tion  which is used  to  

divide the  atm osphere into layers . Figure 1.1 show s a  plot of a v e ra g e  

atm ospheric  tem p era tu re  for mid latitudes as a  function of height ab o ve  

s e a  le v e l . O zo n e  concentrations within the  various regions of the  

atm osphere are  also indicated .

Thermosphere

Mesosphere

Stratosphere  

Troposphere
0 100 200 30 0  400

Temperature,  K.

Figure 1.1

T e m p era tu re  versus altitude profile for th e  first 12 0  km of the  earth 's  
atm osphere . O zo n e  concentrations are also indicated [1 ] .

[ 0 3] , molecules  cra'!



T h e  troposphere is characterised  by a  s tead y  d e c re a s e  in 

tem p era tu re  with increasing altitude . It is m ain ta ined  as a  distinct layer of 

the  atm osphere by the cooler air of the  stra to sph ere  which lies ab o ve  .

T h e  d e crease  in tem p era tu re  within the trop osph ere  is due to the strong  

heating effect at the  earth 's sufrace from  th e  absorption of visib le an d  U V  

radiation . A ccom panying  this there  Is a  strong circular and vertical m ixing  

of constituents b ecau se  w arm er air near th e  ground rises and is rep laced  

by cooler air from ab o ve . Thus pollutants re leased  at th e  earth 's su rface  

can m ove to the top of the troposphere in a  few  days or less . E ssentia lly  

all of the w ater v a p o u r , clouds and precip itation in the earth 's a tm o sp h ere  

are  found in this region , so rem oval of w a te r soluble pollutants by  

precipitation scavenging is an im portant atm ospheric  cleansing  

m echanism  w ithin this region .

T h e  stratosphere shows a  reversal of the  tem p e ra tu re  grad ient 

found in the troposphere with tem p era tu re  increasing with altitude . 

R elative ly  little vertical mixing occurs w ithin this region since the cooler air 

is at the low er altitudes and does not read ily  rise . H o w e v e r , transport in 

the  horizontal direction is quite rapid and a  trac er m ay be d ispersed  

around the w orld on a line of latitude from  east to w est in 1 to 4  w e e k s  . 

T h e re  is a  relatively slow rate of transport of m ateria ls  across the  

tropopause . U pw ard  m oving air from  the trop osph ere passes through the  

coldest region of the tropopause and this results in all but a  fe w  ppm  of 

w ater vapour being precip itated o u t , hence  the stratosphere Is ve ry  dry  

and no precipitation scavenging occurs in this region .The stra tosphere  

contains approxim ately  one tenth of th e  earth 's a tm o sp h ere  by m ass , and  

, apart from the p resence of ozone and sm aller am ounts of trace  sp ec ies  , 

it's chem ical com position is close to that of the  troposphere [2 ] .

T h e  extent to which C F C s , H C F C s  and all volatile com pounds  

em itted to th e  atm osphere subequently d ep le te  ozone Is d e p en d en t on
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the effic iency with w hich these com pounds are  rem o ved  from  the  

troposphere . T h e  tropospheric lifetim e of a  non - polar an thropo gen ic  

organic , (Ta) is g iven by ;

Ta = "W kox [Ox] 

w h ere  : kox =  R ate  of O xidation

[Ox] = C oncentration  of oxidant (N O s , Cl or O H )

T h e  m ain tropospheric sinks for w a te r insoluble vo latile  organ ic  

chem icals (V O C s ) is oxidation by O H  and N 0 3 radicals and by Cl a tom s .

As photolysis is essentia l for the  production of O H  radicals , this process  

predom inates during daylight hours . It fad es  in s ign ificance at dusk w h en  

oxidation v ia  N 0 3 radicals takes  o v e r . T h e  latter process is only ev ident 

at night since sunlight readily photodissociates th e  N 0 3 radical m aking it's 

daylight steady state concentration t r iv ia l . R ecently  th e  im portance of Cl 

atom  oxidation of V O C s  in the troposphere has been  recognised [ 3 ] .  T h e  

sources and m echanism s of reaction of O H  radicals and Cl a tom s in the  

troposphere are  discussed in detail in C h ap te r 2 of this thes is  .

T h e  tem p era tu re  at the surface of the  sun is ap pro xim ate ly  6 0 0 0 °C  

and hence solar radiation is largely in the U V  an d  visible regions of the  

electrom agnetic  spectrum  . A pproxim ate ly  4 7 %  of the total radiation from  

th e  sun is received at the  earth ’s su rface w hile th e  rem ain d er is lost e ither  

by reflection or absorption by atm ospheric  g ases . T h e  potentially  lethal 

U V  radiation b e tw een  2 0 0  and 3 0 0  nm is absorbed  in the s tra to sph ere , 

m ainly by o zo n e and to a  lesser extent by oxygen . F igure 1 .2  co m pares  

the  solar spectrum  at the top of the  a tm osphere  with the so lar en erg y  that 

reaches the earth 's surface .
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Wavelength (nm)

Figure 1.2
A com parison betw een  light w ave lengths  incident on th e  earth 's  
atm osphere  to those which even tua lly  reach the earth 's su rface [1] .

It is ap paren t that d ifferent regions exist in th e  a tm o sp h ere  , w ith  

different conditions prevailing in each  and therefo re  th e  types of chem ical 

process which predom inate at each  level differs . C om po unds w hich a re  

not w a te r soluble and react slow ly with oxidising species  in the  

troposphere will persist and eventua lly  undergo transportation to the  

stratosphere . H ere  the lack of w a te r and the higher en ergy (low er  

w ave length ) light m ay lead to photodecom position of th es e  sp ec ies  . Th is  

light initiated decom position is the  m ain rem oval m echanism  for certain  

com pounds (halogen containing) in the stratosphere and it is this
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breakdow n w hich gen era tes  new  problem s , particularly with regard  to 

ozone concentrations.

T h e  im portance of the earth's o zo n e "shield" has b e en  know n for 

m any years  . T h e  absorption of solar U V  radiation by th e  o zo n e layer  

provides the heat which m aintains the stability of th e  stra to sph ere - the  

"cap" to th e  turbulent w eath er system s at low er levels - and  this acts as  

one of th e  ultim ate controls on the global c lim ate . M ore  im portantly the  

absorption process shields the earth 's surface from  th e  m ost biologically  

dam aging  w ave lengths of ultraviolet radiation (2 0 0  - 3 0 0  nm ), U V (B ) [4 ] .

C oncern  over 0 3 depletion has arisen b e ca u se  of concern over

corresponding increases in biologically harm ful U V (B ) radiation . It is 

therefore  worth noting that a  U V (B ) m onitoring netw ork in th e  U S  

(estab lished in 19 74 ) observed no increase in U V (B ) radiaiton over the  

1 1-year period 19 7 4  - 19 85  . O n the contrary , dow nw ard  trends in U V (B )  

intensity averag ing  from 0 .5  - 1 %  per year w e re  observed  [ 5 ] .  It is 

possible , h o w e v e r , that apparen t trends in U V (B ) intensities at th e  eight 

urban locations w e re  influenced by either local air pollution (tropospheric  

0 3, particles etc) or by lack of se lective sensitivity of the m onitoring

instrum ents to the biologically active w ave len g th s  in the U V (B ) spectrum

[6 ] .  It is most likely that no observed increase in th e  levels of U V (B )  

radiation have yet been  observed in the U .S . b ecau se  as yet the  m ain  

area s  of ozone depletion are  confined to the southern h em isp h ere  .

A ny hum an d isease that is induced or exac erb a ted  by so lar 

radiation will probably increase in freq uen cy and severity  w ith increased  

solar U V (B ). Th is  is due to the en h an ced  total dose of U V ( B ) , but also to 

th e  progressively g reater contribution of the  shorter w ave len g th  , th e  m ore  

biologically effective dose . In hum an health issues this w ave len g th  

d epen den cy reflects the g rea te r absorption of the  shorter w ave len g th s  of 

U V (B ) by D N A  m olecules . T h e  tw o prim ary scientific issues underlying
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the effects of enhanced UV(B) on hum an health are skin cancer and 

p h o to im m u n o lo g y .

S cientific  evidence tha t nonm elanom a skin  cancer is caused  by 

so lar UV(B) is s u b s ta n t ia te ,  s trong ly  suggesting  tha t p ro jected  increases 
in UV(B) due to stra tospheric  0 3  dep le tion  w ou ld  acce lera te  the  inc idence

and severity  of these tum ors . G iven an a tm ospheric  am p lifica tion  o f 2 
(i.e. a 1 %  dep le tion  of s tra tospheric  0 3  p roduces a p ro jected  2 %  increase

in UV(B) at ground le v e l) , a 2%  increase in UV(B) w ou ld  resu lt in a  2 - 

5%  increase in basal - cell carc inom a and a 4 -1 0 %  increase  in 

squam ous - cell carc inom a . Am ong h igh ly UV(B) - sensitive  hum an 

popula tions from  mid to  upper la titudes (e.g. peop les of C e ltic  descent) 

who now  inhab it regions of the  w orld  in w hich pro jected  UV(B) increases 

are g rea test (e.g. A u s tra lia ) , the  rate of occurrence of these  skin  cancers 

is expected to  increase s ign ifican tly  . M elanom a is a m uch m ore serious 

concern . M elanom a kills th ree  tim es as m any people  per yea r as o ther 

skin cancers . There  is c learly a sun ligh t com ponent to  m elanom a in tha t 

there is an inverse corre la tion of la titude and dea ths from  m e lanom a .

W ith regard to increased U V (B ) , m ost authorities in pho tocarc inogenes is  

believe there  w ill be a concom m itan t increase in deaths by m elanom a .

Beyond the d irect e ffects of UV(B) exposure  in con tribu ting  to  skin 

cancer in hum ans , there  is em erg ing  da ta  linking UV(B) w ith  a change in 

the body's auto im m une system  . Based on these  stud ies , it is 

hypothesised tha t UV(B) - induced DNA lesions (thym ine pho toproducts  

such as cyc lobutane pyrim id ine d im ers) in the skin  are h igh ly an tigen ic  , 

e levating the  bodies titre  of an tinuc lear antibod ies , w h ich  in tu rn  e lic it 

auto im m une - like reactions . These  reactions are characte ris tic  o f certa in  

sun ligh t - sensitive  d iseases such as system ic  lupus e ry them atosus . The 

inc idence and severity  of th is  c lass of UV(B) - induced d isease  are 

expected to  increase w ith enhanced exposure to  UV(B) [6 ] .  M o re o v e r , it

8



is hypothesised tha t th is  sam e process is linked to  the  m ore com plica ted  

issue of photocarcinogenesis  w he reby  UV(B) suppresses the  body's 

in trins ic  capacity  to im m uno log ica lly  re ject tum or grow th  and deve lopm ent 

. C onsequently  , even sm all changes in the  ozone layer w ill have d rastic  

b io log ica l im plications at the earth 's surface  . Hence , s tra tospheric  ozone 

concen tra tions have becom e m atters of serious concern  .

The  ozone layer is th in  ; in fact the  to ta l ozone  overhead is 

equ iva len t to a colum n of about 0.3 cm at s tandard  tem pera tu re  and 

pressure  [4 ] .  O zone is con tinua lly  form ed and destroyed  In a series of 

pho tochem ica lly  - in itiated reactions . The basic schem e fo r ozone 

equ ilibrium  w as estab lished in 1930 by C hapm an . He suggested  the 

im portance of reactions 1 - 4 be low  (now known as the  C hapm an cycle) in 

the  fo rm ation  and destruction  of ozone in the  a tm osphere  :

0 2  + hv  (k  < 220 nm) .-> 2 0 -  ( 0 2  abs. 135 -175  nm) (1.2)

0 -  + 0 2  + M  > 0 3  + M (1.3)

In sum m ary ozone is fo rm ed w hen  oxygen a tom s p roduced  from  

the  photod issoc ia tion  of m o lecu lar oxygen com bine w ith  oxygen , w ith 

excess energy rem oved by ano ther m olecule , M . UV rad ia tion  in the  

w ave length  range 240 to 320 nm can d issocia te  ozone and it is th is 

absorp tion  tha t sh ie lds the earth 's  surface  from  harm ful UV rad ia tion  and 

also contribu tes to  the  characte ris tic  tem pera tu re  profile  in the  

s tra tosphere  (F igure 1 .1 ).

C ata lytic  cycles involv ing hydrogen conta in ing  and n itrogen 

conta in ing species play an im portan t role in natural ozone destruction  

m echan ism s . It is estim ated tha t 10% of ozone destruction  is caused by

O- + o 3

0 3  + hv  (k  <  320 nm) > 0(1D) + 0 2

> 202 (1.4)

(1.5)
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an OH radical reaction m echanism  and 70%  by reactions invo lv ing  NO

[1]. The C hapm an cycle (reactions 1.2 to  1.5) p red ic ts  cons ide rab ly  m ore 

ozone than  is actua lly  p resent in the a tm osphere  and in fac t it is genera lly  

believed tha t th is  cycle accounts fo r on ly som e 2 0 %  of "na tu ra l" ozone 

destruction  . If these cycles w ere  the  only p rocesses con tribu ting  to 

a tm ospheric  ozone loss , s ign ifican tly  la rger concen tra tions  of ozone 

w ou ld  be found in the a tm osphere  .

The im portance of a tm ospheric  chlorine and it's ox ide  in the  

destruction  of ozone w as estab lished by the p ioneering  w o rk  of R ow land 

and M olina [7 ] .  R eactions (1.6 ) and (1.7) dem onstra te  the  im portance  of 

the reaction of ch lorine w ith ozone , the net resu lt be ing ozone  

destruction :
C |.+  o 3  -------> C I0 - + 0 2 (1.6)

C I0 - + 0 ..............> C I-  + 0 2  (1.7)

0 3  + O- -------> 2 0 2  Net Reaction

There  are a num ber of sources of ch lorine  con ta in ing  com pounds , 

both natural and an th ropogen ic  w hich  can serve  as sources of ch lorine  fo r 

the propagation  of the cata ly tic  cycles shown above  . The  re lative  

contribution of ind ividua l source  gases to to ta l a tm ospheric  ch lorine  for 

the year 1985 is show n below  [8 ] .

industrial Source % of Total
C F C - 11 2 2

C F C -1 2 25
CFC - 113 3
C F C - 114 < 1

C F C - 115 < 1

HCFC - 22 3
CCI4 13
c h 3 c i 3 13
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Natural Source
M ethyl C hloride 2 0

The known natural sources of ch lorine  m ake up only 20%  of the  to ta l and 

the  e ight CFCs listed under the  M ontreal P rotocol (In te rna tiona l accord 

w hich  lim its the  re lease of CFCs) account fo r about 50%  . Not all ch lorine  

re leased in the  s tra tosphere  cata lyses ozone des truction  . The  fo rm ation  
of hydroch loric  acid (H C I) , ch lorine  nitrate (C I0 N 0 2) and hypoch lo rous

acid (HOCI) sequesters  90%  [9] or m ore of s tra tospheric  Cl* and C IO - ,

CI- + CH 4  > H C I + -CH 3  (1.8)

C I0 - + N 0 2 ........> C I0 N 0 2  (1.9)

C l0  + -H 0 2 ....... > H 0 C I + 0 2  (1.10)

A lthough chem ica lly  bound these com pounds rem a in  as a reservo ir fo r 

ch lorine  atom s in the  stra tosphere  and are im p lica ted  as a m ajor source  

of Cl a tom s w hich have caused s ign ifican t reductions in observed ozone 

concentra tions over the  S outhern hem isphere  and in particu la r over 

A n ta rc tica  in the  past 15 years (the ozone h o le ) .

O ne of the m ost im portan t sources of ch lo rine  a tom s in the 

stra tosphere  has been due to  the  increased re lease  of CFC com pounds 

from  industria l and household activ ities . CFCs (ch lo ro fluorocarbons) are 

com pounds conta in ing ch lorine  , fluorine  , carbon and possib ly  hydrogen . 
The  principa l CFCs are CCI3F , CCI2 F2  and C H C IF 2  , abbrev ia ted  CFC -

11 , - 1 2  and - 22 respective ly  . The first num ber denotes the  num ber of 

hydrogens plus one , and the  second g ives the  num ber o f fluo rine  a tom s

[1 0 ].  For CFCs conta in ing tw o or m ore carbon a tom s , a th ree  d ig it 

num bering system  is used . The first d ig it g ives the  num ber o f carbon 

a tom s m inus one , the  second the  num ber of hydrogens plus one and the
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th ird  the  num ber of fluo rine  a tom s . Thus CCI2 FC C IF 2  is abbrev ia ted  as 

C F C - 113 .

By 1988 the w orld  consum ption  o f CFCs had grow n to  ove r 10 9 kg /  

y e a r . In the United S tates som e 5,000 bus inesses at nearly  375,000 

locations produce CFC - re lated goods and serv ices w orth  m ore than  $28 

b illion a y e a r . CFC - re lated jobs total m ore than  700 ,000  [1 1 ] .  W ith in  the  

United S ta tes , the th ree  m ajor uses of C FC s are as re frigerants  (3 0 % ), 

as foam  - b low ing agents for po lystyrene and po lyu re thane  (28% ) and as 

industria l so lvents and c leansing  agents (19% ) . O uts ide  North A m erica  , 

s ign ifican t am ounts (> 1.5 x 108kg) of CFCs have con tinued  to  be used as 

aeroso l propellants even though tha t appp lica tion  w as essen tia lly  banned 

in the  US in 1978 .

The first real evidence tha t caused concern  in re la tion  to  C FC s and 

the a tm osphere  , w as Lovelock 's  m easurem ent o f a tm ospheric  C FC  -1 1  

concentra tions in the early 1970's [12]. A  com parison  o f estim ated 

re leases of the com pound w ith  it's concentra tion  ind ica ted  tha t ve ry  little  , 

if any , had decom posed and thus tha t the stab le  C FC s w ere  

accum ula ting  in the  a tm osphere  . The first reaction  to th is  in fo rm ation  w as 

a Du Pont - organised , "Sem inar on the  Ecology of F luorocarbons" fo r the  

w orld 's  CFC producers in 1972 . As a resu lt of th is  sym pos ium  , a 

research program  sponsored by 19 com pan ies w as estab lished  to  

investiga te  the fate and im pact of CFCs in the a tm osphere  . Love lock 's  

m easurem ents also in itia ted M olina  and R ow land's research [7] in to  the  

a tm ospheric  fa te  of CFCs .

CFCs have been found to  have very long life tim es in the 

troposphere  . Th is is a consequence  of the  fact tha t they do not absorb  

light of w ave leng ths above 290 nm and do not react at s ign ifican t ra tes 
w ith 0 3  , OH , C l , or N 0 3  [10] . In addition to the  lack of chem ica l s inks ,

there  do not appear to be substan tia l physica l s inks ; they  are not ve ry

12



so lub le  In w a te r and hence are not rem oved rap id ly  by ra ln o u t. As a 

resu lt CFCs reside in the troposphere  fo r years (CFC -1 1  and C FC  - 1 2  

have estim ated tropospheric  life tim es of 74 and 111 years  respective ly

[13] ) s low ly d iffus ing across the  tropopause  in to  the  s tra tosphere  . O nce 

in the m iddle stra tosphere  , they are decom posed  by short w ave leng th  

so la r UV radiation [14] as fo llow s :

The  ch lorine atom  re leased can then react rap id ly  w ith  0 3  , reaction 

m echanism  ( 1 .6 ) ,  fo llow ed by reaction of the  CIO radica l w ith  a tom ic  

oxygen , reaction (1 .7 ) , once again re leasing Cl a tom s . The  reaction  
sequence  outlined in (1 .6 ) and (1.7) constitu tes the  CIOx free  radica l

cata ly tic  chain reaction w hich  repeats itse lf over and over again in the  

s tra tosphere  before fina lly  being te rm inated  as fo llow s :

The net e ffect of reactions (1.6 ) and (1.7) as show n in reaction  (1.12) 

converts back to m olecular oxygen , one ozone m olecu le  and one atom  of 
oxygen w hich w ou ld  o therw ise  have fo rm ed ozone , thus  m aking th is  CIOx

chain an excep tiona lly  e ffic ien t m ethod fo r ozone destruction  .

In 1985 a large decrease  in spring tim e ozone  concentra tions over 

H ailey Bay , A ntarctica  , th roughout the previous decade  w as reported  by 

British researchers [15] (F igure 1.3) . Th is phenom enon is now  re ferred  to 

as the  Antarctic  ozone "h o le " .

G round based and sate llite  data  have show n a rapid decrease  in 

to ta l ozone over all of A n ta rc tica  during the  Spring s ince  the  late 1970's . 

Tota l co lum n ozone at all la titudes south of 60°S w as low er in the  1987

CCI2 F2  + hv {X <  220 n m )  > Cl- + -C C IF 2 (1.11)

O’ + Og > 02 + 02 ( 1.12)
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Figure 1.3

O ctober average to ta l ozone over Hailey Bay (76°S) A n ta rctica  [15]

Spring than  in any previous Spring s ince sa te llite  m easurem ents began  in 

1978 .

In 1987 ozone at 20 km over A n ta rc tica  decreased  by m ore than  

95%  from  values observed in August and the  ozone "hole" lasted until 

early  D e c e m b e r, the  la test th is  ozone "hole" has pers is ted  . A t all 

la titudes south of 60°S annual total ozone has decreased  by 5%  o r m ore 

since 1979 [9 ] .  O zone changes of th is  m agnitude  w ere  not p red ic ted  . 

During 1987 com prehensive  m easurem ents w ith in  the  "hole" w ere  m ade 

from  the  ground , from  a irc ra ft , sa te llites and ba lloons (the 1987 A n ta rtic  

A irborne  O zone Expedition - AAO E [1 6 ]) . The A A O E  estab lished tha t the  

spring tim e dep le tion  of An ta rtic  ozone is due to  pho tochem ica l des truction  

fo llow ing a precondition ing  phase involv ing he te rogenous reactions on 

s tra tospheric  c louds .

The unique m eteoro logy during W inte r and Spring over A n ta rc tica  

fo rm s an iso lated air mass (polar vortex) w ith  tem pera tu res  su ffic ien tly
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cold to  form  polar s tra tospheric  clouds (PSCs) and perturb  the  chem ica l 

com position  . These PSCs are thought to  p lay a key role in the  fo rm a tion  

of the  A n ta rctic  ozone "h o le " . There Is substan tia l evidence tha t 

s tra tospheric  tem pera tu res during O ctober - N ovem ber 1987 w ere  8 °C 

co lder than in 1979 consisten t w ith the  ozone loss observed .

Based on 1986 - 87 observations , an th ropogen ic  ch lorine  has been 

im plicated as the  prim ary cause of the  A n ta rc tic  ozone  "h o le " . The 

ch lorine  abundance in all fo rm s w ith in  the  po lar vo rtex  is s im ila r to  the  rest 

of the  g lobal s tra tosphere  , how ever the  ba lance  is sh ifted  from  inactive  to 

reactive ch lorine  species that destroy ozone . W ith in  the  "hole" CIO- is 

enhanced by a fac to r of 100 - 500 com pared to  levels observed at m id - 

la titudes [9 ] ,  yet to ta l chlorine levels are s im ila r . To  obta in  high 

concentra tions of C IO - , active  ch lorine m ust be re leased from  reservo ir 
species such as C I0 N 0 2  and HCI :

- a reaction w hich  proceeds rap id ly on ice surfaces . M o lecu lar ch lorine  
(Cl2) is re leased and nitric acid rem ains on the  ice . Th is process occurs

during the  A n ta rctic  W inter -Spring w hen ice partic les  (PSCs) are present.

The penultim ate  s tep  , resulting in substan tia l ozone losses in 
S e p te m b e r, is the  reappearance of sun ligh t a fte r the  polar n ig h t . C l2

photod issoc ia tes to  re lease Cl- :

HCI + C I0 N 0 2  ~ >  Cl2  + H N 0 3 (1.13)

C l2  + hv  (k  >  320 n m )  > 2CI- (1.14)

w hich  is converted  to  CIO- by reaction w ith  0 3  :

Cl- + 0 3 ........ > CIO- + 0 2 (1.15)
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N 0 2  is rem oved by reaction w ith CIO- to form  C I0 N 0 2  fu rthe r converting  

rem ain ing HCI to  C l2  . All HCI inside the  po lar vo rtex  is converted  to  C IO - , 

and N 0 2  to  H N 0 3  .

A  cata ly tic  cycle  to  rem ove ozone is ach ieved  [9] by a m echan ism  

involv ing the  CIO- d im e r :

C IO -+ C IO ..........> C I2 0 2  (1.16)

C l2 0 2  + uv  > C I- + -CIOO (1.17)

■CIOO  > C I- + 0 2  (1 .18)

2(CI- + O a ........> C I0 -  + 0 2) (1.19)

N ET R EA C TIO N  2 0 3 -------> 2 0 z (1.20)

Substantia l quantities of C l2 0 2  w ere  found in the  ozone  "ho le" and a 

strong inverse - corre la tion w as estab lished betw een CIO- and ozone in 

m id - S eptem ber (F igure 1 .4 ). No such inverse - corre la tion  exis ted  prior 

to the  An ta rctic  sunrise  .

Th is extraord inary ozone loss in the  reg ion of high CIO- 

concentra tions s trong ly  ind icates tha t ch lorine  chem istry  is m ost p robab ly  

responsib le  for the  A n ta rctic  ozone "h o le " . C oup ling  th is  in fo rm ation  w ith 

the  fact tha t increased re lease of C FC s to  the  a tm osphere  is im p lica ted  as 

a m ajor source  of Cl- in the stra tosphere  , w e  can better understand  w hy 

the  quantities of C FC s re leased has qu ick ly  risen to the  fo re fron t o f the  

environm enta l s tage .

The re lease of CFC -1 2  to the  a tm osphere  has averaged about 

400 k ilo tons per year fo r the past 15 years , w h ile  CFC -1 1  yearly  

em issions
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Figure 1.4
Antarctic  ozone and CIO- at 18 km during (a) la te  A u g u s t, and (b) m id - 
Septem ber 1987 [16] .

have been in the  250 - 300 kilo ton range over the  sam e period . 
M anufacture  and a tm ospheric  re lease of the  th ird  m ajor CFC , CCI2FCCIF

(CFC - 1 1 3 ) ,  have increased sharp ly  over the  past decade  and are now  

also approx im ate ly  300 k ilo tons per year [1 4 ] .  Forecasts pro ject 

continued dem and due largely to the  recogn ition  tha t deve lop ing  countries 

w ill require the  benefits provided by C FC s . These  grow th  fo recasts  
coupled w ith  im proved understand ing of the  poten tia l fo r 0 3  dep le tion  by

these CFCs has led to  in ternational e fforts to  lim it long - term  grow th  of 

CFC em issions [1 7 ].

A ttem pts w ere  m ade in the mid - 1970's to  leg is la te  a ban on the  

use of CFCs as an aerosol p ro p e lle n t. A jo in t adm in is tra tive  ban on 

nearly all aeroso l uses w as issued by the  US environm enta l p ro tection
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agency (EPA) and the  Food and Drug A dm in is tra tion  (FDA) in 1978 . 

A lthough the  US ban on aerosols w as not im p lem ented  until 1978 , 

industry fo resaw  the  ban and began to  phase in non - C FC  prope llants  

and techno log ies  .

In 1985 , an in ternational conference on the  sta tus of the  ozone 

layer w as held in V ienna  . The V ienna C onven tion  fo r the  P ro tection  of the  

O zone Layer w as adopted by th is  con fe rence  . The  C onven tion  provided 

a fram ew ork  fo r in ternational cooperation  w ith  regard to  the  ozone  la y e r . 

Am ong the  provis ions agreed w ere  coopera tive  sc ien tific  eva lua tion  of the  

sta tus of the  ozone la y e r , vetting  rights of conven tion  m em bers , the  

adoption of pro toco ls , and the exchange of in fo rm ation  . A m ong the  

reso lu tions adopted by the conference and appended to  the  V ienna  

C onvention w ere  :

a reso lu tion on institu tional and financia l ag reem ents  ; and 

the reso lu tion on a protocol concern ing  C FC s .

The second of these  reso lu tions called fo r a p ro to c o l, or trea ty  , to  protect 

the  ozone la y e r . Th is  reso lution u ltim ate ly  led to  the  M ontreal P ro to c o l.

In S eptem ber 1987 a conference w as convened in M ontrea l fo r the  

purpose of obta in ing  s ignatures to  the  Protocol to  the  V ienna C onvention  . 

The M ontreal Protocol as it has becom e known , is an In te rnational trea ty  

regulating the  consum ption  and production  of substances w hich  dep le te  

the ozone la y e r . E ight chem ica ls w ere  contro lled  th rough  the  p ro to c o l,
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i.e.,

G R O U P  1
(CFCs)

G R O U P 2
(Halons)

C F C - 11 
C F C - 12 
C F C - 113 
C F C - 114 
C F C - 115

H a lo n - 1211 
Halon -1 30 1  
Halon - 2402

The regu la ted substances w ere  d iv ided  into tw o g roups . Beginn ing 

Ju ly  1 ,1 9 8 9  , s ix m onths a fter the  Protocol entered into fo rce  , annual 

production and consum ption  of g roup 1  com pounds w as curta iled  to  1986 

levels . By Ju ly  1 ,1 9 9 3  , p roduction and consum ption  of g roup  1 

com pounds w as to decrease to 80%  of 1986 levels . F ina lly  , by Ju ly  1 , 

1998 , p roduction  and consum ption  m ust be reduced to  ju s t 50%  of 1986 

levels . Th is  agreem ent w as streng thened by the  London m eeting  in June 

1990 , w h ich  called fo r an essentia lly  com ple te  phaseout o f CFC 

production and re lease by the  yea r 2 0 0 0  .

G roup 2 com pounds w ere  trea ted  som ew hat d iffe ren tly  in M ontreal 

. C alcu la ted production or consum ption  of G roup 2 com pounds w as to  be 

frozen at 1986 levels 3 years a fter the  agreem ent entered into fo rce  

(January 1 1 9 9 2 ). No fu rther constra in ts  w ere  im posed on G roup 2 

substances .

A num ber of exceptions w ere  inc luded In the  M ontreal Protocol 

notably w ith  regard to  deve lop ing  countries , how ever th is  len iency m ay 

becom e balanced as m ajor CFC - producing  countries are independently  

com m itted to  an even faster phaseout schedu le  fo r C FC s . N everthe less , 

the am ounts of CFCs em itted to  the  a tm osphere  during the  past five  years 

from  1985 to  1989 exceeded the em iss ions in any preced ing  five  year 

period and m easurem ents of the C FC s in the  a tm osphere  do not yet show  

any s lacken ing  in the rate of increase in the ir a tm ospheric  concentra tions.
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For exam ple the  to ta l o rganoch lo rine  concen tra tion  o f the  a tm osphere  at 

the  end of 1990 Is illustrated in F igure 1.5 . Leve ls  are now  approach ing  

4.0 parts per b illion  by vo lum e (ppbv) com pared  w ith  on ly  1 . 8  ppbv  Cl in 

1974 and 0.8 ppbv in 1950 , an increase  by a fa c to r of 5 in on ly  40 years

Figure 1.5

O rganoch lorine  concentra tions in the a tm osphere  , 1950 - 1990 [1 4 ] .

A recent m arket pro jection by Du Pont has a ttem pted  to determ ine 

how  the cu rren t m arkets tha t use CFCs w ill be sa tis fied  in the  yea r 2000 . 

Increased env ironm enta l aw areness coupled w ith  a  sw itch to  less 

expensive , no t - in - kind rep lacem ents are es tim a ted  to  accoun t for 

approx im ate ly  60%  of the  m a rk e t. The rem ain ing  40%  of the  pro jected 

m arket w ill s till requ ire  fluorocarbon - based p roducts  . 

H ydro fluorocarbons (HFCs) and hyd roch lo ro fluo rocarbons (H C F C s ), 

have em erged  as a lternative  fluorocarbon p roducts  fo r the  rem ain ing
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It has been pointed out thus fa r tha t the chem istry  of the  

a tm osphere  is very com plex , w ith cond itions vary ing  w ith  a ltitude . A lso  

tha t s tra tospheric  ozone in the a tm osphere  is respons ib le  fo r regu la ting  

the  levels of harm ful UV(B) radiation w hich reaches the  earth 's  surface  . 

Increased levels of UV(B) reaching the  earth m ay lead to  increases in skin 

cancer and possib le  changes in b io tic  resources in te res tria l system s 

(crops , fo rest trees , g rasslands and thundra) and oceans 

(phytoplankton). C hlorine can cata lyse  the  destruction  of ozone and a 

ready source  of these atom s in the stra tosphere  is from  the  increased 

re lease of s tab le  CFC com pounds into the  troposphere  . A  d irect 

re la tionship  has been estab lished betw een Cl atom  concen tra tions in the  

stra tosphere  and the A n ta rctic  ozone "h o le " . As a resu lt in te rna tiona l 

leg islation in the  form  of the  V ienna C onvention and the  M ontreal Protocol 

has set out to lim it the em iss ion  of C FC s . A  resu lt of th is  has been the  

search fo r CFC a lte rna tives such as HCFCs and HFCs . To  estab lish  the 

possib le  e ffects of these  new com pounds on the  ozone layer and to 

increase the  data  base w ith  respect to  existing com pounds , the  rate of 

loss of these  vo la tile  o rganic chem ica ls  w ith respect to  OH rad ica ls and Cl 

a tom s (two m ajor tropospheric  s ink reaction p rocesses) m ust be 

dete rm ined  ; hence the  im portance  of the  w ork  carried  out in our 

labora tory  and sum m arised in C hapter 2 of th is  thes is  .

C hapter 2 sum m arises the  w ork  carried out to  de te rm ine  the  

tropospheric  life tim es of a series of e thers and ketones . The  life tim es of 

these com pounds w ere  ca lcu la ted  from  the ir OH radica l and Cl atom  rate 

constants . Tw o of the e thers (iso flu rane and enflurane) s tud ied  are 

halogenated and routine ly used as inhala tional genera l anaesthe tics  . 

The ir life tim es are su ffic ien tly  long fo r a certa in  p roportion  of these  

com pounds to reach the  s tra tosphere  . O nce a chem ica l reaches the 

s tra tosphere  it is im portant tha t the reactions w hich it m ay undergo are
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studied . Th is  is fundam enta lly  im portan t in dete rm in ing  possib le  adverse  

e ffects w hich a com pound or it's reaction p roducts  m ay exh ib it in the  

s tra tosphere  . C hapter 3 of th is  thes is  sum m arises the  resu lts  ob ta ined 

from  a s tudy of the photooxidation of the  anaesthetic  e thers , iso flu rane  

and enflurane . Th is photooxidation  m echanism  is an Im portant reaction  

pathw ay fo r these  and ana logous com pounds in the  s tra tosphere  , hence 

the im portance of th is  type  of experim enta l s tudy .
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OH radical and Cl atom  reactions w ith  

a series of ethers  and ketones .

CHAPTER 2.0
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2.1 In troduction

C oncern over the occurence  and effects o f a irborne  tox ic  and 

hazardous chem ica ls has em erged over the  past tw en ty  years as a 

dom inan t a ir po llution issue on a re g io n a l, national and In ternational 

basis. C oupled w ith concern re la ting to  tox ic  chem ica l po llu tion  is the  

g lobal problem  of ozone dep le tion  caused by the  increased re lease  and 

subsequent reactions of CFC com pounds in the  s tra tosphere  .

Increased environm enta l aw areness and hence m on ito ring  has led 

to recogn ition  of the w ide range of sources of vo la tile  chem ica ls  entering 

the  a tm osphere  . Am ong these  sources are tox ic  w aste  d isposa l s ites , 

landfills , re leases from  industria l or com m ercia l p rocesses , re leases from  

household  app liances , and em iss ions resulting from  the  app lica tion  of 

pestic ides and herb ic ides during agricu ltura l operations .

Because of the  com plex ity  of a tm ospheric  p rocesses , the  use of 

com puter m odels is necessary to  e lucida te  and pred ict the  e ffects  of 

an thropogenic  and b iogenic em iss ions to the a tm osphere  . C hem ical 

m echan ism s w ith varying degrees of deta il are in tegra l com ponen ts  of 

these  a tm ospheric  com pute r m odel s tud ies . The u ltim ate  accurac ies  of 

the chem ica l m echanism s used in these com puter m odels are dependent 

on the  accuracy of the ind ividua l rate constants and p roducts  o f the  m any 

hundreds of e lem entary reactions w hich occur in the a tm osphere  . The 

troposphere  , and , in p a r t ic u la r , polluted urban a tm ospheres , conta in  

hundreds of d iffe rent o rganic species of much com plex ity  and there  is a 

need fo r eva luation of the chem ica l reactions occuring  fo r these  

com pounds .

Im portant e lem ents of the  da ta  base w hich  m ust be deve loped  fo r 

each com pound re leased to the a tm osphere  are [ 1 ]
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- the  a tm ospheric  degradation  pathw ay fo r the  com pound ;

- it's correspond ing  a tm ospheric  life tim e ; and ,

- the  products form ed from  the parent com pound  and the ir fa tes in 

the  a tm osphere  .

From such in form ation , exposure  assessm ents can be deve loped  and the  

radius of im pact of a tox ic  or hazardous vo la tile  com pound  can be 

characterised  as being local , re g io n a l, or g lobal in sca le  .

It is now well estab lished tha t o rganic chem ica ls  em itted  into the 

troposphere  (F igure 1.1) are rem oved by reaction w ith a num ber of 
reactive  in te rm edia tes inc lud ing OH , H 0 2  and N 0 3  rad ica ls  and 0 3  , by

photo lysis and by w et and dry  deposition  [2] . In genera l the  reactive  

species in the a tm osphere  tha t w ill a ttack em iss ions from  ground or 

a irborne sources w ith typ ica l concen tra tions at 2 0  km are listed be low  .

S P EC IES C oncentration
(m olecules cm '3)

C oncentratio n
(re la tive  to OH)

H 5 x 105 0.35
0 1  x 1 0 6 0.7

OH 1.4 x 106 1 . 0

HO NO 1 . 8  x 1 0 7 1 2

h o 2 3.5 x 107 25
h 2 o 2 1 . 0  x 1 0 9 700
H N O 3 7.0 x 109 5000
NOx 1 . 0  x 1 0 1 0 7000

Cl 1  x 103 0 . 0 0 1

Table  2.1.1
C oncentra tions of reactive  a tm ospheric  species at 20 km [1]

It is now  accepted tha t the hydroxyl (OH) ra d ic a l, n itra te  radica l 
(N 0 3) and ozone ( 0 3) p lay a very im portan t ro le in a tm ospheric  reactions

of an th ropogen ic  o rganic chem ica ls In the  troposphere  [3 - 5 ] .  In 1961 

Leighton [6 ] suggested tha t OH radica ls could be an im portan t
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in te rm ed ia te  species in photochem ica l a ir po llu tion  . S ubsequen tly  the  first 

k inetic  da ta  for the  reaction of OH radica ls w ith o rgan ic  com pounds w ere  

obta ined (for a series of a lkanes) by G re iner [7 ,8 ] .  O n the  basis of these  

and subsequent data  , G re iner [9] postu la ted tha t OH radica l reactions 

m ight be im portant in photochem ica l a ir po llu tion  .

R ecognition of the  im portance of OH radica l reactions as a rem oval 

m echanism  in the  troposphere  has resulted in num erous k inetic  and 

m echan is tic  stud ies of these  reactions [5,10 - 15] .

The role of ch lorine chem istry  in the troposphere  has rece ived little  

a ttention because , "Cl a tom s are suffic iently  sca rce  tha t they  could not 

com pete  w ith OH radica ls as a dom inant loss m echan ism  fo r 

hydrocarbons in the tro p o s p h e re " , so stated W ofsy  and M cE lroy in 1974

[1 6 ]. Th is scenario  is supported  by the fact tha t the  reaction  of Cl a tom s 
w ith  C H 4 is only 13 tim es fas te r than  the correspond ing  OH radical

reaction w hereas OH radica ls are nearly 1000 tim es m ore abundant in the  

low er troposphere  . H ow ever by com parison , typ ica l reaction  ra tes of Non 

M ethane H yd roca rbons  (N M HCs) w ith Cl a tom s are nearly  100 - 1000 
tim es faster than the  correspond ing  OH radical ra tes . As the  cl/OH ratio

increases w ith a ltitude , and because of the  low er activa tion  energ ies of Cl 

atom  reactions , it has been realised that Cl a tom s should  p lay an 

im portan t role in NM HC oxida tion  in the low er s tra tosphere  [17 - 1 9 ] .  But 

w ha t of the  im portance of Cl atom  reactions in the  troposphere  ? S ingh et 

al [20] have determ ined m arine tropospheric  leve ls of Cl a tom s of 103  c n r  

3  or approx im ate ly  1000 tim es low er than OH rad ica ls . Because of the ir 

g rea te r reactiv ity  tow ards N M H C s , Cl a tom s m ay p lay an im portan t role 

in NM HC oxidation at all la titudes . S ingh et al [20] have ca lcu la ted  tha t 

betw een 20 to 40%  of NM HC oxidation in the troposphere  and 40 to 90%  

of NM HC oxidation in the  stra tosphere  is caused by reaction  w ith  Cl 

a tom s. S ince Singh et al [20] h ighlighted the possib le  im portance of Cl

28



atom  oxidation of N M H C s in the  troposphere  , a num ber of artic les have 

been pub lished reporting Cl atom  rate constan ts  , po in ting  tow ards the  

im portance of these va lues not only in s tra tospheric  m odelling  but a lso  in 

dete rm in ing  the fate of vo la tile  o rgan ic  chem ica ls (VO Cs) in the  

troposphere  [21 - 2 3 ] .

Advances in the  k inetic  and m echan is tic  aspects  o f OH radica l and 

Cl atom  chem istry has led to the e lucidation of the  a tm ospheric  sources of 

these  reactive  species .

2.1.1 Sources of OH rad icals  and Cl atom s in the  tropo sph ere

2.1.1.1 S ources  o f O H  rad ica ls  in the troposphere

In the  troposphere  the im portan t d irect sources of OH rad ica ls are 
from  the  reaction of 0 (1 D) a tom s fo rm ed from  the  pho tod issoc ia tion  o f 0 3

(A, < 319nm ) w ith w ater vapou r [2] :

0 3  + hv  {X < 320nm )  ~ >  0 ( iD )  + 0 2  (2 .1.1.1)

0 (1D ) + M ( M = 0 2  + N2) .............. > 0 ( 3 P) + M (2.1.1.2)

0 ( 1 D) + H20   > 2 0 H  (2.1.1.3)

and from  the photod issoc ia tion  of HO NO  :

HO NO  + hv {X < 400nm ) .............> OH + NO (2.1.1.4)

A nother im portant source  of OH radica ls arises from  the  reaction of H 0 2 

rad ica ls w ith NO :
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HÓ2 + NO ........ > OH + N 0 2 (2.1.1.5)

with H 0 2  radica ls being genera ted  from  the  pho to lys is  o f a ldehydes and 

ketones , e.g. ,HCHO  :

HCHO + h v -------- > H + HCO (2 .1 .1 .6 )
H + 0 2  + M .............> h 6 2 + M (2.1.1.7)

H C 0  + 0 2  ..........> h 6 2  + CO (2 .1 .1 .8 )

A t h igher a ltitudes app licab le  to the  s tra tosphere  and m esosphere  , 
photod issocia tion  of 0 2  and N20  are a lso sources of 0 ( 1 D) a tom s , w h ile  

the  photod issoc ia tion  of H20  y ie lds OH rad ica ls d irec tly  and H a tom s .

The actual concentra tion  of OH rad ica ls in the  troposphere  and 

low er stra tosphere  is obv ious ly  of particu la r im portance  s ince  reaction 

w ith these species is an im portan t loss p rocess fo r VO C s and the ir 

concentra tion  w ill thus determ ine the  life tim es of these  o rgan ics in the  

troposphere  and thus the levels w hich are transported  to  the  s tra tosphere.

Num erous d irectly  m easured and estim ated a tm ospheric  OH 

radical concen tra tions have been reported . In the  low er troposphere  , 

m easurem ents using laser induced fluo rescence  and long path length  UV 

absorption show  tha t OH radica l concentra tions are genera lly  < 5 x 106 

m olecules cm -3  . Estim ates for the  average tropospheric  OH radica l 

concentra tions have been derived from  the  am b ient tropospheric  levels of 
trich lo rom ethane  (CHCI3) , 1,1,1 - trich lo roe thane  (CH 3 CCI3) [24] and

1 4 CO. These am bient tropospheric  m easurem ents y ie ld  an average 

northern hem isphere tropospheric  OH radica l concen tra tion  of ca. 5 x  105 

m olecules cm -3  . M ore recently  C rutzen [25] has carried out ca lcu la tions 

w hich predict the annua lly  averaged OH radica l concen tra tion  In the 

troposphere  during a 24 hour period at ca. 5 x 105  and 6  x  105  m olecules
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[O H ] molecule cm" 3

Figure 2.1.1
The  profile  w as draw n on the  basis of an annual daytim e average  (12 hr.) 
ca lcu la ted  in the  Northern hem isphere  at 30°  la titude . Th is profile  w hich  
appears in A tk inson et al [26] has the troposphere  set at 15km  .

cm ’ 3  fo r the northern and sou thern  hem ispheres respective ly  . F igure

2.1.1 illustra tes the a tm ospheric  OH radical concentra tion  profile  as 

recently  calcu lated by C rutzen et al [2 5 ].  The concen tra tion  o f OH 

radica ls locally may be m uch h igher than the g loba lly  averaged va lue  and 

the  chem ica l life tim e of easily  degradab le  substances is sho rte r in such 

c ircum stances . D irectly m easured [OH] va lues are typ ica lly  o f the  o rde r 1 

x  106 radica ls cm ' 3  , how ever during sm og events , [OH] m ay be as high 
as 1 0 7  radica ls cm ' 3  , so tha t the  "local" chem ica l life tim e m ay only be v10 - 

1/20 o f the va lue ca lcu la ted from  the g loba lly  averaged va lue  [2 7 ] .  W e  can 

see there fore  that in quoting a tm ospheric  life tim es fo r a vo la tile  o rgan ic  

chem ica l (VOC) w ith respect to OH radica ls , it is im portan t to  specify  the 

concentra tion  of OH radica ls used to  ca lcu late  these  life tim es .

The concentration of OH radicals chosen in th is  w ork to  de te rm ine
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the  tropospheric  life tim es of the  vo la tile  o rgan ic  com pounds exam ined  in 

th is  thes is  w as (7.7 ± 1.4) x 105 m olecules cm ' 3  . Th is  va lue  w as 

ca lcu la ted  by Prinn et al [24] and represents a g loba lly  averaged 

tropospheric  concentra tion  of OH rad ica ls . From  Ju ly  1978 to  June  1985 , 

m ethyl ch loro form  concentra tions w ere  m on ito red  by Prinn and cow orke rs

[24] at a num ber of rem ote sites th roughout the  w orld  . The  princ ipa l 

recognised a tm ospheric  s ink  fo r m ethyl ch lo ro fo rm  is the  reaction  [2 8 ] :

CH 3 CCI3  + OH ----->  C H 2 CCI3  + H20  (2 .1.1.9.)

The global rate of loss of C H 3 CCI3  , w hich can be deduced from  its know n 

industria l em issions and observed g lobal trends , w as  then used by Prinn 

et al [24] to deduce  accura te  g loba lly  averaged  tropospheric  

concentra tions of OH radica ls .

2.1.1.2  S ou rces  o f C l a tom s in the tropo sph ere

The chem ical species and sources of gaseous ch lo rine  in the  troposphere  

have been the  sub ject of controversy fo r m any years . G aseous ino rgan ic  

chlorine (G IC) is known to  be present in the  m arine  boundary layer at 

concentra tions of appoxim ate ly  1 to 2 ppbv [20] . There  is genera l 

agreem ent tha t the  m ajor com ponent of G IC  is HCI w hich is re leased from  

sea salt aeroso ls tha t have been acid ified  to  ve ry  low  pH (2 to  3) by the  

addition of n itric or su lphuric  acid p roduced w ith in  the  a tm osphere  [29 - 

32]:

H N 0 3 (g) + NaCI(p) ----->  HCI(g) + N a N 0 3 (p) (2 .1.1.10)

H2 S 0 4 (p) + 2NaCI(p) .> 2HCI(g) + Na2 S 0 4 (p) (2 .1.1.11)
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The fo rm ation  of the acids can be exp la ined by looking  at the  reactions of 
su lphur and n itrogen oxides in the  a tm osphere  . S 0 2  in the  a tm osphere  is 

s tead ily  oxid ised to  S 0 3  , w hich being extrem ely  hyg roscop ic  is adsorbed  

by any particu la te  m atter as H2 S 0 4 . Th is m echanism  exp la ins  tw o  th ings 

, nam ely , the often observed low pH of p rec ip ita tion  and the  p resence  of 

ch loride in the a tm osphere  . Th is m arine source  fo r G IC is supported  by 

gaseous ch loride  concentration  m easurem ents . H ighest leve ls of G IC  are 

found in m arine a ir and these decline  as a ir m oves over con tinenta l 

regions [3 3 ].

Besides the proposed sea salt source  of G IC  in the  troposphere  

o ther m inor sources include man - m ade sources (com bustion  of coal and 

petrochem ica ls) and from  vo lcanoes . The only specific  (spectroscop ic) 

m easurem ent of HCI confirm s it's 1 to 2 ppb abundance  over the  oceans 

but finds little HCI over land . M ore recently  m easurem ents in w h ich  HCI is 

converted to an organic deriva tive  for quan tifica tion  by GC have been 

reported [34]. These m ethods show  som ew hat low er HCI leve ls com pared 

to previous de te rm inations but these  m easurem ents represented  a m ix of 

both m arine and continenta l a ir m asses . For the  de te rm ina tion  of N M H C  

life tim es w ith respect to Cl atom s in th is  re p o r t , a concen tra tion  of 103  

atom s cnv 3  w as used [2 0 ]. Th is va lue  is typ ica l of a c lean tropospheric  

m arine e n v iro n m e n t.
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2.1.2 D eterm ination  of rate constants fo r OH rad ical and Cl a tom  

reactions

It has been dem onstra ted  tha t OH radica l and Cl atom  reactions are 

im portant rem oval m echanism s for w a te r inso lub le  vo la tile  o rgan ic  

chem ica ls (VO Cs) in the  troposphere  . It has been show n tha t the re  is a 

ready natural source  of these  reactive species  in the  troposphere  and tha t 

num erous w orke rs  have determ ined accura te  concen tra tions fo r these  

species in the  a tm osphere  . To estab lish  the  tropospheric  fa te  of a  VO C  

and hence it's possib le  s ign ificance in s tra tospheric  ozone dep le tion  w e 

must first de term ine the  rate of reaction of th is  species  w ith  both OH 

radica ls and Cl a tom s and thus the e ffic iency w ith  w hich  it is rem oved 

from  the troposphere  .

G reat effort has been devoted to dev is ing  experim enta l techn iques 

w hich a llow  k inetic  da ta  to be obta ined under s im ula ted  a tm ospheric  

conditions , i.e., in one a tm osphere  of a i r , w ith reactant and co - po llu tan t 

concentra tions typ ica l of those  found in the  troposphere  . In m any cases , 

precise dup lica tion  of a tm ospheric  cond itions is not possib le  so 

experim ents are carried out over as w ide  a range of cond itions as 

possible  and the  resu lts extrapolated  to a tm ospheric  cond itions .

The experim enta l techn iques used to  study the  k inetics  o f OH 

radical and Cl atom  reactions can be d iv ided  into tw o ca tegories  , 

absolute and re la tive  rate techn iques .

2.1.2.1 D eterm ination  o f O H  rad ica l rate  constan ts

Both absolute  and re la tive  rate techn iques have been used fo r the  

determ ination  of OH radical reaction rates with V O C s . A bso lu te  rate 

constants are m easured using techn iques w hich a llow  the  concen tra tion
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of the  OH radical to  be determ ined as a function  of tim e  . The  OH radical 

is a very reactive  , short lived species and hence abso lu te  techn iques  re ly 

on the  use of extrem ely sensitive  and rapid de tection  sys tem s ,i.e., laser 

excita tion and fluo rescence  detection  . Because o f th is  the  use of 

absolute m ethods fo r determ in ing  reaction rates is ve ry  expens ive . 

A nother d raw back of absolute  techn iques is the  d ifficu lty  in s im ula ting  

a tm ospheric  cond itions in the  reaction a rea  . T hese  d raw backs  have 

resulted In s ign ifican t bodies of w ork  be ing carried  out using re la tive  rate 

techn iques to m easure reaction rates . A  re ference reaction  is chosen for 

w hich the abso lu te  value of the rate constan t is know n w ith  con fidence  

and the rate constan t of in terest is then ca lcu la ted  from  the experim enta lly  

determ ined rate constan t ratio . As it is the  concen tra tion  of the  VO C s 

w hich is m onitored in the re lative rate techn ique  , the tim e sca le  of 

reaction is m uch longer than in the abso lu te  techn ique  , hence the 

m ethods of detection  are cheaper (GC is com m on ly u s e d ) . Due to  the  

re la tive ly eas ie r experim enta l procedure  em ployed in the  re la tive  rate 

techn ique  , a g rea te r precis ion (but not necessarily  g rea te r accuracy) is 

possible com pared to the abso lu te  techn iques.

To ach ieve accurate  and precise  m easurem ents of OH radica l rate 

constants it is best to use a com bina tion  of the  tw o  techn iques . For 

exam ple in th is  w ork  precise rate constan t ra tios w ere  obta ined using a 

re lative rate techn ique  and these  w ere  com bined w ith  accura te  re ference 

com pound rate constan ts , obta ined using an abso lu te  rate techn ique  . As 

the  experim enta l procedure em ployed in our labora tory  w as a re la tive  rate 

techn ique , only a qu ick review  of abso lu te  m ethods is g iven here .

(a) Abso lu te  techn iques

The m ain absolute  techn iques fo r m onitoring OH radica l rate 

constants include , fast flow  d ischarge  system s (FFDS) , flash photo lysis
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(F P ) , and to  a lesser e x te n t, m olecu lar m odula tion  (M M ) and pulse 

rad io lys is  (P R ) .

A  large proportion of reactions in the  a tm osphere  are b im o le c u la r :

A  + B — > P roducts (2 .1.2.1)

Th is s im ple  m echanism  can be used to  help describe  the  p rinc ip les  of the  

above abso lu te  techn iques .

A can be taken as the OH radica l and B the test com pound  under 

investiga tion  . To study reaction k inetics , loss of sm all am ounts  o f A  in a 

large excess of B is u s u a l. Hence the  s im ple  b im o lecu lar rate equation  :

- m  = k i [A] [B] (2 .1.2.2)
dt

can be w ritten  as a pseudo-firs t o rde r equation  i.e. [B] rem ains essen tia lly  

c o n s ta n t. The pseudo-firs t order express ion  can then  be in tegra ted  to 

y ie ld:

In JAJ - - ( M B J h  (2 . 1 .2.3)
[A 0 ]

Under these  pseudo-firs t order cond itions , a plot of ln {[A ]/ [A 0 ]} aga inst 

tim e fo r a g iven value of [B 0 ] is linear w ith a s lope equal to  (-k-,[B0 ] ) .  

These p lots are carried out for a series of concen tra tions o f [B 0 ] and the

values of the  correspond ing  decays dete rm ined  . F ina lly , the  abso lu te  
rate of in te re s t, k 1 , is the s lope of a plot o f these decay rates aga inst the 

correspond ing  va lues of [B 0 ] .

Pseudo - first order k inetic ana lysis is used to  de te rm ine  the rate 

constan ts fo r V O C s using each of the  above m entioned absolute
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techn iques . Th is type of k inetic ana lysis requ ires only the  m on ito ring  of 

one species , A , as a function  of tim e  . Not only t h a t , as a ra tio  of 
([A ]/[A 0])appears  in the  pseudo-firs t o rder expression  , the  m easurem ent

of any param eter tha t is proportiona l to  the  concen tra tion  of A  w ill su ffice  
in dete rm in ing  k i .

Each of the  absolute  techn iques now sum m arised  u tilizes the  

above pseudo-firs t order experim enta l techn ique  to  de te rm ine  the  rate of 

reaction of OH radicals w ith a test VO C  .

F a s t flow  d ischarge system s (F F D S )

The term  d ischarge system  is used as a d ischarge  is em p loyed  to 
genera te  OH radica ls . Typ ica lly  a m icrow ave d ischarge  of H2  in a d iluen t 

gas (He or Ar) is fo llow ed by m ixture  w ith  a known am ount o f N 0 2  to  

genera te  OH radica ls . E xperim enta lly  , tw o d iffe ren t approaches are 

used. In the f i r s t , OH radica ls ente r the  flow  tube  at the  upstream  end and 

are m ixed w ith  the VO C . The decay of OH radica ls is fo llow ed  using a 

de tecto r w hich m oves a long the  length of the flow  tube  . In the  second 

approach , one of the reactants enters at the  upstream  end of the  flow  

tube and the  second is added th rough  a m oveable  in le t or th rough  a 

series of fixed in lets . In th is  case the detection is fixed  at the  dow nstream  

end of the flow  tube and the reaction tim e is varied by m oving the  m ixing 

point fo r A and B re lative to the  d e te c to r .

The decay of OH radica ls is typ ica lly  m onitored by resonance 

absorption (RA) [35] , resonance fluo rescence  (RF) [3 6 ] ,  e lectron 

param agnetic  resonance (EPR) [3 7 ],  m ass spectroscopy (M S) [3 8 ] ,  laser 

m agnetic  resonance (LMR) [3 9 ] ,  or laser induced fluo rescence  (LIF) [4 0 ].

The flow  tube in the above experim ents is typ ica lly  2 - 5 cm in 

d ia m e te r . As the  reaction m ixture  trave ls  dow n the  flow  tube  at high linear 

flow  speeds (typ ica lly 1000 cm s '1) the  OH radica ls react w ith  the  test

37



organic . Using typ ica l flow  speeds , reactions occuring  on a tim e  sca le  of 

1 0 0  ms can be studied in a 1  m eter flow  tube  [2 ] .

Flash  photolysis

A pulse of UV or vacuum  UV radiation is p roduced  by m eans of 

flash lam ps [41] or by pulsed lasers . Th is pulse d issoc ia tes  a parent 
m olecule  of H20  [41] or H N 0 3  [42] p roducing OH rad ica ls  . A fte r an

appropria te  tim e fo llow ing  the  photo lytic  flash , the  concen tra tion  of the  

OH rad ica ls is m onitored using induced fluo rescence  (IF) or resonance 

fluo rescence  (R F ) . Lasers are now com m on ly used to  de te rm ine  abso lu te  

rate m easurem ents under tropospheric  cond itions [43] i.e. firs t a laser 

flash produces the OH rad ica ls and a second can then  dete rm ine  it's 

concentra tion  by induced fluo rescence  [44] or by long path absorp tion  

(LPA) [45].

M o lec u la r m odulation

0 ( 3P) is produced by the  m ercury pho tosensitised  decom position  of 
N20  w ith  253.7 nm resonance radia tion being used to  exc ite  the  ground

state Hg (6 1So) to the  m etastable  (3P J state ;

Hg (6 1 S0) + hv  (253.7 n m )  > Hg (6 ^ )  (2.1.2.4)

H g(6 3P) + N20  ........ > Hg +N 2  + 0 ( 3 P) (2.1.2.5)

0 ( 3 P) + B -— > Products (2.1.2.6)

The production of 0 ( 3 P) is s inuso ida lly  m odulated by m odula ting  the  

photo lysing light w hich leads to the  fo rm ation  of 0 ( 3 P ) .

If B is a hydrocarbon e.g propane , the 0 ( 3P) can abstract a 

hydrogen atom  from  i t , thus producing OH radica ls . The  rate constan t fo r 

the  reaction of these  OH radica ls w ith  a VOC can then  be dete rm ined  by
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fo llow ing  the concentra tion  of OH radica ls (e.g. by absorp tion  

spectroscopy) [2 ] .

Pulse Radio lysis

OH radica ls are produced by the  pulse rad io lys is  o f w a te r v a p o u r . 

The decay of OH radica ls in a large excess of reactan t is m onitored by 

optica l absorp tion  and th is  [2 ] is used to study the  k ine tics  o f reactions . 

A lthough pulse rad io lys is  is a conven ient techn ique  fo r h igh tem pera tu re  

w ork  and fo r app lica tion to  a tm ospheric  chem istry  , s ince  ,it can be used 

at tota l p ressures of one a tm osphere  and m ore , the  expense  and 

com plex ity  of the  equ ipm ent has resu lted in its use being lim ited [4 6 -4 7 ].

COMPARISON OF ABSOLUTE TECHNIQUES

The m ajority of absolute  rate constants fo r atom  and free  radical 

reactions for a tm ospheric  po llu tion assessm ent have been genera ted  

using FFDSs and FP . Flash photo lysis  is m ore usefu l fo r a tm ospheric  

dete rm inations as pressures up to and g rea te r than  a tm ospheric  p ressure  

can be em ployed . As a consequence  of these  high pressures , rate 

constants as low as 10 ' 1 8  cm 3 m olecu le ’ 1 sec ' 1 can be m easured . FP 

system s also em ploy large reaction cells and these  large vo lum es 

coupled w ith  the  h igher pressures possib le  in the  system  resu lts in wall 

reactions being neglig ib le  . FFDSs w ere in itia lly  lim ited to  </= 10 t o r r , 

h o w e v e r, flow  tube  stud ies have now been extended to 1 0 0  t o r r .

Because of these  low  pressures , reaction rates be low  10 1 6  cm 3 m olecule- 

1 S’ 1 connot be determ ined . A nother prob lem  in FFDSs is wall reactions 

resulting from  the  re la tive ly  sm all d im ensions of the  reaction  c e l l . The 

m ajor advantage of FFDSs is the  versa tility  w ith regard to  de tecto r 

options.

Typica l errors of betw een ±10 and 30%  are obta ined w hen  using
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abso lu te  techn iques to determ ine OH radica l rate constan ts  . Errors 

obta ined depend on the system  used and the  sam p les  ana lysed  .

(b) R elative rate techn iques

N um erous m ethods have been em ployed to  obta in  re la tive  rate 

constan t data  fo r the reaction of OH radica ls w ith  V O C s . The "sm og 

cham ber" has been the  m ost w ide ly  used approach  fo r re la tive  rate 

stud ies. The design of a sm og cham ber can vary  enorm ous ly  depend ing  

upon the  reaction to be s im ulated . In g e n e ra l, h o w e v e r , com ponen ts  of 

a sm og cham ber are s im ila r and usually inc lude :

-- a reaction c h a m b e r ;

-- a series of photo lysis lam ps ; and 

-- a detection system  .

In itia lly  , g lass type reactors w ere  used , but these  suffered  m any 

prob lem s [2 ] and as a re s u lt , large sm og cham bers w ith inert surfaces 

are genera lly  used today . C ond itioned FEP Teflon  film s have found 

w idespread  use (an 8 6  dm 3  Teflon bag w as used fo r our re lative rate 

experim ents) because of the ir low  rates of surface  destruction  , the  fact 

tha t the ir vo lum e can easily be varied  , they transm it so la r rad ia tion  in the 

region 290 - 800 nm as opposed to >/= 350 nm fo r pyrex g lass and they 

are cheap . During a norm al sm og cham ber experim ent using a T e flon  

bag , as sam ples are w ithdraw n , the  bag co llapses and hence a pressure  

of 1  atm  is m ainta ined th roughout the  ana lysis .

A  problem  w ith the  co llapsib le  bag type sm og cham ber is tha t 

tem pera tu re  and pressure are not easily contro lled  . As a re s u lt , som e 

evacuable  sm og cham bers have been designed in o rder to contro l both 

tem pera tu re  and pressure [4 8 ] . Ports are usua lly  inc luded in sm og 

cham bers for w ithdraw ing  sam ples for ana lysis . Inc luded in som e
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cham bers are ports fo r in situ spectroscop ic  m easurem ents  using 

techn iques such as FTIR , GC and G CM S .

The irrad iation sources used in m ost sm og cham ber system s to 

s im ulate  so lar rad ia tion  are :

-- b lack fluo rescen t lam ps (output from  320 to 480 nm) ;

-- sun lam ps (output from  270 to 440 nm) ; and 

-- Xenon lam ps (output from  280 - 700 nm) .

A  com bination  of sun lam ps and black lam ps w as em p loyed  in our 

experim ents depend ing  on the  reaction under investiga tion  .

For all of the  w ork  carried out in our labora to ry  the  reactants w ere  

m onitored by a gas chrom atograph fitted w ith a flam e  ion ization d e te c to r .

The re la tive  rate techn ique  em ployed in our labora tory  has been 

described in deta il by m any w orkers [1,49] .This techn ique  is based upon 

s im ultaneously  m on ito ring  the d isappearance ra tes of a test com pound 

(T) and a re ference com pound (R) w hose OH radica l rate constan t 

(absolute) is known :

• k i
T + OH - - - - - >  PR O D U C TS  (2.1.2.7)
R + OH ~ -2—  > PR O D U C TS  (2.1.2.8)
T  + hv  ..........> PR O D U C TS  (2.1.2.9)
T + W alls  --------> Loss to w a lls . (2 .1.2.10)

The loss of T  is defined by :

d m  = M O H )(T )  + k'(T) 
dt

(2.1.2.11)

and the loss o f R is defined by

d iR ) = k2 (OH)(R) (2 .1.2.12)
dt

w here  k-, and k2  are the  re lative  rate constants fo r the  test com pound , T  ,
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and re ference com pound R respective ly .

The k' = (kp + kw) term  , is the first o rde r pho tod issoc ia tion  constan t 

and/or wall loss of the  test com pound . The in tegra tion  and com bina tion  of 

equations 2 . 1 .2 . 1 1  and 2 . 1 .2 . 1 2  resu lt in :

( 1 /1 - 10 )ln (T 0 /  T t ) = (k ,/k 2 ) ( 1 / t - 1 0 )ln (R 0 /  Rt ) + k' (2 .1.2.13)

There fore  , a plot of (t - 10 ) ‘ 1 ln (T 0 /T t ) vs (t - 1 0 )-1 ln (R 0 /R t ) y ie lds a 

s tra igh t line w ith a s lope of (k-,/k2) and in tercept k ’ .

If k' = 0 , A tk inson  et al [3] recom m end eva lua ting  k-, by e lim ina ting  

the tim e dependence  from  equation 2.1.2.13 , w h ich  then reduces to  :

ln (T 0 /T t ) = (k 1 /k 2 )ln (R 0 /R t ) (2 .1.2.14)

and again so lving fo r k-| by ca lcu la ting the  p roduct of the  s lope (k-|/k2)and

Atk inson et al [3 ] ,  noted that the  use of regress ion  ana lys is  w ith 
equation 2.1.2.13 to  so lve fo r (k-,/k2) and in te rcept (k') , p laces the  m ost

w eight on those data  points co llected in the earliest part of the irrad ia tion  

w here  the  least am ount of the test com pound has reacted . Equation 

2.1.2.13 (or 2 .1.2.14) requires that the  loss of tes t or re ference 

com pounds be m easured in the presence of OH , as a function  of tim e  .

It has been recom m ended by Bufalin i et al [1] tha t the  re ference 

should be chosen w ith the  fo llow ing crite ria  :

(a) it should have an accura te ly  known room  tem pera tu re  rate constan t 

which approx im ates tha t antic ipated fo r the  tes t com pound ;

(b) it should not photo lyse  (at X > /=  290 nm) or ox id ise  in a i r ;

(c) it should be su ffic ien tly  vo la tile  to  rem ain  in the  gas phase and not be 

adsorbed on the  w a lls  of the reaction c h a m b e r ;
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(d) it should be accura te ly  m easurable  by an ava ilab le  ana lytica l 

techn ique; and ,
(e) it should not react w ith the  test com pound , ozone or NO s , N 0 2  , or 

H N 0 2 .

S im ilarly  the  tes t com pound m ust sa tis fy  certa in  c rite ria  in o rde r to  

be a cand ita te  fo r the  above protocols [1 , 4 9 ] :

(a) an accurate  ana lytica l m ethod m ust be ava ilab le  fo r m aking repeat 

m easurem ents of the  test com pound over a tw o  hour period , and

(b) the rate of loss by photo lysis and wall losses m ust not be g rea te r than  

the loss due to reaction w ith OH radica ls :

(kOH.T x OH) »  kphotolysis (2 .1.2.15)

The OH radica ls fo r th is  re lative rate techn ique  w ere  genera ted  in our 

laboratory by the photo lysis of m ethyl n itrite  in the  presence of excess 

nitric oxide :

CH3O N O  + hv  — - >  CH 3 6  + NO (2 .1.2.16)

C H 3 6  + 0 2  ..> HCHO + h 6 2  (2 .1.2.17)

H 0 2  + N 0  ......> N 0 2 + 0 H  (2 .1.2.18)

N itric oxide w as added in excess in o rder to  d rive  reaction (2 .1.2.18) to  
com pletion and to prevent ozone fo rm ation  s ince  N 0 2  p roduced in

reaction (2.1.2.18) will a lso pho tod issoc ia te  :

N 0 2  + hv  ........> NO + O’ (2 .1.2.19)

0 ‘ + 0 2  > 0 3 (2.1.2.20)

O 3  + NO — - >  N 0 2  + 0 2  (2 .1.2.21)
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The use of C H 3O NO  as an OH radica l sou rce  avo ids m any o f the  

d isadvantages associa ted  w ith previous chem ica l sources used in re la tive  

rate techn iques [1] and a llow s OH radica l rate constan ts  o f >/= 3 x  10 ’ 1 3  

cm 3 m olecu le '1 s -1 [ 1 ] to  be determ ined , in a com para tive ly  inexpens ive  , 

uncom plica ted  and accura te  m a n n e r.

2.1.2.2  D eterm ination  o f C l atom  rate  con stan ts

C hlorine atom  rate constants are de te rm ined  by both abso lu te  and 

re lative rate techn iques . A  sum m ary of the  m ain techn iques used to  

determ ine the  reactiv ity  of VO C s w ith ch lorine  a tom s is g iven be low  . O nly 

a brief outline  of the  absolute techn iques is g iven as these are s im ila r to  

the  m ethods sum m arised for the de te rm ination  of OH radica l rate 

constan ts in Section 2.1.2.1 .

(a) A bso lu te  techn iques

D F / M S

Cl a tom s are produced in a m icrow ave d ischarge  of C l2  in helium

and the ir concentra tion  determ ined by m onitoring the  m olecu lar ch lo rine  
peak at m/e = 70 . A  num ber of va ria tions  have been app lied  by various

w orkers [5 1 -5 3 ], com m on to all is the  use of a d ischarge  to  form  Cl 

atom s. A  flow  tube  reaction cell and a m ass spectrom eter is genera lly  

used to carry out and to  m onitor reaction . The reactor is typ ica lly  a  Pyrex 

flow  tube  2.5 cm in d iam eter and 50 cm in length coated w ith  ha locarbon 

w ax . Cl atom  decay is m onitored by MS . Barte ls et al [54] used DF/M S 

to  determ ine Cl atom  rate constant va lues for a series of a lkanes . They 

em ployed a re ference techn ique , i.e., both a re ference  and tes t
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com pound w ere  added in excess and the  decay of both species  w as 
m onitored during the reaction . A  va lue fo r k-,/k0 w as ob ta ined  and the  

results p laced on an absolute  basis using a lite ra tu re  va lue  fo r k0 . H igh 

errors are usually encountered in th is techn ique  w ith  ra tio  errors o f ± 2 0 %  

typ ica l [5 3 ].

D F /R F

Sim ilar flow  tubes as in DF/M S are used in th is  system  . S im ila r 

experim enta l cond itions as outlined prev ious ly  fo r the  de te rm ina tion  o f OH 
radical rate constan ts are used . U sually m easurem ents of k-, are m ade by

observing the  decay of Cl a tom s in the  p resence of excess ana ly te  [50]. A  

typ ica l ch lorine resonance lam p is operated  by passing  a m ixture  o f 1 %
Cl2  in He th rough the  lam p at ca. 0 . 6  to rr of the to ta l p ressure  . A  th in  

BaF 2  w indow  is often used to filte r the  a tom ic hydrogen line at 12 1 . 6  nm 

and the a tom ic oxygen lines at 130 nm . A  typ ica l D F/R F system  plus the 

procedure used to m easure reaction rates of Cl a tom s w ith  a series  of 

a lkanes is sum m arised  by Lew is et al [55] .

P ulsed  las er /  tim e-reso lved  reso n an ce fluorescence sp ectroscopy

Detailed experim enta l p rocedures are outlined in the lite ra tu re  [56- 
57] and hence only a brief sum m ary is g iven here . Cl (2 P j) a tom s are 

produced by 355 nm pulsed laser pho lysis of C l2  and de tected  by tim e-

resolved resonance fluo rescence  spectroscopy . A  CW  e lectrode less 
d ischarge lam p (gas m ixture : 0 .1%  C l2  in He) is typ ica lly  used as the

fluo rescence  excita tion light source  [5 6 ] . Th is techn ique  is s im ila r to the  

correspond ing  OH radical absolute  techn ique  described  e a r l ie r . U sually 

all experim ents are carried out w ith  tes t com pounds in a large excess of 
Cl (2 P j ) . W ine and Sem nes [56] estim ate  the abso lu te  accuracy  o f the

rate constants reported by th is  m ethod to be approx im ate ly  ±15%  .

45



V ery low  p ressu re  reac to r (V L P R )

In the  th ree  absolute  techn iques described  above , the  use of the  

pseudo-firs t order approx im ation  is only va lid  w hen  the substra te  

concentra tions (RH) is essentia lly  unchanged during  the  course o f the  

reaction and no secondary reactions o c c u r . Th is  is genera lly  not the  case 
in the reactions of Cl a tom s w ith C 2 H6 or h igher hydrocarbons w hen very

fast b im olecu lar C l-radica l processes as w ell as fast rad ica l-rad ica l 

reactions can o c c u r . These can g ive rise to sys tem atic  e rrors  and 

anom alies tha t have been reported . Such anom alies  can be found in the  

s light pressure dependence of the reaction w ith e thane in a flash 

photo lysis system  , and to a lesser e x te n t , as a flow  rate dependence  of 

the  sam e rate constan t w hen com pared to the  resu lts  obta ined w ith  flow  

cell and d ischarge flow  tube k inetic  techn iques .

All of these  prob lem s can be avo ided by use of V LP R  . By w ork ing  

in the  m illito rr p ressure range , com plex ities due to  a tom -rad ica l and 

rad ica l-rad ica l recom bination are avo ided . The VLPR  fa lls in to the  

category of flow  cell reactor system s , but having no flow  ve loc ity  profile  

s ince it is a w e ll-s tirred  re a c to r . A deta iled  review  of the  VLP R  techn ique  

is g iven by Dobis and Benson [58] and Lazarou et al [5 9 ] .  From  the ir 

results the  accuracy of the VLPR  techn ique  is seen to  be ve ry  high w ith  
rate constants fo r the  reaction of Cl a tom s w ith C 2 H6 quoted  to  ± 3%  .

(b) R elative rate techn iques

A re lative rate techn ique  was used in th is  thes is  to  de te rm ine  the  Cl atom  

reaction rates of a series of e thers and ketones . The experim enta l 

p rocedure is s im ila r to  that outlined in Section 2.1.2.1 fo r the 

determ ination  of OH radical rate constan ts  . The only d iffe rence  being tha t 

chlorine gas photo lysis w as used as a source of Cl a tom s :
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C l2 + hv (X > 320 nm) > 2CI- ( 2 .1 .2 .2 2 )

This techn ique  has been used extensive ly  in o ther labora tories  [60-62] to  

de term ine Cl atom rate constants . Typ ica l errors of ±2a equ iva len t to  a 

m axim um  of 5%  are obta ined using th is  techn ique  [60] . Th is  does not 

include errors In the  re ference rate constan t used to  p lace these  resu lts 

on an absolute  basis . W alling ton et al [60] estim ated tha t sys tem atic  

errors could in troduce an add itional 2 0 %  uncerta in ty  to  resu lts  , w h ile  

o ther pub lica tions by A tk inson et al [61] and W alling ton  et al [62] 

recom m end an additional 1 0  -1 5 %  for the  re ference e r r o r .

2 .1.2.3 E s tim a tio n  te c h n iq u e s

W ith the  deve lopm ent of experim enta l p rocedures fo r the  

determ ination  of a tm ospheric  reaction rates (both abso lu te  and re la tive  

rates) has com e the pub lica tion of large da ta  review s to  sum m arise  the  

present know ledge w ith regard to  the  various c lasses of com pounds and 

the ir reactions [10 - 1 5 ] .  Th is data  base has a llow ed the  deve lopm ent and 

use of estim ation  techn iques fo r the  ca lcu la tion  of OH radica l reaction  rate 

constants (specifica lly) fo r a w ide  range of o rgan ic  com pounds . These 

estim ation techn iques have perm itted  cost-e ffective  estim ation  of 

tropospheric  life tim es for o rganic com pounds w hose vo la tility  or chem ica l 

com plex ity  m ake d irect experim enta l investiga tion  d if f ic u lt .

The s im p lest of these  estim ation  techn iques are those  u tiliz ing 

structure  - activ ity  re la tionships (SARs) . The first deve lopm ent o f an SAR 

techn ique w as carried out by G re iner [9] in 1970 . As m ore experim enta l 

data  becam e ava ilab le  the  techn ique  w as updated ay Darnall et al [6 3 ], 

Heicklen [6 4 ] ,  Cohen [6 5 ], Baldw in and W alker [6 6 ] and by A tk inson
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[6 7 ,6 8 ]. Recently A tk inson [6 8 ] has fu rther updated his app roach  to  take 

account of neighbouring g roups  , a g rea te r range of com pounds  and a 

w ide r tem perature  range .

A s d iscussed by A tk inson  [6 8 ] ,  the  rate constan ts fo r th e  reaction  

of OH radica ls w ith a lkanes can  be fitted to  w ith in  a fac to r o f 2  ove r the  
tem pera tu re  range 250 - 1000 K by consideration  of the  C H 3- , -C H 2- and

CH- groups in the a lkane and the substituent g roups around th ese  

groups. Thus :

k (X -C H < *) = k0,eli  F (X )F(Y)F(Z)

w here  k°prim , k°sec and k°tert a re  the  OH radical rate constan ts  pe r -C H 3  , - 

C H 2- and >CH- group respective ly  , and F (X ) , F(Y) and F(Z) a re  the

substituent factors for X , Y  and Z substituent g roups . V a lues de rived  by 
A tk inson  (1 9 8 7 ), k°prim = 4 .47  x  lo - 1 8 T 2 e-303/T cm 3 m olecule-1 s -1 , k°sec = 

4 .32 x 10 ‘ 1 8  T 2 e’233/r cm 3 m o le c u le '1 S' 1 , k°tert = 1.89 x 10 ' 1 8  T 2 e711/T 

cm 3 m olecule-1 s ' 1 , F(-C H 3) = 1.00 and F(-CH2-) = F(>CH-) = F (>C <) = 

e 7 m  . This estim ation techn ique  not only allows ca lcu la tion o f O H  radical 

reaction rate constants fo r a lkanes  fo r w hich experim enta l d a ta  do  not 

exist, but a lso allows the  isom eric  alkyl radical d is tribution  to  be  ca lcu la ted  

fo r a g iven alkane . Thus , fo r exam ple  , fo r 2-m ethylbu tane the  ca lcu la ted  

O H radical reaction rate constan ts  at 298 K (and the percen tage  o f the  

overall OH radical reaction) a t the  various C atom s (in units o f 10 ‘ 1 2  

cm 3 m olecule-1 s-1) is:

k (CH 3 -X) = k°prim F(X)

k(X -C H 2 -Y) = k°sec F(X)F(Y)

and

0.186 (4.7%) CH

0.186 (4.7%) CH3
1.08 (27%)
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The fo llow ing is a typ ica l exam ple of how the  SAR  techn ique  can be 

used to pred ict the OH radica l rate constan t fo r ethyl m ethyl e the r using 

the  group reactiv ities suggested  by W alling ton et al [69] fo r the e thers :

CH 3  - -1 .2  x 10 ' 1 2  c m 3 m o l e c u l e '1S '1 C 2 H5  -- 6 . 8  x 10 ‘ 1 2  c m 3 m o l e c u l e ‘ 1s - 1 

( g r o u p  r e a c t i v i t i e s  f o r  t h e  e t h e r s  [69])

=> koH(CH 3 O C 2 H5) = 8.0 x 10 ’ 1 2  c m 3 m o l e c u l e '1S '1

This SAR techn ique  predicts , to w ith in  a fac to r of tw o  , the  rate constan ts  

for approx im ate ly  300 com pounds . The re liab ility  o f using th is  techn ique  

fo r estim ating OH radical rate constan ts , depends on the  app licab ility  of 

the  underly ing assum ptions , and on the accuracy and breadth  of the  

k inetic da ta  base from  w hich  the  estim ation  techn ique  w as deve loped  . So 

as m ore data  becom es ava ilab le  , even m ore re liab le  p red ic tions covering  

la rger and m ore com plex VO C s w ill be possib le  .

O ther more com plex estim ation  techn iques inc lude  use of trans ition  

state theo ry  (TST) deve loped  by Kaufm ann and co-w orkers ([70-71], [65]) 

and the deve lopm ent of gas/so lu tion  phase reactiv ity  corre la tions [7 2 ] .

It has been pointed out tha t various experim enta l techn iques  , both 

absolute  and re lative rate , are ava ilab le  for the experim enta l exam ination  

of a tm ospheric  processes . A  re la tive  rate - sm og cham ber techn ique  w as 

em ployed in our laboratory to de te rm ine  the OH radica l and Cl atom  rate 

constan ts fo r a series of e thers and ketones . A Teflon  bag - sm og 

cham ber system  w as used to carry out these s tud ies due to  it's low  cost 

and it's su itab le  low  contam ination  e ffects . A  re la tive  rate p rocedure  w as 

adopted again because of it's low  cost and due to the  ava ilab ility  o f a 

su itab le  detection  system  (GC -FID) .

Based on the large num ber of experim enta lly  de te rm ined  rate
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constan ts w hich have accum ula ted  from  both abso lu te  and re la tive  rate 

experim enta l techn iques , re liab le  estim ation p rocedures have now  been 

estab lished . A ll o f th is  k inetic in form ation m ust a lso be com bined  w ith 

p roduct ana lysis to fu rther broaden the  data  base and s tudy the  

a tm ospheric  im pacts in re lation to VO C s . As k ine tic  and p roduct 

in fo rm ation  grow s , so too w ill the  accuracy of com pu te r m odelling  of the  

a tm osphere  , w hich re lies on the  accuracy of inputed  da ta  to  p red ic t fu ture  

env ironm enta l qua lity  .

Using the  re lative rate techn ique  described  the  reaction  of OH 

radica ls and Cl a tom s with a series of e thers and ketones w as stud ied  .

To  exp la in  the observed rate data  and to de te rm ine  the  u ltim ate  

a tm ospheric  fate of these com pounds , it Is necessary  to  sum m arise  

present a tm ospherica lly  im portan t k inetic  and m echan is tic  in fo rm ation  

regard ing not just the ethers and ketones , but a lso the  s im p le r a lkanes .
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2.1.3 OH radical and Cl atom  reactions w ith th e  a lkanes

2.1.3.1 O H  rad ica l reactions  w ith the a lkanes

A lkanes are re leased into the troposphere  from  natura l and an th ropogen ic  

sources . The sing le  , natura lly  p roduced o rgan ic  , p resen t in the  la rgest 

concen tra tions in am bient a ir th roughout the w orld  Is m ethane  . Larger 

a lkanes such as , e thane , propane , and butane are a lso re leased 

natually from  sources such as seepage and bacteria l fe rm en ta tion  . The  

m ajor loss process fo r these a lkanes in the troposphere  is reaction w ith  

OH rad ica ls . Because of th is , num erous stud ies have been m ade o f the 

reaction of OH radica ls w ith these  com pounds .

The reaction of OH radica ls w ith the  a lkanes has been extens ive ly  

studied and A tk inson [15] has com prehensive ly  rev iew ed the  current 

k inetic  data  base fo r these  com pounds . For those  reactions fo r w h ich  

suffic ient experim enta l data  w as ava ilab le  , the  tem pera tu re  dependence  

of these  rate constants w as also included in the  A tk inson  review  [1 5 ] .

K inetic stud ies of the  a lkanes w ith OH rad ica ls has greatly 

increased the understand ing  of the  m echan ism s of these  reactions . 

Evaluated sets of rate constan ts , often verified  in severa l labora tories , 

are ava ilab le  [10 - 1 5 ] , and have been used to estab lish  re la tionsh ips 

betw een structure  and reactiv ity  [7 3 ] . For exam ple  , experim ents have 

show n tha t a secondary C - H bond reacts approx im ate ly  40%  fas te r if it is 
bonded to  tw o other - C H 2 - g roups ra ther than  a - C H 2  - and one - C H 3

[2]-

The reaction of a lkanes in the  troposphere  p roceeds p redom inantly  

w ith  OH radica ls . Th is reaction involves a hydrogen abstraction  

m echanism  w ith room  tem pera tu re  rate constan ts increasing  w ith 

decreasing  C - H bond d issocia tion  energy [7 4 ] . These reactions are all
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exo therm ic w hich  is consisten t w ith  the low  A rrhen ius  activa tion  energ ies 

observed .Reaction exo therm ic ities of 62.7 kJ m ol' 1 fo r m ethane , 87.9  kJ 

m ol' 1 for secondary C - H bonds and 113.0 kJ m o l ' 1 fo r te rtia ry  C - H 

bonds have been m easured [7 5 ] .

OH radica ls react w ith a lkanes , abstracting  a hydrogen atom  and 

producing an alkyl radical and w ater v a p o u r :

RH + OH ........ ~ >  R- + H20  (2.1.3.1)

This alkyl radical then reacts rap id ly  w ith 0 2  to  form  alkyl - peroxy

radicals,
R- + 0 2  — ....... > R 0 2- (2.1.3.2)

A tm ospheric  data  ind icates tha t the subsequent fa te  of these  alkyl peroxy 
rad ica ls in the troposphere  is reaction w ith  e ither H 0 2  or NO :

R 0 2- + H 0 2 -----------> RO O H + 0 2  (2.1.3.3)

R 0 2- + N 0  ........ - >  R 0 - + N 0 2  (2.1.3.4)

N itric oxide reactions w ith alkyl peroxy rad ica ls  have been recogn ised  fo r 

m any years [76] as p laying an im portant ro le in the  pho toox ida tion  of 

o rganic m olecules under a tm ospheric  conditions. The a lkoxy radical 
produced in the above m echanism  (2.1.3.4) can then  react w ith  0 2  and fo r 

>/= C 3  , the a lkoxy radical can un im o lecu la rly  decom pose  or 

un im o lecu la rly  isom erize v ia  a hydrogen atom  sh ift m echanism  .

In genera l the degradation  of an a lkane in the  troposphere  (and 

o ther unsatura ted organics) in itia ted by OH rad ica ls  abstracting  a H - 

atom  , is s im ila r to the  m echanism  outlined in F igure 2 .1.2  .

Rate constants fo r the  gas phase reactions of OH radica ls w ith  a
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Figure 2.1.2
M ajor reaction pathw ays occuring during the troposphe ric  degradation  of 
n-butane . Reaction is in itia ted by the  abstraction  of H -atom s by OH 
radica ls .
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num ber of cyc loa lkanes have also been review ed by A tk inson  [1 5 ] .

These ractions are s im ila r to  the a liphatic  a lkanes , w ith  reaction 

proceeding v ia  a H - atom  abstraction m echan ism  . Table  2 .1.2  com pares 

the  room tem pera tu re  rate constants fo r a series  of a lkanes to  the  

correspond ing  cyc loa lkanes . Table 2 .1.2  illustra tes  tha t there  Is a 

decrease in reactiv ity  betw een propane and butane and the 

correspond ing  cyclic  a lkanes .

N um ber of 
carbons

kalkana X lO '«
( c m 3 m o le c u le - 1 s '1)

k  x  1 0 -1 2cydoalkane

( c m 3 m o l e c u l e '1S '1)

C 3 1.15 0.08
c4 2.54 1.2
c5 3.94 5.16
^ 6 5.61 7.49
C7 7.15 13.1

Table  2.1.2
Room tem pera tu re  rate constants for the  reaction  of a series of a lkanes 
and cycloa lkanes w ith OH radica ls [1 5 ].

The presence of ring stra in leads to a reduction  in the room  tem pera tu re  

rate constant over those  expected on the  basis of data  fo r the  stra in  free 
a lkanes [3 , 77]. The effects of ring stra in  are unnoticeab le  fo r the  >/= C 5

cycloa lkanes , w ith  a reversa l of reactiv ity  observed  , i.e., the  
cyc loa lkanes react q u ic k e r . The absence of ring stra in  effects above  C4

results in the  abstraction  of H - a tom s from  the  cyc loa lkanes in a s im ila r 
m anner to  the  a lkanes . Because the  cyc loa lkanes above C4 con ta in  m ore

secondary hydrogens (the reactiv ity of hydrogens fo llow  the o rder 2° H's > 

1° H) than the  correspond ing  a lkanes , they  react fa s te r , hence the 
reversal in reactiv ity  observed above C4 .

The reaction of OH radica ls w ith  ha loa lkanes has been extens ive ly  

studied as the ozone dep le ting  ch lo ro fluorocarbons (CFCs) are inc luded
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in th is c lass . The ava ilab le  rate constan t data  fo r the  gas phase reaction  

of OH radica ls w ith ha loa lkanes are in genera l agreem ent apart from  a 

few  exceptions in earlie r stud ies [7 8 ] .  The  m ajority  o f the  ra te  constan ts  

reported fo r the haloa lkanes have been de te rm ined  using abso lu te  

techn iques (FP - RA , DF - RF , etc.) due to  the  s low  reaction  o f th e se  

species w ith the  hydroxyl ra d ic a l.

A tk inson 's  review  [15] illustra tes tha t Cl and Br substitu tion  fo r H - 

atom s in m ethane leads to  an increase in the  room  tem pera tu re  rate 

c o n s ta n t, w hile  F atom  substitu tion  in itia lly  enhances the room  
tem pera tu re  rate constan t (in CH 3 F) , but in m ore h igh ly substitu ted  

halom ethanes (C H F 3 or C H F 2 CI) F atom  substitu tion  decreases the  

observed rate .

The addition of a halogen to  the  a lkane struc tu re  has the  e ffec t of 

decreasing  the  bond d issocia tion  energ ies of the C - H bonds , thus  
accounting fo r the observed increase in reaction  rate of C B rH 3  , C F H 3  and 

CCIH 3  re la tive  to CH 4 [1 5 ]. A dd itiona l substitu tion  espec ia lly  in h igher 

a lkanes leads to m ore com plex reaction  p rocesses . It is possib le  tha t 

steric  e ffects and induced polarity e ffects m ay s ign ifican tly  in fluence  the 

reaction of OH radica ls w ith these h igher po lyha logena ted  com pounds 

[28, 79] .

O ne im portan t point must be h igh lighted w ith regard to the  reaction  

of OH radica ls w ith ha loa lkanes . As the  level o f substitu tion  increases so 

too  does the  reaction tim e . Hence com pounds conta in ing  large num bers 

of ha logens , and thus few  abstractab le  hydrogens , w ill persist in the  

troposphere  fo r years . Th is observa tion  is fundam enta l in exp la in ing  the  

long tropospheric  life tim es of CFCs . CFCs have few  if any abstractab le  H 

- a tom s and hence persist in the troposphere  . Th is  chem ica l ine rtness 

coupled w ith the inso lub ility  of C FC s in w a te r fac ilita tes the ir transpo rt to  

the  stra tosphere  w here  they can subsequently  resu lt in ozone dep le tion
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as outlined in C hapter 1 of th is  thesis .

H aloa lkanes react w ith OH radica ls in a s im ila r m anner to  the  

a lkanes [7 5 ]. The rad ica ls produced in the in itia l H- a tom  abstraction  
reaction can then react rap id ly  w ith  0 2  to  form  peroxy rad ica ls  :

CH3CI + 6 h  ..........> -CH2CI + H20  (2.1.3.5)

■CH2CI + 0 2   > - 0 2 CH2CI (2.1.3.6)

These ha loa lkylperoxy radica ls can then react w ith  NO  or N 0 2  :

■02 C H 2CI + N 0  ..........> -0 C H 2 C I + N 0 2  (2 .1.3.7)

■02 C H 2CI + N 0 2  ..........> C H 2 C I0 0 N 0 2  (2 .1.3.8)

The haloalkoxy radical fo rm ed in m echanism  (2.1.3.7) can then  react w ith 
0 2 in an ana logous reaction to  the a lkoxy radical y ie ld ing  a s tab le

carbonyl com pound :

■0CH2CI + 0 2   > HCOCI + h 6 2 (2 .1.3.9)

For ha loa lkoxy rad ica ls w hich  do not conta in  a H - a tom .e lim ina tion  of a 

halogen atom  w ith  fo rm ation  of a carbonyl deriva tive  appears  to  o c c u r :

■CF30   > CF20  + -F (2.1.3.10)

Thus C F20  is the expected oxidation product from  the  C F30  ra d ic a l. Th is 

reaction is not expected  to be an e lem entary reaction .

It is c lear tha t the  reaction of a lkanes , cyc loa lkanes and 

haloa lkanes w ith OH radica ls occurs v ia  a hydrogen atom  abstraction  

m echanism  . N um erous factors affect the rate of th is  reaction  inc lud ing  ,
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t h e  e x t e n t  o f  h a l o g e n  s u b s t i t u t io n  , r in g  s t r a in  a n d  t h e  n u m b e r  a n d  t y p e  o f  

h y d r o g e n s  p r e s e n t  in  t h e  c o m p o u n d  .
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2.1.3.2  Cl atom reactions with the alkanes

Reaction of ch lorine  atom s w ith o rgan ic  com pounds proceeds v ia  a 

hydrogen abstraction  m echanism  in a s im ila r m anner to  OH radica l 

reactions :

■Cl + c 2 h 6 — > ■C2 H5  + HCI (2.1.3.11)

"CgHg + 0 2  + M — > CgHgOg" + M (2.1.3.12)

CgHgOg" + CgH^Og' ----- > 2C 2 H 5 0 2  + 0 2 (2.1.3.13)

CgHsOg’ + C 2 H5 0 2' ...... > C H 3 CHO  + C 2 H5OH + 0 2 (2 .1.3.14)

C 2 H5 O 2 " + C 2 Hg0 2" ...... > CgHgOgCgHg + 0 2 (2.1.3.15)

Both OH radica ls and Cl a tom s are e lectroph ilic  w hich exp la ins  the ir 

s im ila r reaction processes . W a lling ton  et al [60] has dem onstra ted  a 

linear corre la tion  between the  reactiv ities of Cl a tom s and O H radica ls 

tow ards the  a lkanes . Such a corre la tion  m ay be used to  estim ate  the  

reactiv ities of a lkanes tow ards Cl a tom s from  the correspond ing  

reactiv ities tow ards OH radica ls .

The reaction of Cl a tom s w ith  the a lkanes a lthough p roceeding  by a 

sim ila r m echanism  , occurs much fas te r re flecting the  m ore 

e lectronegative  character of Cl a tom s com pared to  OH rad ica ls . Payne et 

al [80] illustra ted  that the increased reactiv ity  of Cl a tom s com pared to  OH 

radicals w ith  ace ta ldehyde , is la rge ly due to the  o rder of m agnitude 

grea ter preexponentia l A  factor fo r Cl atom  reactions , the  activa tion  

energy fo r both Cl and OH reactions being zero or near zero  . Th is 

re la tive ly high reactiv ity  of the Cl atom  has g iven rise to  increased 

specu la tion  about the im portance of Cl atom  reactions as a loss 

m echanism  fo r VO C s in the troposphere  [2 0 ].

The reaction of Cl a tom s w ith  ha logenated a lkanes has been
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extensive ly  stud ied  [56,80 - 8 6 ] .  In the  case of the  ch lo roa lkanes , all are 

less reactive  than  the correspond ing  parent a lkane [8 3 ] .  The deactiva ting  

e ffect of the  ch lorine  substituent is p robab ly  a ttribu tab le  to  s te ric  

considerations and is m ost pronounced fo r the sm a lle r ch lo roa lkanes and 

fo r ch loroa lkanes bearing the  ch lorine  at a secondary s ite  . T he  increase 

in reactiv ity  a long the series , 1  - ch lo ropropane , 1  - ch lo robu tane  , 1  - 

ch loropentane  essentia lly  para lle ls  the  correspond ing  increase  in 

reactiv ity  from  propane to n - pentane . Th is ind ica tes tha t the  deactiva ting  

e ffect of the  ch lorine  substituent on the reactiv ity  of the  ch lo roa lkanes is 

restricted to  g roups a  to  the  carbon carry ing the  s u b s titu e n t. A ttem p ts  to 

expla in  the reactiv ity  trends for ch lorine  a ttack on ch lo rina ted  and 

fluo rinated  hydrocarbons has been m ade in the  lite ra tu re  [8 2 ,8 1 ,5 6 ]. The 

in fluences of inductive e ffects , e lectronegativ ity  a rgum ents , resonance  

in te ractions , s teric  effects , Van der W aals  repu ls ion , a ttractive  

in teractions due to d ispersion fo rces , dynam ic e ffects  as w ell as 

e lectron ic  effects have been d iscussed  . It is possib le  tha t d iffe ren t factors 

contro l reaction of Cl a tom s w ith d iffe rent com pounds , i.e., fac to rs  

a ffecting reaction m ay depend on the  type of com pound and the  type  , 

num ber and position of substituent halogens .

2.1.4 OH radical and Cl atom  reactions w ith ethers

2.1.4.1 O H  rad ica l reactions w ith e thers

S aturated ethers react w ith OH radica ls in a m anner s im ila r to  the 

a lkanes i.e. H -atom  abstraction  from  C -H bonds [3 ] :

OH + H3 C O C H 3  - - - >  H20  + H2 C O C H 3  (2.1.4.1)
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Previous stud ies have show n tha t the C -H bonds fo r C H X (x = 1-3) 

g roups ad jacen t to the  oxygen atom  have s ign ifican tly  low er bond 

d issocia tion  energies than do the  correspond ing  C - H bonds in the  

a lkanes [8 7 ,8 8 ]. The enhanced reactiv ity  of the  e thers is exp la ined  by the  

activa ting e ffect of the  oxygen atom  . A tk inson  et al [3] though t tha t the  C - 
H bond d issocia tion  energ ies w ou ld  Increase as the  C H X g roups m oved

from  the  oxygen atom  . M ore recently  h o w e v e r , W a lling ton  et al [89] have 
show n increased reactiv ity  a long the  series of e thers , C H 3 O C H 3  , 

CgHtjOCgHg , CgHyOOgHy , C 4.HgOC4 Hg and OgH-j-|OC^H-]-| . Such linearity  

suggests tha t the - C H 2  - g roups in these  m olecu les d isp lay  essen tia lly  

s im ila r reactiv ities w hich are approx im ate ly  a fac to r of th ree  g rea te r than  

those observed in the a lkanes [3] and are not dependen t on the  position  
of these - C H 2  -g roups re la tive  to the  oxygen atom  . Thus it appears  tha t

the  oxygen atom  has an activa ting  e ffect w hich is opera tive  over long 

d is tances in these a liphatic  system s . In a m ore recent s tudy W alling ton  et 

al [69] have Illustrated the im portance  o f longer range e ffects  in both 

a lcohols and ethers extend ing  to positions 4 carbons from  the  oxygen 

atom .

Follow ing H - atom  abstraction  , the  subsequent reactions are 

expected to be to ta lly  ana logous to those  of the a lkanes [3 ] :

OH + C H 3 O C H 3 

■CH2 O C H 3 + 0 2 >

> H20  + -CH 2 O C H 3

■o2 c h 2 o c h 3

(2 . 1 .4.2)

(2.1.4.3)

Up to the  pub lica tion of th is  thes is  no in fo rm ation  had been reported 

on the reaction  of OH rad ica ls w ith haloethers . H ow ever com paring  the  

haloethers to  the haloa lkanes is usefu l in pred icting the  e ffect of halogen



substitu tion  on the  reaction rate of the e thers w ith  the  OH rad ica ls . It is 

expected that in itial ha logenation w ill increase the  rate of reaction  due to 

the  activa ting  effect o f the halogen . H ow ever h igh ly  ha logenated e thers 

are expected to react only s low ly  w ith OH rad ica ls  and thus they  m ay 

pers ist in the troposphere  , eventua lly  being transported  to  the  

s tra tosphere  u ltim ate ly re leasing Cl atom s w hich m ay then  react w ith  the  

destruction  of s tra tospheric  ozone . The current lack o f in fo rm ation  

regard ing the  reaction of OH rad ica ls w ith  ha logenated  e thers illustra tes 

the  im portance of the w ork  reported here in increasing  the  k inetic  data  

base w ith regard to such com pounds .

2.1.4.2  R eaction  o f C l a tom s with ethers

The reactions of Cl a tom s w ith  a liphatic  e thers have been studied 

by a num ber of w orkers  [6 0 ,9 0 ]. A  s im ila r H -atom  abstraction  m echanism  

to  tha t observed for the  reaction of OH radica ls w ith  the  e thers is 

expected :

Cl + C H 3 O C H 3  > HCI + -C H 2 O C H 3  (2.1.4.4)

A lthough corre la tion exists betw een the  reactiv ities  of OH radica ls 

and Cl a tom s w ith a lkanes , no such corre la tion exists in the  e thers [6 0 ]. 

O ne possib le  exp lanation is tha t reaction of e ither OH rad ica ls  or Cl a tom s 

w ith  these  oxygenated species does not p roceed v ia  a s im ple  d irect 

concerted hydrogen abstraction  m echanism  [6 0 ] .  As d iscussed  in Section

2.1.4.1 , abstraction  of H - a tom s bound to  an a  carbon  atom  is enhanced 

re la tive  to the correspond ing a lkane fo r both OH and Cl reactions . Th is 

activa ting e ffect (due to the oxygen) has been show n to operate  up to five  

carbons away in the reaction of OH radica ls w ith  the  e thers [6 9 ].
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H o w e v e r, fo r the reaction of Cl a tom s w ith  e thers , the  increase  in 
reactiv ity  due to addition of fu rther CH 2 g roups to  the  alkyl cha in  are those  

expected on the basis of C H 2  g roup rate constan ts  derived  from  reactions 

of Cl a tom s w ith unsubstitu ted  a lkanes . Hence un like  O H radica l 

reactions , Cl atom  reactiv ity  does not appear to be activa ted  by the  -O- 

g roup  o ther than at the  carbon atom  d irec tly  bound to  the  e ther functiona l 

g roup . It is possib le  tha t Cl atom  reactions are su ffic ien tly  fac ile  tha t any 

long range e ffects m ay be sm all and not easily  identified  [9 0 ] .

To date  no in fo rm ation  has been pub lished regard ing  the  reaction  

o f Cl a tom s w ith ha logenated e thers , hence the  im portance  of the  k inetic  

data  base estab lished by the w ork carried out in our labora to ry  and 

sum m arised  in th is  re p o r t .

2.1.5 R eaction of OH rad icals  and Cl atom s w ith  ketones

2 .1 .5 .1  R eaction  o f  O H  rad ica ls  w ith ketones

A lipha tic  ketones are fo rm ed as in te rm ed ia te  stab le  chem ica l 

p roducts during the a tm ospheric  degradation  reactions of a w ide  va rie ty  of 

o rganic com pounds [9 1 ] :

C 3 H8 + -O H  > C H 3 C H C H 3  > C H 3 C H (0 2 )C H 3

 >C H 3 C H (6 )C H 3  > C H 3 C O C H 3  (2 .1.5.1)

In the  atm osphere these  carbonyls can photo lyse  and react w ith OH ,
N 0 3, and H 0 2 radica ls . O ne of the dom inan t loss m echan ism s fo r

ketones in the troposphere  is reaction w ith  OH rad ica ls  , the  k inetics and 

m echan ism s of w hich have been review ed by A tk inson  [1 5 ] .

The accepted m echanism  fo r the  reaction of OH rad ica ls w ith  

ketones is by H - atom  abstraction  [92] :
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C H 3 C (0 )R ' + -O H  > H20  + •C H 2 C (0 )R ' (2 .1.5.2)

For a lipha tic  ketones , it has been show n tha t the  reactiv ity  of the  C 

- H bonds a  to  the carbonyl g roup is low er than  in the  a lkanes [93,94] 

w hile  it is h igher in the  (3 and y  positions . Th is  enhancem en t in reactiv ity  

at the p and y positions is exp la ined by the fo rm ation  of a s ix m em bered 

ring adduct prior to  H - atom abstraction [93] :

H
I
0 " " H  ,  

c  \ /

if

c ' c ' c ' c >
a

In addition it has been dem onstra ted  tha t the  reactiv ities  of the  a lipha tic  

chains on e ither s ide of the carbonyl g roup are independen t and add itive

[9 3 ]. Th is  w ork  has been extended to the k ine tic  s tudy  of the  gas phase 

reactions of OH radica ls w ith a num ber of cyc lic  ketones and d iones [9 5 ] .

L ite rature  k inetic data  fo r the  reaction of OH rad ica ls w ith  d iones is 

consisten t w ith that obta ined fo r a liphatic  ketones w ith  the presence o f an 

add itional carbonyl g roup in the  m olecule a ffecting  the  k inetics of reaction  
w ith OH radica ls in the  sam e w ay as the firs t (the C H n groups in (3 and y

positions to each of the  carbonyl groups are a c t iv a te d ) . The k inetic  s tudy 

of the  reaction of OH radica ls w ith cyclic  ketones fu rthe r supports the  

above ring adduct m echanism  show ing no enhancem ent of reactiv ity  fo r 

the  p - groups [9 5 ].

As yet w e can find no re ference to the  reaction  of OH radica ls w ith 

ha logenated ketones . It is im portan t tha t such w o rk  is carried out in o rder 

to  determ ine the  a tm ospheric  fate of such com pounds. It is possib le  that 

such halogenated ketones are produced in the  troposphere  by the  action 

of OH radica ls and Cl a tom s on hydro fluorocarbons and 

hydroch loro fluo rocarbons .
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2.1.5.2  The reaction of Cl atoms with ketones

To date  very little in fo rm ation  regarding the reaction  o f Cl a tom s w ith  

ketones has been pub lished . Activa tion of the  hydrogens to a ttack  by the  

neighbouring carbonyl oxygen w as ind icated by Pou le t e t al [96,97] in the  
reaction of Cl a tom s w ith  H2CO :

kcl C H 4 = 1.26 x 10 ' 1 3  cm 3  m o lecu le -1 S' 1

kcl H2CO  = 6.7 x 10*1 1  cm 3  m olecu le- 1 s -1

Th is  activa tion tow ards reaction w ith Cl a tom s is s im ila r to tha t observed 

in m any oxygenated organ ics . As the  cyclic  in te rm ed ia te  structu re  is not 

p robable  in the  reaction of Cl atom s w ith the ketones our w o rk  is of 

in terest from  a m echan is tic  point of v iew  and a lso serves to estab lish  a 

data  base w ith  respect to the  reaction of Cl a tom s w ith  such com pounds .
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2.2 G eneral experim ental to OH and Cl w ork

In th is w ork  , the  first m easurem ents of OH rad ica l and ch lorine 

atom rate constants fo r a series of e thers and ketones are reported  . 

Furtherm ore, s ince th is is the first report of rate data  ob ta ined  using the 

present vacuum  line - sm og cham ber system , a series of m easurem ents 

were a lso perform ed on com pounds fo r w hich genera lly  re liab le  data  

a lready exists in o rder to  va lida te  the  experim enta l p rocedures .

Hydroxyl radica l and ch lorine  atom  rate constan ts  w ere  m easured 

using a re la tive  rate techn ique  w hich  has been described  in deta il in the  

literature [1-3] and is sum m arised in Section 2.1 of th is  re p o r t . Briefly, 

OH radica ls w ere  genera ted  by the  photo lysis of m ethyl n itrite  in the  

presence of a ir and excess NO :

C H 3O N O  + hv  (k >/= 280 nm) -— > C H 3 0 -  + NO (2.2.1)

C H 3 0 -  + 0 2  ----->  HCHO  + H 0 2‘ (2.2.2)

H 0 2- + N 0  ----->  N 0 2  + -0 H  (2.2.3)

The system  also conta ined the  com pound being tes ted  as w ell as a 

reference com pound fo r w hich the  OH radical rate constan t w as 

accurate ly know n . The only s ign ifican t rem oval p rocess fo r the  tes t and 

re ference com pounds , assum ing m in im al loss to the  sm og cham ber 

w alls etc., (see Section 2.1) is reaction  w ith OH rad ica ls  . These 

reactions m ay be represented by :

k-!
OH- + test — > products (2.2.4)

ko
OH- + re ference - - - >  p roducts (2.2.5)
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As prev ious ly  described in Section 2.1 , rate equations fo r the  reaction  

m echanism s (2.2.4) and (2.4.5) can be com bined and in tegra ted  to  yie ld  

an expression of the  form :

ln ([Test] 0 /  [Test]t) = (^ /kgJIn flR ef.fo  /  [R e f.]t) (2.2.6)

w here  [Test] 0 and [R e f . ] 0 are the  in itia l concen tra tions of the  tes t and 

re ference com pounds respective ly  and [Test]t and [R e f.]t are the

concentra tions at som e tim e t . Accord ing to expresssion  2.2.6, a p lo t of 
ln ([Test] 0 /  [Test]t) versus ln ([R e f . ] 0 /  [R ef.]t) should be linear w ith  a  s lope 

equal to (k-,/ k2) and an in tercept equal to zero  . G iven an accura te  va lue  

for the  rate constan t of the re ference com pound (k2) , the  rate constan t 

fo r the test com pound (k-|) can be ca lcu la ted im m ed ia te ly  .

A  s im ila r p rocedure w as used to de term ine ch lorine  atom  reaction  

rates for the  sam e com pounds . C hlorine gas w as pho to lysed  to  y ie ld  a 

supp ly  of ch lorine  a tom s fo r reaction :

C l2  + hv (X >/= 320 nm) - - - >  2CI- (2.2.7)

The ch lorine a tom s produced then  reacted w ith  the tes t and re ference 

com pounds produced in a s im ila r m anner to the  reaction of OH rad ica ls 

outlined in m echan ism s 2.2.4 and 2 .2.5  . By use of express ion  2 .2.6  it 

w as then possib le  to ca lcu la te  the  ch lorine  atom  rate constan t fo r the  
test com pound (k - ,) .

Having ca lcu la ted the  rate constan ts  for the reaction  of the  tes t 

com pounds w ith  both OH radica ls and ch lorine  a tom s . it w as then 
possible to  ca lcu la te  the tropospheric  life tim es (t ) o f these  com pounds 

w ith respect to  these  species using the  expression :
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ToH(seconds) = 1/k0 H[0 H ] and t c l = 1 /k c l[CI] (2.2.8)

k0 H and kC! are the  rate constan ts fo r the  reaction o f OH radica l and Cl 

atom s w ith  the  test species . [OH] and [C l] a re the  tropospheric  

concentra tions of OH radica ls and ch lorine  a tom s respective ly  .

2.2.1 Materials

M ethyl N itrite  w as prepared by the  d ropw ise  add ition  of 50%  su lphuric  

acid (Analar grade) to a satura ted so lu tion  of sod ium  n itrite  (stated purity 
96%  , BDH C hem ical Co.) in m ethanol (Analar g ra d e ) . The C H 3O N O

that evo lved w as sw ept out of the reaction bulb by a stream  of n itrogen 
(Air P roducts Ltd.), passed th rough NaO H to  rem ove H2 S 0 4  , d ried by

passing th rough calcium  carbonate  , and co llected on the  vacuum  line in 

a trap using an acetone slush bath (tem perature  = 173 K ) . The m ethyl 

n itrite w as degassed  by a freeze -pum p-thaw  p rocedure  and purified  by 

trap to trap  d is tilla tion  using an acetone slush bath . The  purity  o f the  

prepared m ethyl nitrite w as checked by IR spectroscopy and then  stored 

in the dark  on the vacuum  line to prevent decom position  .

The  d ilu tion  gas used in these  experim ents w as zero g rade a ir 

(B.O .C .) and the nitrogen used to  c lean the bag w as supp lied  by A ir 

P roducts Ltd. Prior to use all traces of m oisture in the  n itrogen w ere  

rem oved by passing the gas through a dry ing  colum n (Phase - Sep) 

filled w ith  m olecu lar sieve and se lf-ind ica ting  s ilica  g e l . Before use in 

the sm og c h a m b e r, the zero grade a ir w as passed th rough  a dry ing  

colum n (Phase - Sep) and a charcoal co lum n (Phase - Sep) to  rem ove 

traces of organics. C hlorine was obta ined from  A rgo In te rna tional Ltd., 

and had a sta ted  purity of 99.5%  . It w as degassed severa l tim es and
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stored in a b lackened bulb on the  vacuum  line . The  n itric  ox ide  used in 

the  system  w as supplied by BDH gas services and had a s ta ted  purity  of 

99%  . Th is NO w as degassed by the  freeze-pum p-thaw  procedure  and 

stored on the  vacuum  line . All tes t and re ference com pounds used , 

a long w ith  the ir supplie rs and purities are listed in S ections 2.3 and 2.4 

of th is  thesis . A ll of these com pounds w ere used w ithou t fu ther 

purification and prior to use w ere  degassed thorough ly  by the  freeze- 

pum p-thaw  procedure .

2.2.2 Apparatus

The vacuum  apparatus em ployed in th is  w o rk  to accura te ly  

m easure gas pressures is show n in F igure 2.2.1 . The  appara tus 

consisted of a conventiona l m ercury-free, h igh-vacuum  line, m ade of 

"Pyrex" g lass . Tab le  2.2.1 describes the various reg ions w ith in  the 

vacuum  line . The  vo lum es w ith in  these  regions w ere  im portan t in 

accura te ly m easuring concen tra tions of gases fo r ana lys is  . The 

procedure used to de term ine these  vo lum es and the  vo lum es ca lcu la ted  

are sum m arised in Section 2.2.3 .

A vacuum  w ith in  the  system  w as m ainta ined by m eans of an 

Edward's high vacuum  double  s tage ro tary pum p (M odel E 2 M 2 ) . 

Reactant p ressures w ere  m easured on a pressure transduce r (MKS 

Baratron, 1 2 2 A A ). Pressure m easurem ents w ith in  the  vacuum  line w ere  

m ade using an Edward 's Pirani gauge (M odel PEE 10K) fo r p ressures 

dow n to  10 "2  m Bar and an Edw ard 's Penning gauge (M odel C P25-K) to  

m easure pressures in the  range 10 ‘ 2  - 10 4  m B a r . G rease less taps 

using "Teflon" o-rings w ere used in all o f the va lve  positions on the 

vacuum  line and these w ere  supplied  by J. Young L td . .
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Figure 2.2.1

M ercury free high vacuum  line used th roughout th is  thes is  .
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V A C U U M  LINE SEC TIO N D E SC R IPT IO N  O F S E C TIO N
Line 1 Tap 5 to  taps 6 ,7 ,9 ,10 ,11 ,12  and 

13 (includes vo lum e  to  transducer 
c)

Line 2 Tap 5 to taps 2 ,4 ,36 ,28 ,26  and 25
Line 3 Tap 25 to  taps  24 and 23
Line 4 Tap 23 to taps  22 and 21
Line 5 Tap 21 to taps  20,19  and 18
Line 6 Tap 18 to  17
Line 7 Tap 17 to  taps 16 and 15

A ,B ,C  and D S torage bulbs
E and F M ixing bulbs

a P enning gauge
b Pirani gauge
c Pressure transducer (0 - 999.9Torr)
d Pressure transduce r ( 0  - 9 .900Torr)

Table  2.2.1
The various regions and positions of transducers  and gauges w ith in  the 
vacuum  line.

M ethyl n itrite  w as stored on the  vacuum  line in bulb C , C l2  in bulb B and 

NO in trap  G . Sam ples of test and re ference o rgan ics w ere  stored 

in "Pyrex" g lass fingers a ttached to  the  vacuum  line at taps 36, 27 and 

26.

F igure 2.2.2 is a schem atic  d iagram  illustra ting  how  an 8 6  litre , 

conditioned "Teflon" bag w as connected to  the vacuum  line and to  the 

GC using "Teflon" tub ing (1.5 mm i .d . ) . The d iagram  dem onstra tes  how 

sam ples w ere  w ithdraw n from  the  bag fo r d irect in jection  onto  the  

co lum n using a sam pling pum p (Perkin E lmer, M odel 5-104) in 

con junction w ith an autom atic  gas sam pling va lve ( Valeo ) .  The gas 

sam pling  va lve w as contro lled  by a series of e lectrica l re lays , w hich 

w ere in turn  contro lled by softw are  on the  GC . Th is enabled  contro l of 

the  "sam pling tim e" (typ ica lly  2 m inutes) from  the GC keyboard  .
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To fill the  sm og cham ber bag, valve (h) and tap  (17) w ere c losed 

and w ith taps (14), (15) and (16) open , flow  regu la tors  w ere  used to  

flush the  required vo lum e of a ir or n itrogen into the  bag . An Edw ard 's 

S peedivac 2 s ingle  stage ro tary pum p w as used to em pty  the bag . The 

irrad iation cham ber consisted of the "Teflon" bag (reaction cham ber) 

and a bank of lights m ounted on e ither s ide of a m etal rectangu la r fram e 

(124.5 cm x 96.5 cm x 87.5 c m ) . Each bank of lights consisted  of five  

b lack lam ps (Philips TLD  18W  /  08) and five  sun lam ps (Ph ilips TL 20W  

/  09N). The entire irrad iation cham ber w as surrounded by b lack clo th . A  

therm om eter w as m ounted inside the cham ber to  m easure  the 

tem pera tu re  during irrad ia tion  and a tm ospheric  p ressures w ere 

m easured prior to  reaction on a m ercury barom ete r (Shaw  Scientific  

Supplies Ltd ) .  As the reaction  cham ber ligh ts w arm ed  up , an opaque 

sheet (b lack plastic) w as used to com ple te ly  cover the  "Teflon" reaction  

c h a m b e r. Th is sheet w as a lso used to in te rrup t photo lys is  as requ ired  .

2.2.3 Procedure

To determ ine the  correct pressure of reactants to  re lease into the  

vacuum  line and subsequently  into the sm og c h a m b e r , the vo lum es 

w ith in  the various reg ions o f the vacuum  line w ere firs t ca lcu la ted  . Bulb 

A In F igure 2.2.1 w as the prim ary vo lum e from  w hich each vo lum e w ith in  

the  vacuum  line w as ca lcu la ted using the Boyle 's law  express ions :

VO LU M E a  1 /  Pressure (2.2.9)

P 1 V 1 = P2 V 2  (2.2.10)

The vo lum e of bulb A  w as determ ined prior to it's a ttachm ent to  the



vacuum  line using a w eigh t d iffe rence techn ique  . V o lum es w ith in  the  

vacuum  line ca lcu la ted using the  above procedure  are g iven in Tab le

2 .2 . 2  b e lo w .

SEC TIO N  O F VA C U U M  LINE V O LU M E S  (cm 3)
A 1168
B 1173
C 1167
D 556
E 297
F 284

Line 1 470
Line 2 318
Line 3 59.0
Line 4 60.3
Line 5 59.1
Line 6 2 1 . 0

Line 7 16.1
Reaction cell 177

IR Cell A 205
IR Cell B 272

Table  2.2.2

Vo lum es w ith in  the  vacuum  line and reaction cells  used in th is  thes is  .

A Perkin E lm er (m odel 8500) gas chrom atograph  fitted w ith  a 

flam e ion ization de tecto r (FID) w as used to m on ito r reactant 

concentra tions fo llow ing  irrad iation . Thus an in itia l requ irem ent before  

any rate data  could be dete rm ined  w as the  optim isa tion  of 

chrom atograph ic  cond itions to separa te  the tes t and re ference and 

m ethyl nitrite (in the  case of the OH rad ica l re a c tio n s ) .

78



Follow ing irrad iation of the gas m ixtures , the  fo rm a tion  of 

products w hich m ight in terfere  w ith the gas chrom atograph ic  ana lys is  o f 

e ither the test or re ference organic or both had to  be conside red  as a 

potentia l com plica tion  . As a test for in te rfe rences caused by secondary  

reactions in our system  , experim ents (decay profiles) w ere  perfo rm ed in 
w hich  m ixtures of m ethyl nitrite (or C l2  for the ch lorine  atom  reactions )

and e ither the tes t or re ference organic w ere  irrad ia ted  and ana lyses 

perform ed to  check fo r the  form ation of po ten tia lly  in te rfe ring  p roducts  .

In som e instances GC conditions w ere optim ised  so as to separa te  test 

organics from  reaction products . For all rate constan ts  de te rm ined  , 

reaction product in te rfe rences w ere not a prob lem  over the  irrad ia tion  

tim es typ ica l o f the present w ork (30 m inutes) .

A dd itiona lly  , to  test for any possib le  pho todecom position  of the  

test and re ference organ ics , m ixtures of these  reactants in zero  grade  

air in the absence of m ethyl nitrite (or ch lorine) w ere irrad ia ted  w ith  the  

appropria te  lam ps . Irradiation tim es used fo r these pho todecom position  

experim ents w ere  s im ila r to  those fo r the  experim enta l runs . No 

photodecom position  of any of the reactants w as observed . Having 

optim ised the ana lytica l conditions , w ork  could proceed on dete rm in ing  

the  re lative rate constan t ratios fo r the  tes t com pounds .

In itia lly the apparatus shown in F igure 2.2.1 w as evacuated  w ith 

liquid nitrogen around trap  J to a vacuum  of approx im ate ly  10 ' 2  - 10 ' 4 

m B a r . Boyles law  (P-|V-| = P2 V2) w as used to ca lcu la te  the p ressure  of

reactant required in bulb E such tha t w hen the  contents of th is  bulb w ere  

sw ept into the bag using zero grade a i r , the  requ ired concen tra tion  of 

th is reactant w ould  resu lt in the bag once a final bag vo lum e of 50 litres 

w as reached . The requ ired pressure of reactants w as m easured into 

lines 1 - 7 + bulb E using pressure transducer d to m on ito r the 

concentration of reactants re leased . Tap (15) w as then  c losed and the
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entire vacuum  line to tap  15 w as again evacua ted  . O nce a vacuum  of 

less than 10 ' 3  m Barr (as m easured by an E dw ard ’s Penning gauge) w as 

achieved , tap  (17) w as closed and taps (14), (15) and (16) opened .

The reactant w as then flushed into the bag at the  appropria te  flow  ra te  

(1.2 dm 3 m in - 1 fo r th is w ork) using zero grade a i r . Having added each of 

the  reactants to  the  bag and a fina l vo lum e of 50 litres w ith in  the  bag 

(after 41.67 m inutes) w as ach ieved , the  zero  grade  a ir w as sw itched  o ff 

and taps (14) , ( 1 5 ) ,  and (16) closed .

S im ilar in itia l concentra tions of the  tes t and re ference  organ ics 

w ere a lw ays used th roughout th is w ork  , typ ica lly  in the  range 5-20 ppm  

depending on the  lim it of detection of the  GC -FID  fo r the  particu la r 

reactants . For the  hydroxyl radical reactions in itia l concen tra tions of 
CH3ONO and NO w ere  approx im ate ly  50 ppm  and 25 ppm  respective ly  . 

For chlorine atom  reactions , the in itia l concen tra tion  of C l2  w as 50 ppm

. The final vo lum e of the  bag w as 50 litres fo r all s tud ies .

The reaction cham ber w as com ple te ly  covered  at all tim es excep t 

during photo lysis . Before analysis , the  reactants  w ere  a llow ed to m ix 

fo r a m inim um  of 30 m inutes . The tem pera tu re  in the  cham ber 

fluctuated in the  range 300 +/- 3K and a tm ospheric  pressure  w as 

approxim ate ly 778 ± 20 m mHg th roughou t the  ana lyses . For the  OH 

radical reactions all 20 lam ps w ere  used for photo lys is  (A, >/= 260 n m ) , 

w h ile  for the  ch lorine  atom  reactions , five  b lack lam ps w ere  used fo r the  

photo lysis (X >/= 310 nm) . The lam ps w ere  sw itched  on 30 m inutes 

prior to  use in order to achieve a stab le  output during subsequent 

photo lyses . A  m in im um  of two sam ples w ere  taken before  irrad ia tion  

i.e. at t = 0 m inutes . The  black covering w as then  rem oved from  around 

the  "Teflon" bag and the  reaction m ixture irrad ia ted  fo r fixed periods (in 

the  range 0  - 30 m inutes, m easured by m eans of a stop clock) . The 

covering w as replaced at each photo lysis tim e to stop reaction and a
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sam ple taken  (as described earlier) fo r GC ana lysis . Th is  p rocedure  

w as repeated severa l tim es so tha t the  rate o f loss o f both the  tes t and 

re ference organ ics could be m onitored . A  m axim um  to ta l irrad ia tion  

tim e of approx im ate ly  30 m inutes w as used fo r both our Cl a tom  and O H 

radical w ork  . W hen the  last sam ple  w as taken , the bag w as em ptied  by 

opening va lve  (h) to  a s ingle  stage ro tary pum p and closing  tap  (14) and 

valve ( i ) .

To  avoid carry over between experim ents , the  "Teflon" bag w as 

filled and em ptied at least tw ice w ith n itrogen . A  sam ple  w as taken  from  

the second fill and in jected onto the  GC to  ensure  the  bag w as clean. If 

th is suggested  tha t the bag w as not com ple te ly  free from  reactan ts  or 

products , the  bag w as em ptied and the  process repeated until a c lear 

sam ple w as obta ined .

Peak heights w ere  used to m easure changes in concentra tion  of 

the test and re ference organics fo llow ing  irrad iation , and the  re la tive  

rate w as dete rm ined  as described in Section 2.1 of th is  re p o r t . To 

ensure experim enta l reproducib ility  and to  Increase the  accuracy of our 

rate data  , the  com plete  procedure as outlined above w as repeated 

under identica l conditions , a m in im um  of th ree  tim es . The rate 

constant ratios determ ined from  each experim ent w ere  then  averaged  to  

g ive the  va lue  reported .

2.2.4 A nalysis

A Perkin E lm er Gas C hrom atograph (M odel 8500) fitted  w ith  a 

flam e Ionization de tecto r (FID) w as used to  m onitor the  concentra tion  o f 

reactants before  and a fter irradiation . The  fuel gases fo r the  FID used 

w ere a ir (Irish Industria l G ases) and hydrogen H-10 (M urex) and the  

carrier gas w as nitrogen ( I . I .G .) . Each of the gases w ere  prefilled
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th rough m oisture traps (Phase - Sep) and charcoal filte rs  (Phase - Sep) 

prior to entering  the GC . C om pressed air (I.I.G .) w as also used to 

sw itch the  in jection  ports from  loop load to in je c t . A ll gas cy linders  used 

needle va lve  contro ls  . Tw o m eter g lass co lum ns (3m m  i.d.) w ere  used 

w ith typ ica l s ta tionary  phases of 10% SE-30 and PEG , on a 

C hrom osorb  W H P(80-100) s u p p o r t . The co lum ns w ere  operated  

iso therm ally  at tem pera tu res vary ing  from  35°C to 150°C . F low  ra tes of 

the  n itrogen carrie r gas w ere  m ainta ined at approx im ate ly  35 cm 3 m in - 1 . 

In jector and de tecto r tem pera tu res w ere set at 80 and 270°C 

respective ly . Specific  conditions em ployed fo r the ana lys is  o f the  

various tes t com pounds are listed in Sections 2.3 and 2.4 . 

C hrom atogram s w ere recorded on a P erk in-E lm er G P -100  g raph ic  

p r in te r . A  P erkin-E lm er in frared spectrom eter (M odel 983G ) w as used 

to  determ ine m ethyl nitrite purity . The m ethyl nitrite w as scanned over 

the spectral region 4000 to 600 c m 1.
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2.3

The R eaction of OH radicals and Cl atom s

w ith a series of Ethers
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2.3.1 In troduction

O xygenated hydrocarbons especia lly  e thers are being re leased  in 

increasing quantities into the  a tm osphere  because  of th e ir use as so lvents  

and fuel additives [1 - 2 ] .  In o rder to increase the  octane num ber of fue ls 

and thereby prevent or m in im ize knock in spark  - ign ition  eng ines , 

severa l gasoline add itives have been used . T hese  have inc luded m ain ly 
organo lead com pounds such as (CH3)4Pb and (C 2 H5)Pb until th e ir recent

rep lacem ent by oxygenated organ ics . The sw itch to such oxygenated  

com pounds has been in response to air qua lity  regu la tions , w h ich  have 

necessita ted the  insta lla tion of ca ta ly tic  converte rs  w hose  longevity  is 

a ffected by exposure to  lead additives . In add ition  to  th e ir p rim ary ro le  in 

octane rating im p ro v e m e n t, the  organic oxygenates have the  added 

benefit of reducing CO em issions . P resently tw o  of the  m ost w ide ly  used 

oxygenated organics for such app lica tions are m ethyl te rt - butyl e ther 

(M .T.B .E .) and m ethy lte trahydro fu ran  (M THF) . The  use of these  h ighly 

vo la tile  com pounds in am ounts up to  2 0 %  in gaso line  ra ises the fuel 

vo la tility  m aking the ir evapora tive  em ission to the  a tm osphere  an 

im portan t consideration  [3 ] .  The sw itch to  the  use of these  oxygenated 

organ ics has been reflected in Am erican chem ica l p roduction  figu res . 

M .T.B .E . production in the  United States has risen annua lly  by 

approx im ate ly  27%  from  1985 - 90 m aking it the  24 th m ost abundan tly  

p roduced chem ical in the  U.S. [4 ] .  Besides fuel add itives , e thers are a lso 

re leased into the  troposphere  as in te rm ed ia tes in hydrocarbon 

com bustion  [5 ] .  C yclic e thers such as furan and th iophene  are a lso 

re leased into the troposphere  from  fuel convers ion  fac ilites  [6 ] .  Fo llow ing 

such re lease , the  m ain a tm ospheric  fate of e thers is expected  to  be 
reaction w ith  OH radica ls and Cl a tom s s ince pho to lys is  , reaction  w ith  0 3  

and reaction w ith N 0 3  rad ica ls are neg lig ib ly s low  [7 ] .  The reaction
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m echanism s for OH radica ls and Cl a tom s w ith  e thers is d iscussed  in 

Section 2.1 of th is  thes is  .

The reason fo r our in te rest in the e thers , spec ifica lly  the ethyl 

m ethyl e thers , has been to  assess the possib le  im portance  of the  

increased usage of ha logenated anaesthe tic  agents such as iso flu rane  ( 1 - 
C h lo ro -2 ,2 )2 ,-trifluoro  ethyl d ifluoro  m ethyl e th e r ) , CF 3 C H C IO C F2H and

enflurane  (2 -C h lo ro-1 ,1 ,2-trifluoro ethyl d ifluo ro  m ethyl e th e r ) , 
C H C IFC F 2O C F2H . These  anaesthetics are the  m ost w ide ly  used genera l

anaesthetics  in the w este rn  w orld  and the ir use has led to  som e concern  

about the ir possib le  adverse  e ffects on ozone concen tra tions [ 8  - 1 7 ] .  

Because of th is  concern w ork  has been carried  out in our labora tory  to  

estim ate  the em ission rates of these com pounds into the  a tm osphere  .

Initial concern centred on the fact tha t the  anaesthe tics  ha lo thane , 

iso flu rane , and enflurane  w ere  vo la tile  and substan tia lly  ha logenated . 

Because of th is  , it seem ed possib le  tha t these  com pounds m ight be 

em itted to  the  troposphere  , and be su ffic ien tly  unreactive  there  to  

subsequently  contribu te  to  s tra tospheric  ozone dep le tion  in a s im ila r 

m anner to all CFC 's [1 8 ].

For the past 140 years tha t ha logenated hydrocarbons have been 

adm in iste red  fo r the purpose of anaesthes ia  , anaesthe tis ts  have been 

aware tha t during and fo llow ing  anaesthes ia  such m olecu les are exha led  

by patients . In fact at least 99%  of the vo lum e of these  anaesthe tics  used 

in the  operating theatre  is re leased into the  a tm osphere  . V apours of 

anaesthetic  agents are d ischarged  not only in the  operating  thea tre  . 

S ign ificant levels of con tam ina tion  have also been found in locations 

w here  anaesthetics are not usually adm in is te red  , i.e. in corridors of 

operating room suites , anaesthetic  w orkroom s and recovery room s . The 

only regu la tion regard ing po llu tion by anaesthe tics  in Brita in  is the  

Departm ent of Health 's recom m endation  for scaveng ing  system s to
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m in im ize concentra tions of anaesthetic  agents w ith in  the  operating  

departm ents [17]. H ow ever m ost of these  scaveng ing  dev ices de live r the ir 

con tents unchanged outs ide  the  theatre  bu ild ing  .

A lthough both iso flu rane and enflurane are re leased to  the  

troposphere  , the ir subsequent life tim e is lim ited by the  hydrogen a tom s in 

the ir s tructure  . As the  m ain s ink for these  anaesthe tics  in the  troposphere  

is hydrogen abstraction  reactions w ith hydroxyl rad ica ls  and ch lorine  

a tom s , it w as reasonab le  to  suggest tha t en flu rane  and iso flu rane  w ou ld  

react re la tive ly fast in the  troposphere  w ith only a fraction  of the  em itted  

concentra tions eventua lly  reaching the s tra tosphere  .

S ince the  firs t expressions of concern  over these  anaesthe tics  in 

re lation to  the ozone layer w as pub lished , re liab le  OH radical rate 

constan ts and tropospheric  life tim es have been ca lcu la ted  by A .C .B row n 

et al. [14 - 1 6 ] .  From Brow n's w ork the  a tm ospheric  life tim es fo r 

iso flu rane and enflurane (when com pared to  a un iform  OH radical 

concentration  of 7.7 x 105  radica ls cm -3  ) w ere  found  to be approx im ate ly  

2 and 2.4 years respective ly  . These resu lts ind ica te  tha t a re la tive ly  sm all 

concentration  of these  com pounds w ill indeed reach the  s tra tosphere  

a lbe it in very sm all am ounts com pared w ith  com pounds such as CFC -1 1  

and CFC -1 2  . Thus the  overall contribution to  ozone  dep le tion  by the  

anaesthetics  w as thought to  be less than 5 parts in 104  of tha t produced 

by the C FC 's . Brown et al [15] have estim ated tha t the anaesthetics  

iso flu rane , enflu rane and halothane w ill con tribu te  at m ost a fraction  of 

approx im ate ly  5 x 10-4  to  the  overall a tm ospheric  con ten t o f ch lorine  

conta in ing species .

To determ ine the  overall e ffect of iso flu rane and enflurane  on the  

ozone la y e r , accura te  production and em ission figu res m ust be exam ined 

in con junction w ith experim enta l rate de te rm ina tions . Tab le  2.3.1 

com pares the estim ated global 1985 em iss ions of various C FC 's [19] w ith
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C O M P O U N D E M IS S IO N /P R O D U C T IO N  
F IG U R E S  / 1 0- 6 kg /year

D A TA  S O U R C E

CFC-11 (CFCIg) 283 (em ission) [191
C FC -12 (CF 2CI2) 412 (em ission) [191

CH 3CI3 474 (em ission) [191
HALON 1211 (CFgCIBr) 3 (em ission) [191

HALON 1301 (CFgBr) 3 (em ission) [191
EN FLU R AN E 5.0 (em ission)

5.4 ‘ (production) 
< 0 . 2 2 0  (p roduction  )

Th is  w o rk  
[ 1 0 ] 
[131

ISO FLU R AN E 5.7 (em ission) 
5.4 ‘ (production) 

<0.800 (production)

Th is  w o rk  
[ 1 0 ]
[13]

H ALO TH AN E 2 . 1  (em ission)
1 . 0  (p roduction) 

< 1 . 0  (p roduction)

Th is  w o rk  
[ 1 0 ]
[1 3 1  _

TA B LE  2.3.1 :

Em ission or p roduction figu res for som e com m on C FC s p lus som e 

halogenated anaesthetics  toge ther w ith the  source of the  quo ted  da ta  .

*  =  The production figure of 5.4 x 106 kg/year for isofiurane and enflurane is a combined figure  

i.e. isofiurane + enflurane .

production figu res and estim ated em iss ion  figures fo r the  th ree  

anaesthetics , iso fiu rane , enflurane and ha lo thane .

The em ission figures fo r the three anaesthe tics  ca lcu la ted  in our 

laboratory is a conservative  estim ate . F igures are based on a survey of 

the  quantities of anaesthetic  agents used in a num ber of hospita ls  in the  

Dublin area from  Nov. 1987 to Nov. 1988 . T hese  va lues w ere  used to  

conservative ly  estim ate the  am ount of each anaesthe tic  used in hospita ls  

th roughout the  country , and eventua lly  a usage per m illion popu la tion  . 

W ith a deta iled  know ledge of the countries in w hich  these anaesthe tics
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are w ide ly  used toge ther w ith population figu res fo r these  countries an 

estim ate of yearly  em ission rates w as ca lcu la ted  .

Rates of em iss ion of these  anaesthe tic  agents are ve ry  low  re la tive  

to the rates of em ission of o ther ha logenated species , as can be seen 

from  Table  2.3.1 . H o w e v e r, these  species w ere  on ly  in troduced  into 

clin ical practice  in the  early 1960's , and s ince  then  th e ir p roduction  has 

increased d ram atica lly  . Furtherm ore , the  level of em iss ion  of m ethyl 

ch loro form  , an industria l degreasing  agent and so lvent w as  of the  sam e 

order of m agnitude in the  m id-1950 's as the  current leve ls fo r the  th ree  

anaesthetics  . H ow ever the increased usage of m ethyl ch loro form  

eventua lly  led to  a s ituation w here  it has becom e a m ajor source  of 

ch lorine in the a tm osphere  , so tha t it now  poses a serious th rea t to 

ozone. W hile  it is h ighly un like ly that the level of em iss ions of these  

anaesthetic  agents w ill rise to that o f m ethyl ch loro form  , it is possib le  tha t 

unchecked em issions of these  and o ther com pounds cou ld  lead to  a 

s ituation  w here  the ir com bined em iss ions has g rea te r s ign ificance  than  is 

currently  antic ipated . C onsequently  , it is im portan t to  de te rm ine  the  rates 

and m echan ism s of a tm ospheric  rem oval processes fo r these  and 

ana logous species and com bine th is  know ledge w ith  accura te  em ission 

figures fo r these com pounds in order to  assess th e ir potentia l s ign ificance 

in the dep le tion  of s tra tospheric  ozone .

The w ork  sum m arised in C hapter 2.0 of th is  thes is  w as carried  out 

in order to  establish the rate constan ts fo r the  reaction  o f O H rad ica ls  and 

Cl a tom s w ith a series of e thers inc lud ing  the  tw o  anaesthe tics  . Reaction 
of N 0 3  w ith  the  anaesthetics  and o the r HCFC 's in genera l is though t to

account fo r less than  10% of the rem oval of HCFC 's from  the  troposphere  

[1 6 ]. The ca lcu la ted rate constants w ere  then considered  in con junction  

w ith the above calcu la ted em ission figu res so tha t a m ore com prehensive  

environm enta l im pact assessm ent cou ld  be constructed  w ith  regard to
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these  com pounds . The rate constants fo r the  reaction  of O H rad ica ls  and 

Cl a tom s w ith  a num ber of o ther e thers (m ostly ha logenated) w as a lso 

de te rm ined  in order to  investiga te  the e ffect of ha logena tion  on the  rate 

loss of these  e thers in the  troposphere  . Th is  w o rk  is of fundam enta l 

im portance  in ga in ing k inetic  and m echan is tic  in fo rm ation  regard ing  

e thers In genera l and increasing  the  existing data  base in re la tion  to  such 

com pounds .
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2.3.2  Experim ental

The experim enta l procedures em ployed to  de te rm ine  the  OH 

radical and Cl atom  rate constan ts fo r the e thers are de ta iled  in Section

2.2 of th is  thes is  . There fo re  only specific  deta ils  perta in ing  to  the  e thers 

and the ir ana lyses is outlined here . Table  2 .3.2  lists the  various 

com pounds studied , the ir correspond ing  purities and the  supp lie rs  from  

w hich  they w ere  obta ined . A ll com pounds w ere  used w ithou t any fu rthe r 

purification . Prior to  use the  sam ples w ere  tho rough ly  degassed on the  

vacuum  line using the  freeze - pum p - thaw  procedure  . Sam ple  m ixtures 

w ere  subsequently  p repared in the  sm og cham ber as outlined in Section

2.2 . Separation of m ethyl n itite from  the tes t and re fe rence  o rgan ics and 

from  reaction products w as then achieved on the  gas chrom atograph  . 

The test and re ference organ ics used plus the  optim um  analytica l 

cond itions estab lished to de term ine the OH radica l and Cl atom  rate 

constan ts fo r the e thers are sum m arised in Tab le  2.3.3.

TES T PU R ITY (%) SU P P LIE R
Hexane > 95 Aldrich Chemical Company

Diethyl ether 99.9 «i

2 - Chloro ethyl methyl ether 98 »

2,2 - Dichloro ethyl methyl 

ether
97 il

2 - Bromo ethyl methyl ether 95 li

2 - Chloro,1,1,1- trifluoro ethyl 

ethyl ether

97 Fluorochem Ltd

Di - - propyl ether > 9 9 Aldrich Chemical Company

Isoflurane > 9 9 .9 Abbott Laboratories Ltd.

Enflurane > 9 9 .9 Abbott Laboratories Ltd.

Table  2.3.2

Test com pounds stud ied plus the ir associa ted purities  and supplie rs  .
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TE S T R E FER EN C E C O LU M N G .C . C O N D IT IO N S

Hexane Pentane 10%  SE  30 on 
Chromosorb W H P  
(80-100|im  ) ;2m

Column Tem p. = 4 4 °C  
Flow = 31cm 3/min.

Diethyl ether Ethane 10%  SE 30 on 
Chromosorb W H P  

(80-100|im ) ;2m

Column Tem p. = 55°C  
Flow = 45cm 3/min.

2,2-Dichloro ethyl 
methyl ether

Diethyl ether 10%  SE 30 on 
Chromosorb W H P  

(80-100^m ) ;2m

Column Tem p. =  65°C  
Flow = 35cm 3/min.

Isopropyl ether Diethyl ether 10%  SE  30 on 
Chromosorb W H P  

(80-100(im ) ;2m

Column Tem p. = 50°C  
Flow = 35cm 3/min.

2-Chloro ethyl methyl 
ether

Diethyl ether 10%  P.E .G . 
(80-100nm ) ;2m

Column Tem p. = 65°C  
Flow = 35cm 3/min.

2-Bromo ethyl methyl 
ether

Diethyl ether 10%  SE 30 on 
Chromosorb W H P  

(80-100|xm) ;2m

Column Tem p. =  65°C  
Flow = 40cm 3/mln.

2-Chloro,1,1,1,- 
trifluoro ethyl ethyl 

ether

Ethane 10%  SE  30 on 
Chromosorb W H P  

(80-1 OO^m) ;2m

Column Tem p. =  75°C  
Flow = 3 1 .5cm 3/min.

Isoflurane Diethyl ether 10%  SE 30 on 
Chromosorb W H P  

(80-1 OOpm) ;2m

Column Tem p. =  4 0 °C  
Flow = 28cm 3/min.

Enflurane Diethyl ether 10%  SE 30 on 
Chromosorb W H P  

(80-100jam) ;2m

Column Tem p. = 40°C  
Flow = 28cm 3/min.

TA B LE  2.3.3

S um m ary of the ana lytica l cond itions estab lished fo r the  e thers .
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2.3.3 Results

The kinetic da ta  reported in th is  w o rk  represents  the  first 

m easurem ents of th is  type  using our present appara tus  . To  tes t our 

system  , there fo re  , a series of experim ents w ere  carried  out on 

com pounds fo r w hich re liab le  rates of reaction  have a lready been 

determ ined and pub lished , i.e., OH + hexane and Cl + d ie thy l e th e r .

Table  2.3.4 lists the  Cl atom  and OH radica l ra te  constan ts  fo r a 

series of e thers m easured in our labora tory . The correspond ing  

tropospheric  life tim es ca lcu la ted  from  the rate constan ts  fo r these  

com pounds are listed in Tab le  2.3.5 . A com parison  is m ade betw een our 

resu lt data  and those quoted in the lite ra tu re  . Tab le  2 .3.4  dem onstra tes 

tha t our calcu la ted rate constants are w ith in  the quo ted  error lim its 

estab lished fo r these  com pounds . Each of the quo ted  s lopes in Tab le

2.3.4 represent an average va lue  ca lcu la ted  from  repeat de te rm ina tions . 

R eaction m ixtures fo r both OH radical and Cl atom  rate s tud ies

w ere  stable  in the  dark  over tim e scales typ ica l of the  experim enta l runs . 

Typica l dark  reaction resu lts are illustra ted in F igures 2.3.1 and 2 .3 .2  . 

S im ilarly  , no pho todecom position  of e ither test or re ference com pounds 

w as observed over the  tim e sca les used in our experim ents  . Th is  s tab ility  

of the  ethers is illustra ted from  the resu lt data  p lo tted  In F igures 2 .3.3  and

2.3.4 .

Hence , w e concluded tha t fo r our OH rad ica l w ork  , loss o f tes t and 

re ference w as due to reaction w ith OH radica ls a lone  , and in the  case of 

our ch lorine w ork  , loss of test and re ference w as due to  reaction  w ith  Cl 

a tom s a lone .

As sta ted in the  experim enta l section  , potentia l in te rfe rences from  

reaction products w ere  investigated . Prior to  s tudy ing  the  re la tive  loss of
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tes t and re ference o rgan ics , reaction of each com pound  w as s tud ied  on 

the ir o w n .

T E S T T E M P .

( K )

k , / k 3 k C | x  1 0 11

(c m ^ m o lB c u la '^ s '1)

k 2 / k 4 k 0 H  x  1 0 12

(c m 3 m o le c u l« ‘ 1 s ‘ 1)

R E F .

H exan e 301 ± 2  

298

~ ~ ------ 1 .3 9  ± 0 .0 5 5 .5 3  ± 1 .5 5  

5.61 ± 1 .40

This W o rk  

[201

Diethyl Ether 29 0  ± 1 

2 9 0  ± 2  

2 9 5  ± 2

4 .4  ± 0 .0 9 2 5 .8  ± 4 .4  

2 5 .4  ± 1.7  

3 5 .6  ± 2 .0

------ ------ This W ork  

[21] 

T221

2-C hlo ro  ethyl 

m ethyl ether

3 00  ± 3 0 .5 6  ± 0 .0 2 14 .4  ± 5 .0 0 .3 5 8  ± 0.021 4 .9 2  ± 1 .09 This W ork

2,2-D lch loro  ethyl 

m ethyl ether

30 0  ± 3 0 .1 7  ± 0 .0 1 4 .4  ± 1.6 0 .1 7 3  ± 0 .0 0 8 2 .3 7  ± 0 .50 This W ork

2-B rom o ethyl 

methyl ether

30 0  ± 3 0 .6 4  ± 0.01 16 .3  ± 5 .4 0 .5 0 7  ± 0 .0 1 7 6 .9 4  ± 1 .38 This W ork

2 -C h lo ro ,1 ,1 ,1 - 

trlfluoro ethyl ethyl 

ether

300  ± 3 0 .0 5  ± 0 .0 1 0.30  ± 0.10 N .D . <  0.3 This W ork

Dl-l-propyl ether 30 0  ± 3  

2 9 0  ± 2  

2 9 6  ± 2

0 .6 4  ± 0.01 16 .3  ± 5 .4  

15.1 ± 0 .7

0 .8 0 9  ± 0 .0 3 2 11 .0 8  ± 2 .2 6  

1 0 .7  ± 2 .0  

11 .3  ± 0 .7

This W ork  

[21] 

f21!

Isoflurane 300  ± 3  

300

N .D . <  0.1 N .D . <  0 .3  

0 .021 ± 0 .0 0 5

This W ork  

[1 51 . [161

Enflurane 300  1  3 

300

N .D . <  0.1 (b) N .D . <  0 .3  

0 .0 1 7  ± 0 .0 0 5

This W ork  

[1 51 .(1 61

Table  2.3.4
OH radical and Cl atom  rate constants ca lcu la ted  in th is  w o rk  using a 
re lative rate te c h n iq u e .

(a) ’ (b> Lim its based on the  sensitiv ity  of the  ana lytica l p rocedures .
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TE S T T C | (days) T C | (days) R eference
Hexane 2.7 Th is  W ork

D iethyl E ther 45 Th is  W ork
2-C hloro  ethyl m ethyl 

e ther
80 3.1 Th is  W ork

2,2-D ich lo ro  ethyl 
m ethyl e ther

263 6.3 This W ork

2-B rom o ethyl m ethyl 
ether

71 2 . 1 Th is  W ork

2 -C h lo ro ,1 ,1 ,1 -trifluoro  
ethyl ethyl e ther

1 0 . 6  years > 50 This W ork

Di - / - propyl e ther 71 1.4 Th is  W ork
Isoflurane > 3 2 > 50 

2 . 0  years
This W ork  

_ [151,(161
Enflurane > 32 > 50 

2.4 years
This W ork  
[151 ,[1 6 ]

Table  2.3.5
Tropospheric  life tim es of the  com pounds s tud ied  in th is  w ork  . L ife tim es 
w ere  determ ined w ith  respect to both OH rad ica ls  and Cl a tom s .
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Figure 2.3.1
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Figure 2.3.2
Dark reaction experim enta l observa tions for a num ber of e thers in 
m olecular ch lorine  (Cl atom  experim ents) .
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Photochem ica l s tab ility  of a series of e thers stud ied  using experim enta l 
cond itions typ ica l of our Cl atom  w ork  .

97



It w as thus possib le  to  observe w hether reaction  p roducts  w ou ld  in te rfe re  

w ith  o ther reaction m ixture com ponents and hence our resu lt 

observa tions. Typica l decay profiles fo r a se lec tion  of e thers is g iven  in 

F igures 2.3.5 and 2 .3.6  . S im ilar concen tra tions and the  sam e re ference 

organic w ere  used in each of the  stud ies illustra ted  , hence d iffe rences  in 

the  rates of decay illustra ted are ind ica tive  of d iffe rences  in the  rate of 

reaction betw een the  com pounds . A ny observed reaction  p roduct 

in te rfe rences w ere  overcom e by ta ilo ring  our ana lytica l cond itions to  suit 

the  system  and there fo re  reaction products d id not in troduce  errors into 

our results.

A high degree of precis ion in the  resu lt da ta  w as ob ta ined  using our 

system  of ana lysis . For exam ple, th ree  repeat runs fo r the  reaction  of OH 

radica ls w ith 2-ch lo ro  ethyl m ethyl e ther y ie lded s lopes o f , 0.351 ± 0 .004 . 

S im ilar reproducib ility  w as obta ined fo r the  rate constan t ra tios fo r each of 

the  com pounds stud ied .

In both our OH radical and Cl atom  w ork  the  s lopes ou tlined in 

Table  2.3.4 w ere  obta ined from  lines w ith corre la tion  coe ffic ien ts  >0.995 

and having m inim al in tercepts . Typica l line p lo ts are illustra ted  in F igures

2.3.7 and 2.3.8 .

R epresentative  plots of our data  fo r both OH radica l and ch lorine  

atom w ork  are outlined in F igures 2.3.7 and 2.3.8 . The express ion  used 

to plot our data  is g iven in equation (5). The  concen tra tion  o f tes t and 

re ference at tim e, 0 , and tim e , t, corresponded to the  peak he igh ts of 

each com pound prior to irrad iation and at som e tim e, t, during  photo lysis. 
The slopes of the  lines thus obta ined correspond to  kreference/  ktest. Know ing 

Keference a llow ed us to  place our resu lts on an abso lu te  basis.

In the  case of our OH radical w ork, tw o re ference com pounds w ere  

used. Pentane w as used as the  re ference com pound fo r the
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Typica l p lo ts fo r the  determ ination  of OH radical rate constan ts fo r a 
se lection of e thers using a re lative rate techn ique  .
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se lection  of using a re lative  rate techn ique  .
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dete rm ination  of the rate constan t fo r the  hexane reaction  , w h ile  d ie thyl 

e ther w as used fo r each of the  o ther com pounds s tud ied  . A  va lue  of k 

(OH + d ie thy l e th e r ) = 13.6 ± 2.26 x 10 -12 cm 3m olecule-1 s -1 w as obta ined 

from  W alling ton  et al [2 3 ] .  Th is  figure  w as ca lcu la ted  using an abso lu te  

techn ique  and inc ludes all o f those  errors incurred  in its ca lcu la tion  (i.e. 

±2a p lus a m axim um  possib le  experim enta l e rror of 1 0 % ). A  va lue  o f k 

(OH + pentane) = 3.94 ± 0 .98 x 1 0 12 cm 3m olecule-1 s 1 [20] w as  used , and 

inc luded to ta l errors associa ted  w ith its de te rm ination  . A lthough the  OH 

radical rate constant fo r pentane w as obta ined using a re la tive  rate 

techn ique  , our reason fo r exam in ing  the  reaction of O H rad ica ls  w ith  

hexane w as pure ly as a system  check . W e w ished  to  de te rm ine  w he the r 

our new  experim enta l set - up could be used to obta in  rate constan t 

va lues s im ila r (w ithin experim enta l error) to those  recom m ended  by 

A tk inson  [3 2 ]. Reference rate constan ts w ere  chosen w h ich  w ere  

ca lcu la ted  at s im ila r tem pera tu res to  those  of our experim ents  and w hich  

are representa tive  of reported rate constants fo r these  com pounds .

In the  case of our Cl atom  w ork, tw o  re ference com pounds w ere  

also chosen . E thane w as used as the re ference fo r d ie thy l e ther and 2- 

ch lo ro , 1 , 1 , 1 -trifluoro  ethyl ethyl e ther and d ie thyl e ther w as  used as the  

re ference fo r the  rem ain ing com pounds . The va lue  of k (Cl + Ethane) = 

(5.84 ± 0.88) x  10-1 1 cm 3m olecule-1 s -1 [24] used represents an average of 4 

absolute  va lues and inc ludes all e rrors associa ted  w ith  it's de te rm ination  

,i.e.,± 15%  . The va lue  of k (Cl + d ie thyl ether) = (25.4 ± 8.05) x 10- 

1 1 cm 3m olecule-1 s -1 [2 1 ] used is traceab le  to an abso lu te  va lue  and inc ludes 

all experim enta l errors associa ted w ith it's de te rm ina tion  (i.e., 2 o  ± 25%  

error on kReference) . The error bars fo r the d ie thyl e the r ra te  constan t above

d iffer from  those  quoted from  the sam e re ference in Tab le  2 .3.4  as only 

errors correspond ing  to  ±2a are inc luded in Tab le  2 .3.4  and not to ta l
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experim enta l errors as above. Both re ference ra tes w ere  dete rm ined  at 

s im ila r tem pera tu res to those in our experim ents .

The s tab ility  of the anaesthetics  tow ards O H radica l and Cl a tom  

a ttack is illustrated in F igures 2.3.9 and 2 .3.10 . A lthough  som e decay  is 

observed in ch lorine , th is  reaction becam e very d ifficu lt to  m on ito r once a 

re ference organic w as added to  the  reaction m ixture  . B ecause of the  

s tab ility  o f these com pounds , lim its of reactiv ity  fo r the  anaesthe tics  and 

2 -ch loro  , 1 , 1 , 1 -trlfluoro  ethyl ethyl e ther w ere  estab lished  and the  

ca lcu la ted  va lues quoted in Tab le  2.3.4 . The lim its  quo ted  fo r the  OH 

radical rate constan ts are those  recom m ended by Bufa lin i et al. [25] fo r 

the  re la tive  rate techn ique  em ployed in our labora tory . The ch lorine  atom  

rate lim its w ere estab lished using a techn ique  em p loyed  by Bufa lin i et al.

[25] to set OH radical rate constan t lim its fo r the  re la tive  ra te  techn ique .

Table  2.3.5 lists the tropospheric  life tim es of each o f our test 

com pounds w ith respect to  both OH radica ls and Cl a tom s. A  va lue  fo r the  

OH radical concentration  of (7.7 ± 1.4) x 105 rad ica ls  cm  3 w as used to  

de te rm ine  the  tropospheric  life tim es of our test com pounds w ith  respect to  

OH radica ls . Th is va lue  w as ca lcu la ted by Prinn et al. [26] and represents 

a g loba lly  averaged tropospheric  value, ca lcu la ted  over a seven year 

period.

A  va lue fo r the  Cl atom  concentra tion  of 1 x 103 a tom s cm 3 w as 

used to  de term ine the  tropospheric  life tim es of our tes t com pounds w ith 

respect to  Cl a to m s [2 7 ].
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Figure 2.3.9
OH radica l reaction observed w ith the anaesthe tics  , iso flu rane and 
e n flu ra n e .

Photolys is  T ime ( m in u te s )

—•— I s o i l u r a n e  E n f l u r a n e

Figure 2 .3.10
Cl atom  reaction observed w ith the anaesthetics , iso flu rane  and 
enflurane.
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2.3.4 D iscussion

The k inetic  da ta  reported  in th is w ork is am ong the  firs t dea ling  w ith  

the reaction of OH rad ica ls and Cl atom s w ith ha logena ted  e thers . Tab le

2.3.4 lists the OH radica l and Cl atom rate constan ts  and Table  2 .3.5  the 

corresponding a tm ospheric  life tim es calcu la ted from  th ese  rate constan ts  

fo r all of the com pounds stud ied  in th is w ork  . P rior to  ca lcu la ting  the  rate 

constants the s tab ility  of our tes t com pounds in th e  da rk  and w ith  respect 

to  photodecom position  w as estab lished , F igures 2.3.1 - 2 .3.4  . Possib le  

in terferences w ere  a lso s tud ied  by estab lish ing decay  curves fo r each 

com pound , F igures 2 .3.5  and 2.3.6 . As s im ila r cond itions  w ere  used fo r 

each com pound the  decay curves v is ib le  in F igures 2 .3 .5  and 2.3.6 

dem onstra te  the  re la tive  reactiv ity  of each of the  e the rs  tow ards both OH 

radica ls and Cl a tom s .i.e., the  sharper the decay  , the  g rea te r the 

reactiv ity.

The slopes ob ta ined ind icate the precis ion o f our resu lts  . The la rge  

error bars quoted fo r the  rate constants are due to  the  inc lus ion o f the  

to ta l uncerta in ty associa ted  w ith  the re ference ra te  constan ts  used to  

place our results on an abso lu te  basis .

A lipha tic  e thers are expected to react w ith  O H  rad ica ls  and Cl 

atom s v ia  a H-atom  abstraction  m echanism  in a s im ila r m anner to  the  

a lkanes [2 0 ] :

O H  + C H 3 O C H 3  ---------► H 2 0  + ¿ H 2 O C H 3  (2.3.1)

In the a tm osphere  the radicals p roduced in the  abstraction  reaction 

fu rther react to g ive stab le  oxygenates :
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O2 , N2 

C H 2 O C H 3  - *■ o c h 2 o c h 3  H0 CCH3  + 6 2h

(2.3.2)

N 0 2

As expected from  the  bond energy of 93 + /-1  kcal moM fo r the  
prim ary C-H bonds in C H 3 0 C H 3  com pared w ith  the  p rim ary  C - H bond

energy of 98 +/-1 kcal m ol' 1 fo r the a lkanes, the e thers  are m uch m ore 
reactive  than the correspond ing  a lkanes ( k 0 H  C H 3 O C H 3  = 2 .98 x 10 ‘ 1 2  

, k 0 H  C 2 H6 = 0 .268 x 10-1 2 cm 3 m olecule-1 s ' 1 [ 2 0 ] ) .  Th is  d iffe rence  in bond 

d issociation energy is due to  the activating e ffect of the  oxygen , w hich 

has been show n to operate  up to 5 carbons from  the  e the r link [2 1 ] .  The 

presence of ch lorine in the  e thers is expected to  low er the  C - H bond 

d issociation energy due to it's e lectron w ithdraw ing  e ffect, and thus g ive  

rise to  an increase in the  observed hydroxyl radica l and ch lorine  atom  rate 

constants fo r the  abstraction  process .

The m ajority of the  e thers studied in th is w o rk  w ere  ethyl m ethyl 

e thers . Experim enta lly  dete rm ined  rate constan ts w e re  not obta ined fo r 

m ethyl ethyl e th e r , how ever a va lue fo r the  OH rad ica l rate constan t w as 

calcu la ted using W a lllng ton 's  group reactiv ity  techn ique  [2 8 ] .  A  va lue  of 

8 . 0  x 1 0 - 12 cm 3m olecule-1 s -1 w as obta ined thus ind ica ting  a drop in 

reactiv ity  w ith respect to  OH radica ls on going from  the  unha logenated  to 

the  d ich lo rina ted  ethyl m ethyl e th e r . Th is trend is not observed in the  

a lkanes and m ay be accoun ted  for by an increase in s te ric  h indrance w ith  

increased halogenation .

Very little in fo rm ation  is currently  ava ilab le  on the  e ffects of 

halogenation on the  rate of reaction of e thers w ith  O H radica ls and Cl 

a tom s . However, as a s im ila r H-atom  abstraction  m echan ism  is expected  

fo r both ethers and e thanes (m echanism  2.3.1 and 2 .3 .2 ) , it is usefu l to
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com pare the  e ffect of halogénation on the  ra tes of reaction  of e thanes and 

e thers . Table  2.3.6 dem onstra tes the  e ffect of ch lo rine  substitu tion  on the  

OH radical rate constan ts  fo r a series of ch lo roa lkanes .

C om pound Tem perature
(K)

k x  1012
(cm^molecule^ s'^)

E stim ated
u n certa in ty

R eference

C H 3CH 3 298 0.268 ± 2 0 % [2 0 ]

c h 3c h 2c i 298 0.390 ± 35% [2 0 ]

c h 3c h c i 2 296 0.260 ± 23% [29]

CHCI3 298 0.0119 ± 30% [2 0 ]

Table  2.3.6
The in fluence of Cl substitu tion  on the  rate constan t fo r the  reaction  of OH 
radica ls w ith substitu ted  ethanes .

Table  2.3.6 dem onstra tes that OH rad ica ls react qu icker w ith 

m onosubstitu ted e thane than w ith e thane , suggesting  tha t the  Cl atom  

low ers the  C - H bond d issocia tion  energy causing  a correspond ing  

increase in the  rate of H - atom  abstraction  , as expected. H ow ever, it is o f 

in terest to  note tha t the  OH radical rate constan t fo r the  d isubstitued  

ethane is low er than  that of the  m onosubstitued  com pound . A  s im ila r 

trend in reactiv ity  w as observed w ith  regard to the  m ono- and d i-ch lo ro  

ethyl m ethyl e thers stud ied in our labora tory  (Table 2.3.4). Th is  apparent 

decrease in the  rate of reactiv ity  cannot be exp la ined  by bond d issocia tion  

energ ies a lone. O ne possib le  reason fo r th is  deactiva ting  e ffect of the  

chlorine substituent m ay be a ttribu ted to s te ric  conside ra tions . A no the r 

possible reason fo r the  observed rate decrease  m ay be due to  po larity
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changes associa ted  w ith the  incorpora tion  of an extra  Cl a tom  into the  

e ther structure  . It is possib le  tha t the  inductive e ffect of an extra  ch lorine  

m ay result in a partia l positive charge on the  p - hydrogen :

Cl H H
5 .  i i iCl-C-C-O-C-H

„  i i i5+H H H
6+OH

This w ou ld  reduce the  stab ility  of the  trans ition  s ta te  fo r H 

abstraction by in troducing  repuls ive fo rces betw een the  H atom  and the  

O H radical w hich m ay a lso be considered to carry a partia l pos itive  

charge . Th is a rgum ent is not w ithout p recedent [30 , 31] fo r an 

e lectroph ilic  radical such as OH and the  effect is expected  to  increase  

w ith  increasing num ber and in fluence of e lectron w ithd raw ing  a  

substituents ; e.g.

Cl Cl H 
Cl-C -C-O -C-H

i i iH Cl H

This hypothesis is re in forced by Taylo r et al [30] w ho  pointed to  the  

s im ila rity  in bond d issocia tion  energ ies of the  a  - hydrogens in 
C H 2 CICH2CI and C H 3 C H 2CI (96.5 ± 1 and 96.7 ± 3 kcal moM 

re sp e c tive ly ), w h ile  the  reaction rate of C H 2 CICH2CI w ith  OH rad ica ls  is 

much sm aller than  w ith  C H 3 C H 2 C I . This also ind ica ted  tha t the  reduction  

in reactiv ity of C H 2 CICH2CI w as not due to sm all increases in bond 

strength .
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The above decrease in reaction rate noted fo r the  reaction  o f OH 

radica ls w ith the  ch lorinated ethyl m ethyl e thers, w as a lso found in the  

reaction of Cl a tom s w ith  these  com pounds, how ever the  observed 

decrease w as m ore s ign ificant. As both OH rad ica ls  and Cl a tom s react 

v ia  a s im ila r H - atom  abstraction m echanism  (m echanism  2.3.1 and 

2 .3 .2 ), and due to the  re la tive ly la rger s ize  of the  Cl atom  to  the  OH 

radical, it w ou ld  appear tha t s te ric  e ffects m ay s ign ifican tly  in fluence  the  

rate of such Cl atom  reactions . To gain fu rther know ledge  w ith  regard to 

possib le  steric  in fluences, fu rther w ork  on the  reaction of Cl a tom s and 

OH radica ls w ith  o ther halogenated e thers is requ ired .

The OH radical and Cl atom  rate constan ts  quoted in Tab le  2 .3.4  fo r 

brom o ethyl m ethyl e ther are both s ligh tly  la rger than  those  fo r ch loro  

ethyl m ethyl ether. Th is slight increase in reactiv ity  of the  brom o- 

substitu ted re lative to the ch lorine substitu ted  com pound has a lso been 

observed by a co lleague In our labora tory s tudy ing  ha logenated a lkanes. 

However, the d iffe rence  in reactiv ities betw een the  com pounds m ay not 

be s ign ificant, as the  reaction rates for both com pounds lie w ith in  the  e rror 

lim its quoted fo r each rate constant. Th is s im ila rity  in reactiv ity  betw een 

ch lorinated and brom inated com pounds is consisten t w ith  da ta  pub lished 
by A tk inson [20] fo r CH3Br and CH 3CI.

The order of reactiv ity  of the  com pounds stud ied  is s im ila r fo r both 

our OH radical and Cl atom  data, re flecting the  s im ila rity  of the  reaction  

m echanism s involved. O ne surpris ing resu lt w as the unexpected  s im ila rity  

between the rates of reaction of brom o ethyl m ethyl e ther and d i-i-p ropy l 

ether. From the  trends in the OH radica l rate constan t data, w e w ou ld  

have expected a g rea te r Cl atom  reaction rate fo r di-/'so -p ropyl e ther. O ne 

possible reason fo r th is  could be due to  the  activa ting  e ffect of the  oxygen 

atom having less of an effect on d is tan t C - H bonds in the  case of Cl 

atom reactions [2 1 ].  Thus the H -atom s on the  branched m ethyl g roups of
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d i-iso - propyl e ther are re la tive ly m ore d ifficu lt to  rem ove than  in the  

correspond ing  OH radical reaction ; in f a c t , ease of rem ova l of the  

hydrogens m ay be s im ila r to that in the correspond ing  a lkane  . The  va lue  
fo r k0H d i-/so  -propyl e ther is g rea te r than  the  correspond ing  a lkane  , 2,3- 

d im ethyl butane, ( k 0 H  = 6.2 x 10 ’ 1 2  cm 3 m olecu le ‘ 1 s - 1 [20]) illustra ting  the 

activa ting e ffect o f the  oxygen atom  in the  e th e r .

O ne of the  d raw backs of the re la tive  rate techn ique  em p loyed  in our 

laboratory is the  d ifficu lty  in m onitoring s low  reactions . C om pounds w ith 

OH radical rate constan ts  < 0.3 x 10 ‘ 1 2  cm 3 m olecule-1 s -1 and Cl a tom  rate 

constants of < 0 . 1  x 1 0 - 1 1 cm 3m olecule-1 s -1 w ere  not de te rm ined  over the  

tim e sca les em ployed in our labora tory  (30 m inutes) . T hese  lim its  (also 

quoted in Tab le  2.3.4) w ere stud ied using a procedure  ou tlined by Bufalin i 

et al [2 5 ] .  Both of these lim its are defined  by the  sensitiv ty  of the  

ana lytica l techn ique  used to m easure the  concen tra tions of the  tes t and 
re ference com pounds . By m odify ing the  concen tra tion  of C l2  and the

nature of the  re ference com pound it m ay be possib le  to  de te rm ine  Cl 

atom rate constan ts  below  0 . 1  x 1 0 ' 1 1 cm 3 m olecule-1 s ' 1 using our present 

experim enta l design  .

A tm ospheric  life tim es in Tab le  2 .3.5  w ere  ca lcu la ted  using the  

re la tionships ,

T cl = 1 /k cl[CI] and T0„ = 1 /k 0 „[O H ] (2 .3 .3 ), (2.3.4)

w here kcl and kOH are the ch lorine atom  and hydroxyl rate constan ts  

respective ly and [C l] and [OH] the  concen tra tion  of ch lorine  a tom s and 

hydroxyl rad ica ls respective ly  . The concen tra tion  of OH rad ica ls o f (7.7 ±

1.4) x 105 rad ica ls cm 3 [26] used to  ca lcu la te  the  a tm ospheric  life tim es of 

the ethers w ith respect to OH radica ls, approx im ates tha t of a re la tive ly
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clean troposphere . The concentration  of Cl a tom s of 1 x 10 3 a tom s cm 3 

used to ca lcu la te  the  a tm ospheric  life tim es w ith  respect to  Cl a tom s, is 

typ ica l of a c lean m arine troposphere  [2 7 ].

The  s tab ility  of isoflurane, enflu rane  and 2 -ch lo ro ,1 ,1 ,1-trifluoro  

ethyl ethyl e ther is dem onstra ted  by the ir long tropospheric  life tim es in 

Table  2.3.5 and is illustra ted in F igures 2 .3.9  and 2 .3.10 . T hese  long 

life tim es are consisten t w ith the  sm all num ber of abstractab le  hydrogens 

present In these  com pounds, and also the  high degree o f h indrance  

associa ted w ith  these com pounds. A lim it of > 50 days w as estab lished  

fo r our OH radical tropospheric  life tim e. Using an abso lu te  techn ique , 

Brown et al [15 , 16] calcu la ted the  tropospheric  life tim es of iso flu rane  and 

enflurane (using a s im ilar OH radical concentra tion  to tha t em p loyed  in 

our studies) to be 2 and 2.4 years respective ly  , w hich  is consis ten t w ith  

our data. From the  results obta ined by Brown et al [15] and from  the  

re lease figu res fo r iso flu rane and enflurane  ca lcu la ted In our labora to ry  

and presented in Table  2.3.1 , it is evident tha t only a sm all quan tity  of 

these  anaesthe tics  w ill be em itted to  the  a tm osphere  . S ince transport of 

m ateria l th rough t the tropopause  into the  stra tosphere  occurs on a  tim e  

scale of roughly tw o years , an even sm a lle r quantity  w ill reach the  

s tra tosphere  . As a m eans of quantify ing  the  re lative  e ffect of the  

anaesthetics  on s tra tospheric  ozone , a num ber of fac to rs  w ere  ca lcu la ted  

from  lite ra ture  da ta  coupled w ith the  em ission  figures ca lcu la ted  in th is  

w o r k .

The  factors  com m only em ployed to  quantify  the  re la tive  e ffect o f a 

com pound on s tra tospheric  ozone are , the  ozone dep le tion  po ten tion  

(ODP) and the  ch lorine loading potentia l (CLP) [1 6 ] .  For ch lorina ted  

halocarbons , the  chlorine loading, CL , is proportiona l to  the  em iss ion  
rate E , the  life tim e and the num ber of ch lorine  a tom s nC !:

111



CL (RH) a  x t rh x nc , / M rh (2.3.5)

The product t  x E/M is the  s teady - sta te  concen tra tion  in m oles , o f any 

species in the  a tm osphere  and fo r the  sam e em iss ion  ra te  , the  ch lorine  

loading potentia l CLP, is g iven by :

CLP (RH) = t rh  /  Tc f c  . 1 1  x M CFq _ 1 -i /  M rh  x  nci /  3 (2.3.6)

w here  M cfc.i i  and M RH are the  re la tive  m olecu lar m asses o f C FC  -1 1  

and RH . To obta in  more accurate  C LPs fo r the  anaesthe tics  the  em ission  

figures fo r both our anaesthetics (Table 2.3.1) and CFC -1 1  w ere  

incorporated into ca lcu la tions :

^L^anaes = (̂ anaes /^CFC-1 1 ) X (̂ anaes / ) X (McfC- 1 1  /  ânaes) X n^ /g (2.3.7)

The C LPs ca lcu la ted fo r the  anaesthetics  are g iven in Tab le  2 .3 .7  . The 

O DP is defined  as the ratio of the ca lcu la ted  ozone co lum n change fo r 

each m ass unit of gas em itted into the a tm osphere  re la tive  to  the  

ca lcu la ted  dep le tion  fo r the re ference gas CFC - 1 1 .

The re lative im portance of the  active  ha logenated species  in 

destroying  ozone is a ltitude dependen t because som e of the  ha logenated 

com pounds are photod issocia ted  at shorte r w ave leng ths than  o thers .

The vertica l d is tribution  of the com pounds and the  so lar flux  have to  be 

considered in the  model ca lcu la tions . The consequence  is tha t the  ODP 

and the  CLP are d if fe re n t, being re la ted by a ch lorine  e ffectiveness factor 

(CEF) defined as :

O D P(R H ) = CLP(RH ) x  C EF(R H ) (2.3.8)

The CEF for the  re ference com pound , CFC -1 1  is unity by de fin ition  .

112



The above re la tionships w ere used to ca lcu la te  the  O D P for both 

our anaesthetics  and these  are listed in Tab le  2 .3 .7  . T he  va lues  fo r the 

CEF used to  ca lcu la te  the  O D Ps w ere  obta ined from  the  lite ra tu re  [3 2 ] .  

The d iffe rence  in CLPs and O D Ps betw een the  reported  da ta  in Tab le

2.3.7 and tha t reported by Brown et al [16] is a ttribu tab le  to  the  fact tha t 

our ca lcu la tions include em ission  figure  con tribu tions from  the  

anaesthetics  and CFC - 1 1 ,  w hile  those  by Brown et al [16] do  n o t . If the  

O D Ps of Brown are adjusted to  take Into account these  em iss ion  

d iffe rences , va lues fo r the  O D Ps of 7 x 10-5 and 8  x  10 ‘ 5  are obta ined fo r 

enflurane and iso flu rane respective ly  .

C om pound CLP C EF O D P t oh (years)

CFC - II 1 . 0 1.0 [32] 1 . 0 60 [321

Isoflurane 0.0003 0.35 [32] 0.04 [16] 

1.05 x 10 ' 4

2  [16] 

Th is w ork

Enflurane 0.0003 0.25 [32] 0 .04  [16] 

7 .5 x 10-5

2.4 [16] 

Th is w ork

Table  2.3.7
O zone de lpe tion  potentia ls (O D P ) , ch lorine  load ing  po ten tia ls  (CLP) and 
ch lorine e ffic iency factors (CEF) fo r the  anaesthetics  and C FC  - 1 1 .  CLPs 
w ere ca lcu la ted  re lative to  tropospheric  life tim es w ith  respect to  OH 
radica ls .

The va lues of the  O D Ps for the  anaesthetics  illustra te  the  m inute 

contribution w hich these com pounds exh ib it on the  ozone  layer re la tive  to  

C F C -11 . A lthough re lease of the  anaesthetics  to  the  a tm osphere  m ay be 

very sm all com pared w ith  o ther sources of po ten tia lly  ozone - dep le ting  or
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greenhouse  - e ffect - enhancing gases , the  em iss ion  of such com pounds 

could be a lm ost negated by changes in operating  room  practices . It is 

ca lcu la ted  [17] tha t by appropria te  use of absorp tion  brea th ing  system s 

w ith  fresh gas flow  rates of perhaps 1  dm 3 m in - 1 , the  to ta l em iss ions m ight 

be reduced im m ed ia te ly  by 50 - 75%  . A lthough the  exten t to  w hich  

iso flu rane  and enflurane w ill e ffect s tra tospheric  ozone  levels is m in im al 

com pared to  com pounds such as CFC -1 1  and 12, the  ro le  of such trace  

com pounds in a tm ospheric  chem istry  can not be overlooked  , and m ust 

be considered in context w ith all such m inor con tribu tors  .

To  gain m echan istic  in form ation on OH radica l and Cl atom  

reactions w ith  ha loethers , fu rther w ork  is requ ired  on com pounds 

conta in ing  d iffe rent ha logens at d iffe rent carbon sites. P roduct s tud ies 

should  a lso be carried out so tha t a com ple te  env ironm enta l im pact 

assessm ent can be m ade regard ing the re lease of such ha loe ther 

com pounds.

114



2.3.5 C onclusion

Table  2.3.4 show s the s im ila rity  betw een the  resu lt da ta  in the  

lite rature  to tha t p resented in th is  w ork  . Th is resu lt da ta  a lso 

dem onstra tes the high level of precision ob ta ined using our sm og 

cham ber - GC system  . Typica l errors on the  rate constan t ra tios w ere  

approx im ate ly  ± 5%  . W e can conclude the re fo re  tha t accura te  and 

p recise rate constan ts w ere  obta ined using our system  of ana lys is  , and 

tha t the  m ajor source of e rror in these resu lts is from  the  re ference rate 

c o n s ta n t.

Cl atom reaction rates w ere on average app rox im ate ly  25 to  30 

tim es h igher than the  OH radical rate constan ts fo r the  ha logenated ethyl 

m ethyl e thers studied in th is  w ork  . H o w e v e r, as OH rad ica ls  in the  

troposphere  are approx im ate ly  1000 tim es m ore abundan t than  Cl a tom s , 

w e can conclude tha t the  m ajor loss process fo r the  ha logenated  e thers in 

the a tm osphere  , inc lud ing the  anaesthetics  , is reaction  w ith  OH rad ica ls  .

Rate of reaction of the halogenated e thers w ith  Cl a tom s and OH 

radica ls appears to be in fluenced by the bond d issoc ia tion  energ ies w ith in  

the  e thers . There  m ay also be a s te ric  h indrance con tribu tion  and /o r an 

induced polarity e ffect in fluencing  the  rate of reaction  o f these  species  .

Result data  show s tha t the etheral oxygen has less of an e ffect on 

the d is tan t carbons in the  reaction of the  e thers (specifica lly  d i- iso -p ropyl 

ether) w ith Cl a tom s . H o w e v e r , the activa ting e ffect of th is  oxygen atom  

extends over the  entire di- iso - propyl e ther m olecu le  in the  reaction of 

th is  com pound w ith OH radica ls .

A tm ospheric  life tim es and em iss ion figu res fo r the  anaesthe tic  

e thers , iso flu rane and enflurane w ere  used to ca lcu la te  the  ozone 

dep le ting  potentia l (ODP) of these  anaesthetics  . From  these  va lues , it 

can be concluded tha t these  anaesthetic  e thers w ill have neglig ib le  

de le te rious effects on s tra tospheric  ozone levels .
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The R eaction of OH rad icals  and Cl atom s  

w ith a series of ketones

2.4
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2.4.1 In troduction

A part from  the m any perm anent com ponents of the  earth 's  
a tm osphere  , N 2  , 0 2  e tc , a large num ber of m inor com ponents  a lso  exist

i.e. H C I, hydrocarbons etc. The levels of these  m inor constituents  va ry  

g rea tly  depending on tim e and place , s ince  these  species  are the  resu lt 

of a ve ry  com plex set of physical and chem ica l phenom ena  [ 1 ] :

( 1 ) em ission of p rim ary  com pounds e ither by natural p rocesses (vo lcanos, 

ocean spray , w ind erosion , b iogenic activ ity  , etc.) or by an th ropogen ic  

p rocesses ( in d u s tr ia l, dom estic  or agricu ltu ra l) ;

(2 ) chem ica l transfo rm ations leading to  the  fo rm ation  of secondary  

com pounds in the a tm osphere  ;

(3) transport and d ispers ion  of a tm ospheric  com ponents because  of sh ifts  

in air m asses , tu rbu lence  , and convection  ;

(4) phase transfe rs  , i.e. the various phenom ena  invo lv ing  exchange 

betw een the  gaseous phase and so lid  or liquid phases in suspension  

(condensation , adsorption , evaporation , e tc . ) ;

(5) e lim ination by w et or d ry  deposition  , absorp tion  by vegeta tion  or 

corrosion of various m ateria ls .

Am ong the  m ost im portant chem ica l deriva tives a ffected by these  

phenom ena , carbonyl com pounds , increasing ly  a ttracting  the  a ttention  of 

a tm ospheric  researchers because they p lay an im portan t ro le in severa l of 

the  processes m entioned above :

( 1 ) they are fa irly  com m on prim ary com pounds , (ketones are w ide ly  used 

in paints , as so lvents and as degreasing  agents [2 ]) .  In fac t ace tone  and 

m ethyl ethyl ketone (bu tan-2 -one) are tw o of the m ost h ighly p roduced  

o rganic com pounds (on a vo lum e basis) in the  United S ta tes [3 ] ;
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(2 ) they are frequently  p roduced in te rm ed iates in the  pho toox ida tion  of 

o rganic com pounds in the a tm osphere  ;

(a) m ethyl v inyl ketone (CH 3 C O C H =C H 2) is p roduced from  the  gas phase 

reactions of isoprene , (a vegeta tive  em ission) w ith  the  OH radica l in the  

presence of NOx [4 ] ;

(b) acetone is p roduced from  the  gas phase reaction  of 2  - m ethy lbutane 

w ith  OH radica ls [5 ] :

M echanism  2.4.1.1

¿2
(C H 3)2C H C H 2CH3 + ¿ H  ---------► (CH3)2C H CHCH3 - 2- * .  (CH3 ) 2 CHCHCH3

NO
 r o n o 2

0 I
(C H 3 ) 2 CHCHCH3 + N 0 2

0 2 , NO

(C H 3 ) 2C H  + C H 3C H O
"

r o n o 2

(3) carbonyl species are easily  photo lysed in the  a tm osphere  and thus are 

an essentia l source of free rad ica ls  fo r tropospheric  pho tochem is try  and 

probably the  m ost im portan t source  in m oderate ly and s trong ly  polluted 

a tm ospheres ;

C H 3C O C H 3 + H 0 2 ^  ° 2  (C H 3)2C H O  + N 0 2

120



(4) because carbonyl com pounds are p o la r , they  can eas ily  in te ract w ith  

partic les of condensed m a tte r , adsorb onto soots and form  so lu tions w ith 

rain and fog .

The a tm ospheric  im portance of carbonyl com pounds has led to 

deta iled review s of the  sources of these species and to  both k ine tic  and 

m echan istic  s tud ies of the a tm ospheric  reactions of these  com pounds 

[5,6]. As sta ted above , ketones are re lesed to  the  a tm osphere  from  the ir 

use in industry and in the  household  . To ga in  an ins igh t in to the  

a tm ospheric  ro le of the  ketones , w e m ust firs t s tudy th e ir sources in deta il 

and then  com bine th is  in form ation w ith  the  ava ilab le  k inetic  and 

m echan istic  degradation  pathw ays fo r these  species in the  troposphere  . 

Three prim ary sources of ketones exist in the  troposphere  , natura l 

sources, an th ropogen ic  sources and as products from  the  a tm ospheric  

oxidation of o rgan ic  com pounds .

The em ission of carbonyl com pounds in genera l from  natura l 

sources is very s m a ll. H o w e v e r, certa in  insects p roduce ketones and 

traces have also been detected in vo lcan ic  gases . M uch m ore im portan t 

sources of ketones are due to em ission from  anim al excre te  and fo rest 

fires [1 ] .  It should  be noted that m an has a m arked e ffect on the  im pact of 

these sources (stockfarm ing , d e fo re s ta tio n ).

M any industries are like ly to  em it a g rea t va rie ty  of carbonyl 

com pounds inc lud ing ketones . As state e a r l ie r , bu tan-2-one  and acetone 

are produced in large vo lum es by the  A m erican  chem ica l industry  . The 

use and production of such ketones is inherent in re fin ing  and 

petrochem istry  , coal chem istry , p lastics , paint and varn ish  industries  , 

sew age trea tm ent p lants , and even coffee  roasting . The  m ain 

anthropogenic  sources of ketones are rubbish inc inera tion  and the  

exp lo ita tion of fossil fue ls for energy production  , industria l and dom estic  

heating and m otor-vech ic le  tra ffic  .
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The m ost im portan t reason fo r the  s tudy o f a tm ospherica lly  

im portant ketones is due to the ir p roduction  as secondary  reaction  

products in a tm ospheric  gas phase p rocesses e.g. the  gas phase OH 

radical oxida tion  of 2 - m ethylbutane (m echan ism  2 .4 .1 .1 ). C arlie r et al [1] 

have estim ated tha t secondary a ldehydes and ketones account fo r an 
average of 7/e of the  to ta l carbonyl com pounds in the  po llu ted  a ir above

Los A nge les , desp ite  the strength of the  sources of p rim ary  com pounds .

A ny o rgan ic  radical (R-) w ith an unpaired e lectron  on a carbon  atom  

reacts in the  a tm osphere  as fo llow s :

r . +  0 2   > R 0 2- (2 .4.1.2)

R 0 2- + N 0  ..........> R 0 - + N 0 2  (2 .4.1.3)

R O -+ NO ..........> C arbonyl com pound + H 0 2- (2 .4.1.4)

Reactions 2 .4.1.2  to  4 are very fast during  the  daytim e  , and 

there fore  the  production of carbonyl com pounds inc lud ing  ketones is 

v irtua lly  contro lled  by the fo rm ation  of free  rad ica ls from  organ ic  

com pounds in the  a tm osphere  . Th is depends both on the  concen tra tions 
of the  reactive  species (OH- , 0 3  , N 0 3- , etc.) and on the  rate constan ts

betw een these  species and the  o rgan ic  com pounds of the  troposphere  . 

Table  2.4.1 illustra tes the type of ketone identified  as secondary  reaction  

products in the  gas phase reactions of certa in  p rim ary a lkanes under 

s im ulated a tm ospheric  conditions [ 1 ] .
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P rim a ry  c o m p o u n d s K e to n e s
identified  as 

2 ° reaction  p roducts
Propane A cetone

Isobutane A cetone
2 ,3-D im ethyl butane A cetone

Pentane 2-P entanone, 3 -pentanone
Isopentane A cetone

2-M ethylpentane A cetone

Table  2.4.1
Prim ary a lkanes and the ir m ajor identified  pho toox ida tion  reaction  
products (k e to n e s ).

It has been illustrated tha t ketones are produced from  p rim ary 

sources (both natural and an thropogenic) as w ell as being fo rm ed  as 

in te rm ed ia te  "stab le" chem ical products during the  a tm ospheric  

degradation  reactions of a w ide varie ty  of o rganic com pounds . The 

ketones there fo re  are a very im portan t c lass of hydrocarbons in the  

troposphere  . But w ha t of the  fa te  of these  species in the  a tm osphere  ?

To assess the im portance of the  ketones in the a tm osphere  , w e  m ust first 

de term ine the rem oval m echanism s fo r these  com pounds , as w ell as the 

speed of these im portant rem oval reaction p rocesses . In the  a tm osphere  
, ketones can photo lyze or react w ith Cl a tom s , OH , N 0 3  , and H 0 2

radica ls .

In order to  evaluate the  photo lys is  rates of ke tones or ca rbony ls  in 

g e n e ra l, under a tm ospheric  cond itions , the  rad ia tion flux , J , the  

carbonyl absorption cross section , a  , and the pho to ly tic  quantum  y ie ld  ,

O , all as a function of w ave length  , need to  be know n . Thus [5] ,

^photolysis = 290nm J 800nm (2 .4.1.5)
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The rad ia tion  flux , J , is e ither experim enta lly  m easured or ca lcu la ted  fo r 

c lear s tudy conditions and is not dealt w ith fu rther here . The  absorp tion  

cross-sections and quantum  yie lds are obta ined from  experim enta l 

studies.

The photod issoc ia tion  of ace tone has recently  been stud ied  by 

M eyrahn et al [7 ] .  At 750 to rr to ta l p ressure  of a i r , the  quantum  y ie ld  for 
CH 3 CO fo rm ation  w as dete rm ined  to  be 0.55 at 280 nm , 0 .30  at 290 nm ,

0 .15 at 300 nm , 0.05 at 310 nm , 0 .028 at 320 nm and 0 .033 a t 330 nm . 

Th is data  is consisten t w ith  an average pho tod issoc ia tion  quantum  yie ld  

of 0.33 ± 0 .06 fo r the w ave length  region 280 - 330 nm m easured by C ox 

et al [8 ] . No data  is ava ilab le  concern ing  the  pho tod issoc ia tion  quantum  

y ie lds fo r the  h igher ketones . As fo r acetone , these  quantum  y ie lds  are

[5 ] ,  esp ica lly  at w ave leng ths typ ica l of the  troposphere  .

For ketones w hich do not conta in  C =  C bonds , th e ir reactions w ith  
0 3  are of neg lig ib le  a tm ospheric  im portance , and indeed on ly  upper lim its

to the rate constan ts of < 1 0 ' 2 0  cm 3 m olecu le '1 s ' 1 have been obta ined fo r 
the  ana logous com pounds , HCHO  , CH3CHO and C H 3C O C H O  [9 ] .

For the  reactions of the  N 0 3  radical w ith the  ketones , no data  is 

currently  ava ilab le  , h o w e v e r, rate constan ts fo r such reactions are 

expected to be in the range 10 ‘ 1 7  to  10 ‘ 1 6  cm 3 m olecu le- 1 S' 1 a t room  

tem pera tu re  [5 ] .  W ith rate constan ts  of th is  m agnitude , these  reactions 
w ith the N 0 3  radical are of m inim al a tm ospheric  im portance  as a ketone

loss process .
B ecause of the s low  reaction rates fo r the  ketones w ith  0 3  and N 0 3  

and the low  photod issoc ia tion  of the  ketones above 300nm  , it is pred icted 

tha t the m ajor loss process fo r these  species in the  troposphere  is 

reaction w ith  OH radicals [1 ,5 ,1 0 ]. The im portance of th is  OH radica l 

degradation  pathw ay fo r the  ketones has resulted in a num ber of 

investiga tions of the k inetics of th is  process [11 - 1 6 ] .  C urren t k inetic
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in fo rm ation  w ith regard to  the  reaction of OH rad ica ls  w ith  the  ketones has 

been sum m arised  by A tk inson [6 ] .

As sta ted in Section 2.1.5.1 reaction of OH rad ica ls  w ith  ketones 

p roceeds v ia  a H - atom  abstraction  m echanism  . H ow ever enhancem ent 

in reactiv ity  at the  p and y positions m ay be due to  the  fo rm a tion  of a s ix 

m em bered ring adduct prior to  H - atom  abstraction  [1 1 ] .  It is hoped tha t 

the  present s tudy m ay fu rther support the  k inetic  da ta  ob ta ined  by 

W alling ton  et al [10] and A tk inson et a! [12] thus add ing  credence  to  such 

a ring adduct m echanism  .

S ince Singh et ai [17] proposed Cl atom reactions w ith  vo la tile  

o rgan ic  chem ica ls (VOCs) in the  troposphere  as being an im portan t loss 

m echanism  for these species , a num ber of a rtic les have been pub lished 

reporting Cl atom  rate constan ts . These reports po in t tow ards  the  

im portance of these  va lues not only in s tra tospheric  m odelling  but a lso in 

dete rm in ing  the  fate of VO C s in the troposphere  [18 - 2 0 ] .  A lthough  Cl 

atom  reactions w ith the  ketones is possib ly  an im portan t loss m echanism  

fo r these  species in the  troposphere  no pub lished k inetic  da ta  w as found 

in th is a rea up to the pub lica tion of th is thes is  .

The w ork  carried out in th is  section  involved the  use o f a re la tive  

rate techn ique  to determ ine OH radica l and Cl atom  ra te  constan ts  fo r a 

series of ketones . Th is in form ation is im portant in estab lish ing  a data  

base fo r the  reaction of Cl a tom s w ith  ketones , and a lso serves to 

reaffirm  pub lished k inetic  data  re la ting to  the reaction  of OH rad ica ls w ith  

the  ketones . Both sets of rate constan ts are used to  s tudy fac tors  

e ffecting the  m echanism s of these  reactions and to estab lish  re la tionsh ips 

betw een the  s tructures of the  ketones and the ir correspond ing  reactiv ities.
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2.4.2  Experim ental

The appara tus and experim enta l p rocedures used in th is  thes is  to 

de te rm ine  OH radical and Cl atom  rate constan ts  fo r a series  o f ke tones 

are deta iled  in Section 2.2 of th is  re p o r t . O nly spec ific  de ta ils  perta in ing 

to  the  ketones and the ir ana lysis is there fo re  g iven  here .

Tab le  2.4.2.1 lists the  ketones stud ied th e ir co rrespond ing  purities 

and the ir supp lie rs . Both the  test and re ference com pounds w ere  used 

w ithou t fu rther purification . Prior to  use the  sam ples w ere  thorough ly  

degassed on the  vacuum  line using the freeze - pum p - thaw  procedure  . 

Sam ples w ere  prepared on the  vacuum  line and subsequently  flushed  into 

the  sm og as outlined in Section 2.2 . Separation of m ethyl n itrite  from  the  

tes t and re ference organics and from  the reaction  p roducts  w as then  

ach ieved on the  gas chrom atograph . The tes t com pounds (ketones) p lus 

the  optim um  analytica l cond itions estab lished to  de te rm ine  the ir OH 

radical and Cl atom  rate constan ts are sum m arised  in Tab le  2 .4 .2 .2  .

C O M P O U N D PU R ITY  (%) SU P PLIER
Propan-2-one >99.5% BDH C hem ica ls  Ltd.
B utan-2-one >99% BDH C hem ica ls  Ltd.

Pentan-2-one >98% BDH C hem ica ls  Ltd.
H exan-2-one >99% Aldrich  C hem ical Co. Ltd.
H eptan-2-one >98% Aldrich  C hem ical Co. Ltd.
Pentan-3-one >98% Aldrich  C hem ical Co. Ltd.
H exan-3-one >98% Aldrich  C hem ica l Co. Ltd.

4 -M ethylP entan-2-
one

>99.5% A ldrich  C hem ica l Co. Ltd.

C yclopentanone >99% Aldrich  C hem ica l Co. Ltd.
C yclohexanone >99.8% Aldrich  C hem ica l Co. Ltd.

Table  2.4.2.1
The ketones stud ied in th is  w ork  plus the ir co rrespond ing  sta ted purities 
and supplie rs  .
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C O M P O U N D G C C O N D IT IO N S

O ven Tem p. 
(°C)

Inj. Tem p.
(°C)

Det. Tem p.
(°C)

F low  Rate
(cm 3  m in-1)

P ropan-2-one 90 105 160 35
Butan-2-one 75 105 160 35

P entan-2-one 1 0 0 105 160 33
H exan-2-one 85 1 0 0 180 33
H eptan-2-one 90 1 0 0 180 33
Pentan-3-one 80 1 0 0 180 35
H exan-3-one 90 1 0 0 180 35

4-M ethyl Pentan- 
2 -one

85 1 0 0 180 33

C yclopentanone 95 150 180 35
C yclohexanone 1 1 0 150 180 35

Table  2 .4.2.2
The ketones studied in th is  w ork  and the correspond ing  G C cond itions 
used fo r the ir ana lysis . The colum n used w as a 2 m etre g lass co lum n (id 
= 3 mm) packed w ith 10% PEG on chrom osorb  W H P (80-100 ^im) .
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2.4.3 Results

The techn ique  em ployed in th is w o rk  to  de te rm ine  the  OH radica l 

and Cl atom  rate constan ts fo r a series of ke tones is ou tlined  in Section

2.2  of th is  thes is  . These  dete rm inations w ere  carried  out in the  

tem pera tu re  range 297 ± 6 K and at a tm ospheric  p ressures o f 769 .62  ± 

13.58 mm Hg .

The techn ique  em ployed resulted in the  de te rm ina tion  of rate 
constan t ratios (kTest/  kReference) , w hich are g iven in Tab le  2.4.3.1 . The  e rror

bars on these  ratios represent ± 2 a  from  a  least squares ana lys is  of our 

da ta  . Accura te  re ference rate constants (for OH + cyc lohexane  and Cl + 

cyclohexane) w ere then  used to  p lace the  data  on an abso lu te  basis . The 

re ference rate constant used fo r the OH radical rate de te rm ina tions w as 
k0H cyclohexane = (8.28 ± 1.24) x 10 ‘ 1 2  cm 3 m olecu le- 1 S‘ 1 . Th is  va lue

represents an average of tw o absolute  figures de te rm ined  by D roege and 

Tu lly  [21] and Bourm ada et al [2 2 ]. The e rror bars on th is  re ference rate 

represents the to ta l estim ated uncerta in ty in it's de te rm ina tion  . The 
re ference rate constant used fo r the  Cl atom  rate ca lcu la tions w as kcl

C yclohexane = (31.1 ± 4 .6 7 ) x 1 0 1 1  cm 3 m olecule- 1 s ' 1 . Th is  va lue  w as 

obta ined from  A tk inson et al [23] and w as ca lcu la ted  using a re la tive  rate 

techn ique  . A lthough it is not advisab le  to use a re la tive  rate constan t to 
establish another reaction rate , the  only ava ilab le  abso lu te  va lue  fo r kcl

C yclohexane w as dete rm ined  by Davis et al [2 4 ] .  The  va lue  ob ta ined ,

(18 ± 2) x 10 ' 1 1  cm 3 m olecule- 1 s -1 is not consisten t w ith  the  va lues of 36.1 

and 31.1 x 10 ' 1 1  cm 3 m olecule-1 s - 1 ca lcu la ted  by W alling ton  et al [25] and 

A tk inson et al [23] and hence w as not used . Tab le  2.4.3.1 lists the  OH 

radical and Cl atom rate constan ts ca lcu la ted in th is  w o rk  .

The large error bars resulted from  the  inc lus ion  of all e rrors inherent 

in the  determ inations, inc lud ing  those  associa ted  w ith  the  re ference
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Table  2.4.3.1
O H radical and Cl atom  rate constant ratios and the  correspond ing  rate 
constan ts  fo r the ketones stud ied  in th is  w ork . 
m m  Reaction rate lim its w ere e s ta b lish e d  based on the  sensitiv ity  o f the 
ana ly tica l procedures using a techn ique  outlined by Bufalin i et al [2 6 ].
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com pounds . Rate constan t data  for the  reaction  of OH rad ica ls  w ith  the  

ketones obta ined from  the  lite rature  is a lso inc luded fo r com parison  w ith  

the  da ta  ca lcu la ted in th is  w ork  .

Tab le  2 A .3 .2  lists the  tropospheric  life tim es o f the  ketones s tud ied  

w ith respect to  OH radica ls and Cl a tom s . T hese  tropospheric  life tim es 

w ere  ca lcu la ted using the  expression :

T = 1/[O H ]([or Cl]) x  koH or (kci) (2 .4.3.1)

w here  [OH] and [Cl] are the tropospheric  concen tra tion  of these  species 
and kOH and Kcl are the  rate constants fo r the  reaction  of OH rad ica ls  and

Cl a tom s w ith the  ketones respective ly  .

The concentra tion  of OH radica ls used to ca lcu la te  the  tropospheric  

life tim es of the  ketones w ith  respect to the reactive  OH species w as (7.7 ±

1.4) x 105 radica ls cm 3 . This va lue  ca lcu la ted  by Prinn et al [28] w as 

dete rm ined  from  observed m ean m ethy lch loro fo rm  trends  at va rious 

iso lated locations th roughout the  w orld  from  Ju ly  1978 to  June 1985 . 

These m easured trends w ere  com bined w ith  know ledge  of industria l 

em iss ions and a g loba lly  averaged tropospheric  hydroxyl radica l 

concentration  obta ined (1a uncerta inty) .

The concentra tion  of Cl a tom s used to  de te rm ine  the  tropospheric  

life tim e of the ketones w ith  respect to Cl a tom s w as 1 x 103 a tom s cm '3 . 

Th is va lue  w as ca lcu la ted by Singh et al [17] and represents an average 

va lue  typ ica l of a clean m arine troposphere  .

As in all sm og cham ber - re lative rate techn iques ,the s tab ility  o f the  

test com pounds w as eva luated prior to  rate constan t de te rm ination  . The 

stab ility  of a series of ketones stud ied  in the  absence of light is illustra ted  

in F igures 2.4.3.1 and 2 .4.3.2  . The s tab ility  of the  ketones w ith  respect to
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Compound t oh (days) Tc, (days)

Propan-2-one > 50 > 3 1 .7  years

Butan-2-one 11.7 362
Pentan-2-one 3.0 114
Hexan-2-one 1.7 61
H eptan-2-one 1.2 49
Pentan-3-one 5.5 164
Hexan-3-one 2.1 78

4-M ethyl Pentan-2- 
one

1.1 91

C vclopentanone 5.4 132
C yclohexanone 3.2 —

Table  2 A .3 .2
Tropospheric  life tim es of the ketones studied in th is  w o rk  . L ife tim es w ere  
ca lcu la ted  re la tive  to  [OH] = 7.7 ± 1.4 x 105 rad ica ls  cm ’3 [28] and [C l] = 1 
x  103 a tom s c rrr3 [1 7 ] .
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Hexan-2-one Heptan-2-one

Figure 2.4.3.1
The stab ility  of a series of ketones in syn thetic  a ir a t room tem pera tu re  
and a tm ospheric  pressure  (769.62 ± 13.58 m m Hg) in the  presence of 
m ethyl n itrite  and NO .
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Figure 2 .4.3.2
The stab ility  of a series of ketones in syn the tic  a ir at room  tem pera tu re  
and a tm ospheric  p ressure (769.62 ± 13.58 m m Hg) in the  presence o f C l2.

pho todecom position  is illustrated in F igures 2.4.3.3 and 2 .4.3.4  .

To optim ize  the  analytica l cond itions fo r ana lys is  , it w as necessary 

to ensure that no reaction products in te rfe rred  w ith  the  de te rm ination  , i.e. 

tha t products from  the  reaction of OH rad ica ls or Cl a tom s w ith  the  tes t 

com pounds did not e lute from  the GC co lum n at the  sam e re ten tion  tim e 

as that of the  re ference organic and v ice versa  . Hence , prior to 

determ in ing  rate constan ts /'decay  curves" fo r both the  test and re fe rence  

organics w as estab lished . These "decay curves" invo lved m on ito ring  the  

reaction of the  test or re ference on the ir ow n , w ith  OH radica ls or Cl 

a tom s . Exam ples of typ ica l "decay curves" are g iven in F igures 2 .4.3.5  

and 2.4.3.6 .

Having ensured tha t pho todecom position  or dark  reactions w ere  not 

responsib le  fo r loss of test or re ference organics , and having optim ized 

analytica l cond itions , the  dete rm ination  of rate constan t ratios w as
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Figure 2.4.3.3
The stability of two test ketones with respect to photodecomposition . 
Stability was tested at 297 ± 6  K and atmospheric pressure (796.62 ±
13.58 mmHg) using all 20 sun and dark lamps (X = 270 - 470 nm) in the 
smog chamber for irradiation .
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Figure 2.4.3.4
The stability of four test ketones with respect to photodecomposition . 
Stability was examined at 297 ± 6 K and atmospheric pressure (769.62 ±
13.58 mmHg) using 5 black lamps (^ = 3 1 5 -  470 nm) in the smog 
chamber for irradiation .
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B u ta n -2 -o n e  ~ He x a n - 2 - o n e

H e p ta n -2 -o n e  - B~  P en ta n -2 -o n e

Figure 2 .4.3.5
"Decay curves" for the reaction of OH radicals with a series of ketones . 
Experiments were carried out at 297 ± 6  K and at atmospheric pressure of 
769.62 ± 13.58 mmHg .

Photolysis Time (minutes) 

B u ta n -2 -o n e  - • — P e n ta n -2 -o n e

Figure 2.4.3.6
"Decay curves" for the reaction of Cl atoms with a series of ketones . 
Experiments were carried out at 279 ± 6 K and at atmospheric pressure of 
769.62 ± 13.58 mmHg .
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possible . Figures 2.4.3.7  and 2.4.3.8  illustrate typical plots obtained for 

the reaction of a series of ketones with OH radicals and Cl atoms . Plots 

were constructed by monitoring the concentration of test and reference at 

various photolysis times and then plotting this data as outlined in Figures

2.4.3.7  and 2.4.3.8  . The slopes of the lines indicated in these diagrams 
correspond to the values of (k1/k2) and (k2/k4) , given in Table 2.4.3.1 .

From the OH radical rate constants in Table 2.4.3.1 , and using 
literature values for kOH (CH3) it was possible to determine the reactivity of

aliphatic chains in the ketones . The values obtained together with those 

previously quoted in the literature for the ketones is given in Table 2.4.3.3. 

Values for the corresponding alkane reactivities , calculated from the rate 

constant values for these compounds recommended by Atkinson [6] are 

also included for comparison .

Using the Cl atom rate constants calculated in our laboratory and 

listed in Table 2.4.3.1 , it was also possible to determine the reactivity of 

aliphatic chains in the ketones with respect to Cl atoms . The reactivity 

data calculated together with the corresponding alkane reactivities 

obtained from Atkinson et al [23] are given in Table 2 .4 .3 .4  .

From the rate constant data in this work and from literature values 
for C H 3 reactivity , it was possible to calculate -C H 2- reactivities for the

ketones with respect to OH radicals and Cl atoms (Tables 2 .4.3.5  and 
2 .4 .3 .6 ). Literature values for OH and C H 3 reactivities were obtained from 

Wallington et al [11] .  The reactivities of C H 3 groups further than 2

carbons from the carbonyl group were assumed to be equal i.e. 
approximately 0.37. Values for k (Cl + C H 3) were established from the

rate limit established in our laboratory for the reaction of Cl atoms with 

acetone i.e. (0.1 x 10'11 /  2) cm3molecule’1S‘1 . As in the OH radical 
reactions , the reactivity of the C H 3 group was assumed to remain

constant, regardless of the distance from the carbonyl group .
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R CH3(C O )R x 1012

(cm3molecule-1S'1)
c h 3r

(cm3m olecule'1S’1)

TH IS  W O RK [61 [111 (61
c h 3 < (0.3/2) 0.115 0.11 0.13

c 2h 5 W 1.17W 1.37 0)1.04 e»1.0 W1.04 <b>1.37 1.02
C 3 H 7 (c>4.89 0 )5 . 6 8 o>4.79 0)3.89 2.41
c 4h 9 0)8.92 <c)8.99 0)6.53 3.81

C5H11 w 12.25 — 0)8.56 5.48

Table 2.4.3.3
The reactivity of linear aliphatic chains in the ketones calculated from the 
OH radical rate constants determined in our laboratory and listed in Table  
2.4.3.1 . Literature values for the ketones and the alkanes are also 
included for comparison .
w Value obtained from kOH(butan-2-one) - k0H(a -C H 3) 
o> Value calculated from {kOH(pentan-3-one)/2} 
w Value calculated from kOH(ket-2-ones) - kOH(a -C H 3) 
o) Value calculated from k0 n {Hexan-3-one - (Pentan-3-one /2)}

R CH3(CO)R x 1011

(cm3molecule'1s-1) 
[This workl

CH 3R x 1011

(cm3molecule-1S'1)
[23]

CH3 0)0.05 3.19
c 2h 5 0)3.16 10.21
C 3 H 7 0)10.12 16.51
C 4 H 9 0)18.89 22.01
C5H h 0)23.49 27.11

Table 2.4.3.4
The reactivity of linear aliphatic chains in the ketones calculated from the 
Cl atom rate constants determined in our laboratory and listed in Table  
2.4.3.1 . Literature values calculated for the alkanes are included for
comparison .
w Calculated from half the rate limit established for acetone in this work . 
o) Calculated from kcl(Ket-2-ones) - kcl(a -C H 3) .
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Position 

relativeto C=0

Reaction rates

1012 cm 3m olecule-1s ’ 1
Ref.

wC H 3 CM

Xo

a 0.11 0.8 Th is  w ork
0.7 [12]
0.9 [111

P 0.37 3.72 T h is  w ork
3.6 [12]

>/= 2.6 [111
Y 0.37 4.03 Th is  w ork
5 0.37 3.33 Th is  w ork

(■»Cyclic C H 2 — 0.7 Th is  w ork
0.74 [27] .

Table  2.4.3.5
Calcu la ted C H 2 reactiv ities (w ith OH) in a lipha tic  ketones . P revious
de te rm inations are also included fo r com parison .
<a> Values fo r C H 3 reactiv ities used to ca lcu la te  the  C H 2 da ta  w as obta ined
from  W alling ton  et al [1 1 ].
<b> C yclic C H 2 reactiv ity  w as ca lcu la ted  from  , kOH(cyc lopen tanone)/4  .

Position relative 

to C=0

Reaction Rates

1011 c m 3m o le c u le -1S ' 1

<a>CH3 c h 2
a 0.05 3.06
P 0.05 7.01
Y 0.05 8.77
8 0.05 4.66

(■»Cyclic C H 2 — 2.19
Table 2.4.3.6
CH2 reactiv ities (with Cl) in a lipha tic  ketones .
w C H 3 reactiv ities w ere set at half the  reaction rate lim it fo r Cl a tom s w ith
acetone w h ich  w as estab lished in th is  w ork  .
<b> C yclic C H 2 reactiv ity w as ca lcu la ted  from  kcl(cyc lopen tanone)/4  .
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Figure 2 .4.3.7
Typ ica l re la tive  rate plots fo r the  reaction of a series of ke tones w ith  OH 
rad ica ls using cyclohexane as a re ference . Experim ents w ere  carried out 
a t 297 ± 6  K and at a tm ospheric  pressures of 796 .62  ± 13.58 m m H g .
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Figure 2 .4.3.8
Typ ica l re lative  rate plots fo r the  reaction of Cl a tom s w ith  a series of 
ke tones using cyclohexane as a re ference . Experim ents w ere  carried  out 
at 297 ± 6 K and at a tm ospheric  p ressures of 769.62 ± 13.58 m m H g .
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The reactiv ity  of cyclic  -C H 2- groups , ca lcu la ted  from  the  reactiv ity  of 

cyc lopentanone , is a lso g iven in Tables 2 .4.3.5  and 2 .4 .3 .6  .

To help de te rm ine  the  exten t to w hich the carbony l g roup  in the  

ketones in fluenced reaction , p lots of ketone versus  a lkane reactiv ity  w ere  

constructed  , F igures 2 .4.3.9  and 2.4.3.10 . The a lkane  rate constan ts  

used fo r com parison w ere  obta ined from  the  lite ra tu re  [2 3 ,6 ].

To illustrate the d iffe rences in reactiv ity  be tw een the  various 

pen tanones (pentan-2-one , pentan-3-one etc.) w ith  O H rad ica ls and Cl 

a tom s , typ ica l re la tive  rate p lo ts fo r these  species w ere  com bined as 

ind icated in F igures 2.4.3.11 and 2.4.3.12 .

To illustrate d iffe rences in the reactiv ity  of the  various hexanones 

(hexan-2-one , hexan-3-one etc.) tow ards OH rad ica ls  and Cl a tom s , 

typ ica l re la tive  rate plots for these test com pounds w ere  com bined  and 

are ind icated in F igures 2.4.3.13 and 2 .4.3.14  .

To determ ine w he ther a re la tionship  existed  betw een OH radica l 

and Cl atom  reactiv ities , the rate constants ob ta ined  fo r the  reaction o f 

each of these  species w ith the ket-2-ones w ere  p lo tted  aga inst each o ther 

as in F igure 2.4.3.15 . The lim its estab lished fo r the  reactiv ity  o f OH 

radica ls and Cl a tom s w ith  propan-2-one are inc luded  .
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—“  Alkanes I Kei-2-ones

Figure 2.4.3.9
The reactiv ity  of C4 - C7 ketones w ith O H rad ica ls versus the 
correspond ing  a lkane reactiv ities .

C arbon N um ber

~~~ Alkanes —t— Ket-2-ones

Figure 2 .4.3.10
The reactiv ity  of C4 - C7 ketones w ith Cl a tom s versus the correspond ing  
a lkane reactiv ities .
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ln((Reierence)o/[Reference)i)

— Pe n t a n - 2 - o n e  P e n ta n -3 -o n e

— 4 - Me t h y l P e n t a n - 2 - o n e  ~ B ~  C y c lo p e n ta n o n e

Figure 2.4.3.11
R elative rate p lots typ ica l of the  reaction of OH rad ica ls  w ith a series of 
pentanones . The re ference organic used w as cyc lohexane  . Experim ents 
w ere  carried out at tem peratures of 297 ± 6 K and a tm ospheric  p ressures 
769.62 ± 13.58 m m Hg .

I n((Reference]o/(Reference)t)
—— P e n ta n -2 -o n e  P e n ta n -3 -o n e

4 -M e th y lp e n ta n -2 -o n e  - s -  C y c lo p e n ta n o n e

Figure 2 .4.3.12
Relative rate plots typ ica l of the reaction of C l atom s w ith a series of 
pentanones . The re ference organic used w as cyc lohexane . Experim ents 
w ere  carried out at 297 ± 6 K and a tm ospheric  p ressure  of 796.62 ± 13.58 
m m Hg .
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1 n((Reierence)o/(Reierence)t)

—  H exan-2-one ~ 4— Hexan-3-one Cyclohexanone

Figure 2.4.3.13
Relative rate plots typ ica l of the  reaction of OH rad ica ls  w ith  a series of 
hexanones . C yclohexane w as used as the re fe rence  organic . 
Experim ents w ere  carried out at 297 ± 6K and at a tm ospheric  p ressure  of 
769.62 + 13.58 m m H g .

]n((Reference)o/[Reierence)t]

— Hexan-2-one ~ Hexan-3-one
Figure 2.4.3.14
Relative rate plots typ ica l of the reaction of Cl a tom s w ith a series of 
hexanones . C yclohexane w as the re ference used and experim ents w ere  
carried out at 297 ± 6 K and a tm ospheric  p ressure  of 769.62 + 13.58 
m mHg .
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Figure 2.4.3.15
OH radical versus Cl atom  rate constants fo r a se ries  of ke t-2 -ones . Rate 
constants w ere  de te rm ined  at 297 ± 6 K and a tm ospheric  p ressure .
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2.4.4 D iscussion

The re la tive  rate techn ique w as used to  de te rm ine  accura te  room  

tem pera tu re  rate constants fo r a series or ketones , Tab le  2.4.3.1 . The 

m ajority o f the va lues obta ined are in good a g re e m e n t, w ith in  

experim enta l e r r o r , to  those cited in the  lite ra tu re  [6 ,1 1 ,1 2 ,2 7 ]. The  large 

error bars quoted in Tab le  2.4.3.1 , fo r both the  re ference da ta  and tha t 

obta ined in our labora tory reflects the to ta l errors (experim enta l + 2a) 

inherent in the ir dete rm ination  . The rate constan t ra tios ca lcu la ted  in th is  

w ork  and sum m arised  in Table  2.4.3.1 ind ica te  the  high prec is ion  of the  

data  obta inab le  using th is system  of ana lys is  . The  e rror bars on the  s lope 

values represents ± 2a  from  a least squares ana lysis  of our da ta  , and did 

not exceed ±5% in all determ inations . The large e rror bars quo ted  on the 

actual rate constan ts is due p redom inate ly  to the  uncerta in ty  in the  

re ference rate constant used to p lace th is da ta  on an abso lu te  basis .

From  Table  2.4.3.1 the re lative im portance  of Cl a tom s to OH 

radicals as a loss m echanism  fo r the ketones in the  troposphere  is 

re flected in the  d iffe rence in m agnitude of the  tw o sets of rate constan ts  , 

An in teresting observation is the  fact tha t in m ost cases the  OH radica l 

rate constants in Tab le  2.4.3.1 are approx im ate ly  20 tim es s low er than  the 

correspond ing  Cl atom  rate va lues . There fo re  from  a know ledge of the  

OH radical rate constan ts , estim ates of the  Cl atom  reaction  ra tes can be 

made and v ice  versa  . H o w e v e r, 4 -m ethyl pen tan-2 -one  reacts on ly  ca. 9 

tim es faster w ith Cl a tom s than w ith OH rad ica ls . It is possib le  tha t the  

tw o extra  m ethyl groups may h inder a ttack  on the  ketone by the  la rge r Cl 

atom s , re lative  to  the  OH radicals g iv ing  a decrease  in the  Cl a tom  rate 

c o n s ta n t. Cl a tom s w ere  found to react a lm ost 30 tim es fas te r w ith 

cyc lopentanone than OH radica ls . The g rea te r reactiv ity  of Cl a tom s m ay 

negate the  e ffects of ring strain w hich is m ore noticeable  in the  s low er
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reacting OH radical species , thus g iv ing rise to  th is  g rea te r gap in 

re a c tiv ity .

By com paring  the reaction rates for the  ketones w ith  O H rad ica ls  

and Cl a tom s listed in Table  2.4.3.1 , it is possib le  to de te rm ine  w h ich  of 

these loss p rocesses w ill dom inate  in the  troposphere  . A lthough the  Cl 

atom rate constan ts are between 10 and 30 tim es tha t of the  OH radica l 

rate constants , it is estim ated tha t OH radica ls are approx im ate ly  1000 

tim es m ore abundant in the troposphere  [1 7 ] .  T here fo re  , the  dom inan t 

loss m echanism  for the  ketones stud ied  in th is  w ork  w ill be reaction  w ith  

OH radica ls . Th is high reactiv ity o f the  ketones w ith  OH rad ica ls  is a lso 

ind icated in Table  2 .4.3.2  , i.e. the  tropospheric  life tim es of the  ketones 

w ith respect to OH radica ls are much shorte r than  the  correspond ing  

life tim es re la tive  to reaction w ith Cl a tom s . From  the life tim es ind ica ted  in 

Table  2 .4.3.2  , it can be concluded tha t only p ropan-2-one  (acetone) will 

persist fo r any s ign ifican t tim e in the  troposphere  . It is like ly the re fo re  that 

acetone m ay reside long enough in the  troposphere  to  fac ilita te  

transporta tion  of a sm all concentra tion  to the  s tra tosphere  w here  the  

m ajor loss process fo r th is species w ou ld  be pho todecom position  .

Before any rate constant data  could be dete rm ined  , the  s tab ility  of 

the ketones in the  dark  and re lative to pho todecom position  w as 

estab lished . F igues 2.4.3.1 to  2.4.3.4  illustra tes the s tab ility  of a num ber 

of the ketones under various experim enta l cond itions .

Having estab lished tha t loss of both test and re ference  o rgan ics 

w ou ld  proceed so le ly  by reaction w ith OH rad ica ls and Cl a tom s , w e  then 

optim ized the ana lytica l conditions to  ensure  no in te rfe rence  from  reaction 

products . As m entioned in Section 2.4.3 "decay curves" w ere  estab lished 

for the test and re ference organics to  ensure  reaction products from  each 

of these species did not in terfere  in the  subsequent re la tive  rate 

determ inations . Typ ica l decay curves are g iven in F igures 2 .4 .3 .5  and
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2.4.3.6 . As a s im ila r re ference organic w as used in these  de te rm ina tions  , 

the  rate of decay in these  d iagram s illustra tes the  d iffe rences in reactiv ity  

betw een the  species i.e. the  grea te r the  dec line  the  fas te r the  reaction  .

O nce the  pre lim inary requ irem ents of the  re la tive  rate techn ique  

had been satisfied  , rate constant ra tios w ere  then ca lcu la ted  as outlined 

in Section 2.1 . Ratios w ere obta ined from  the  s lopes of re la tive  ra te  p lots 

sim ila r to  those  exam ples ind icated in F igures 2 .4 .3 .7  and 2 .4 .3 .8  . An 

in teresting observa tion  from  the  re la tive  rate plots in F igures 2 .4 .3 .7  and

2.4.3.8 is the  increased slopes from  butan-2-one  to  hep tan-2 -one  i.e. as 

the num ber of abstractab le  hydrogens increases so too does the  OH 

radical and Cl atom  rate constan ts . Th is  s im ila rity  in reaction  o rde r fo r the 

ketones w ith  respect to both OH rad ica ls and Cl a tom s re flects  the  

s im ila rity  in reaction m echanism s invo lved . The exam ple  p lo ts illustra ted  

in F igures 2.4.3.7  and 2 .4.3.8 dem onstra te  the high level of linearity  (all 

regression va lues w ere above 0.995) and low  in te rcepts  obta inab le  using 

our system  of ana lysis .

From the calcu la ted rate constan t ratios , p recise and accura te  rate 

constants fo r the reaction of a num ber of ketones w ith  OH rad ica ls and Cl 

a tom s w as estab lished . C yclohexane  w as used as the  re fe rence  organic 

for the  de te rm ination  of OH radical and Cl atom  rate constan ts  . Tota l 

errors w ere  included in all ca lcu la tions so tha t a c leare r p ic ture  of the  

typ ica l uncerta in ties associa ted w ith these  experim ents is obta ined . In 

general a m islead ing p icture of rate constan t errors is g iven by 

a tm ospheric  researchers w here  it has becom e com m on practice  to  site 

result data  w ith  error bars equ iva len t to ±2a from  least squares ana lys is  of 

the ir result data  . In reality , h o w e v e r, experim enta l errors or errors 

inherent in the re ference rate com pound m ay resu lt in an overa ll e rro r as 

high as ±30%  .
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The accuracy of the rate constan t data  listed in Tab le  2.4.3.1 is 

illustra ted by the s im ilarity  of these resu lts to  those  of p rev ious ly  pub lished 

rate data  . (Rate data  was only ava ilab le  w ith regard to the  reaction  of OH 

radica ls w ith  the  k e to n e s ). The precis ion of these  rate constan t ra tios is 

re flected in the  sm all error bars on these  va lues .

Having ca lcu la ted rate constants fo r the  reaction  of OH rad ica ls  and 

Cl a tom s w ith  a num ber of ketones , it w as then  possib le  to use th is  data  

to  investiga te  effects of ketone s truc tu re  on reactiv ity  . From  the  OH 
radical rate constants for the C 3  to  C 7  a lipha tic  ke tones , it w as possib le  to

ca lcu la te  the  reactiv ity  of these  linear cha ins : 

e.g.
k0H P entan-3-one (CH 3 CH 2 C O C H 2 C H 3 ) = 2.73 x 10 -1 2  cm 3 m olecu le- 1 S' 1

- hence the  reactiv ity  of the C 2 H5  g roup in th is ketone is approx im ate ly

(2.73 /  2) x 10 ' 1 2  c m 3m o le c u le '1S ’ 1 o r  1.37 . A s im i la r  m e t h o d  w a s  u s e d  to  
c a lc u la t e  r e a c t iv i t ie s  fo r  C3 H 7  , C4 H9 and C 5 H-c g r o u p s  w ith  t h e  k e t o n e s

and the resu lts are presented in Table  2.4.3.3  . A s only a rate lim it w as 

estab lished fo r the  reactiv ity  of OH rad ica ls w ith ace tone in th is  w o rk  , 
va lues fo r the  reactiv ity  of ketone C H 3  - g roups ca lcu la ted  by W alling ton

et al [ 1 1 ] w ere  used to ca lcu la te  the reported linear cha in  reactiv ities  . 

Va lues ca lcu la ted  from  rate constan t data  obta ined by W alling ton  et al

[11] and A tk inson [6 ] are inc luded in Tab le  2 .4.3.3 fo r com parison  . A lkane 

linear chain reactiv ities ca lcu la ted  from  rate constan t da ta  recom m ended 
by A tk inson  [6 ] fo r the C2  - C 6 a lkanes is also illustra ted  . V ery c lose

corre la tion exists between the ketone reactiv ity  data  reported  in th is  w ork 

and that of A tk inson [6 ] ,  w h ile  s ign ifican t d iffe rences are observed  w ith 

data  ca lcu la ted by W alling ton et al [1 1 ] .  As the data  recom m ended by 

A tk inson [6 ] re flects an average best estim ate  of all pub lished  ketone -OH 

radical rate data  up to 1989 inc lud ing tha t of W a lling ton  et al [1 1 ] ,  it w ou ld
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be expected tha t these va lues may be the  best estim ate  o f the  true  

reactiv ity  fo r these species .

The a lkane chain reactiv ity  c lose ly  m atches tha t o f the  ke tones 
w hen R is a C H 3 group . H o w e v e r, activa ting  of the  ke tones tow ards  OH

radical a ttack  is illustrated by the  g rea te r chain reactiv ity  of the  ke tones 

over the  correspond ing  a lkanes in F igure 2.4.3.3 . Th is  activa tion  e ffect is 

due to the  presence of the oxygen in the  carbonyl g roup of the  ketones . 

Such an activa ting effect is evident in m any oxygenated  o rgan ic  system s .
No enhancem ent of the  C H 3 group reactiv ity  is ev ident in the  

ketones re la tive  to the  correspond ing  a lkane CH3 m oiety . Th is  supports  

W a lling ton  et al's [11] ring adduct fo rm ation  theory  i.e., there  are no 

groups fu rthe r than the  a -pos ition  in ace tone to form  a ring s truc tu re  w ith  

OH rad ica ls . Hence reaction of acetone w ith  OH rad ica ls p roceeds v ia  a 

stra igh tfo rw ard  H-atom  abstraction  process .

S im ila r linear chain length reactiv ities w ere ca lcu la ted  fo r the  

reaction of Cl a tom s w ith the ketones and these are listed in Tab le  2 .4.3.4  

. A  rate lim it w as estab lished fo r the  reaction of Cl a tom s w ith  ace tone  and 

th is  figu re  w as used to ca lcu la te  a m axim um  va lue  fo r the  reac tiv ity  of 
ketone C H 3 groups w ith  Cl a tom s :

kc , C H 3O C H 3 = < 0.1 x 10 '11 cm 3 m o lecu le '1 S "1

=> kcl C H 3 in a c e t o n e  = < 0 .05 x 10 '11 c m 3m o le c u le -1S ' 1

From th is  va lue  it w as then possib le  to ca lcu late the  reactiv ity  o f C2-C 5 

a liphatic  ketone chains w ith Cl a tom s . The va lues for these  reactiv ities 

are com pared w ith the  correspond ing  a lkane chain reactiv ities ca lcu la ted  

from  rate constant data  obta ined by A tk inson et al [2 3 ] .  U nlike OH radical 

reactiv ites the  reaction of the  a lkane cha ins w ith Cl a tom s is g rea te r than 

the correspond ing ketones . As in the case of the e thers [29] the
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activa ting e ffect of the  oxygen m ay have a less d ram atic  e ffect on the  

reactiv ity  of the  hydrogen a tom s especia lly  those  on d is tan t carbons . The 
very  low  reactiv ity  of the ketone C H 3 groups (ca lcu la ted  from  the  reactiv ity  

of acetone) re la tive  to the  C H 3 groups in e thane illus tra tes  tha t a ring 

adduct m echanism  m ay be an in term ed ia te  step in the  H -atom  abstraction  

process fo r these  ketones . As show n by W alling ton  et al [11] th is  adduct 

fo rm ation  g ives rise to  activa tion  in reactiv ity  of g roups p and y to  the  

carbonyl g roup in OH radical reactions w ith the  ke tones . O ther possib le  

reasons fo r the  sm aller ketone chain reactiv ities re la tive  to  the  a lkanes 

could be due to steric h indrance or po larity e ffects caused by the 

presence of the  oxygen atom  in the ketones .

To fu rther investigate  the  factors a ffecting ketone reactiv ity  w ith  OH 

radica ls and Cl atom s , the rate constant data  w as coupled  w ith  pub lished 
rate da ta  to  obta in  g roup reactiv ities (-CH2- g roups prim arily) fo r these

species .
Tab le  2.4.3.5  lists the  OH radica l -C H 2- g roup  reactiv ities  fo r the

ketones ca lcu la ted using our OH radical rate da ta  and W a lling ton 's  [11] 
CH3 group  reactiv ities . The va lue  of 0.11 x 10 '12 cm 3m olcu le -1s-1 

ca lcu la ted by W alling ton  et al [11] fo r the CH3 reactiv ity  in the  ketones 

w as ca lcu la ted  from  the  OH radical reactiv ity  of acetone i.e. k ^  C H 3O C H 3

= 0.22 x 10 '12 cm 3m olecule-1s '1 . S im ilar reactiv ity  ca lcu la tions a llow ed 
dete rm ination  of p-CH 3 group reactiv ities [1 1 ]. In our ca lcu la tion  o f -C H 2- 

g roup reactiv ities , it w as assum ed tha t the reactiv ity  o f C H 3 groups 

re lative to  OH radicals rem ained essen tia lly  constan t once beyond the  ex

position . There fo re  a fixed va lue  of 0.37 x 10’12 cm 3m olecu le-1S'1 w as 
used for C H 3 group reactiv ities in the  (3, y  and 8 pos itions in the  ketones 

(with O H ) . Using these  va lues of C H 3- group reactiv ities , it w as then  

possib le  to ca lcu la te  the  -C H 2- reactiv ities listed in Tab le  2 .4 .3 .5  . From 

these  va lues fo r CH2 group reactiv ities the  activa ting  e ffect at the  p and y
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positions is c le a r . From th is present study activa tion  o f the  ketones to  

a ttack by OH radica ls is ind icated as far as the 8 pos ition  . S im ila r a  and 
p-C H 2-group reactiv ities w ere obta ined to those ca lcu la ted  by A tk inson  et 

al [12] and W aliing ton et al [11] . Th is  activa tion  of the  p and y -C H 2-

groups is a lso ind icated by com paring the reactiv ity  at these  g roups to 
those of -C H 2- groups in the  a lkanes. A va lue  of kOH-C H 2- fo r the  a lkanes

of 1.2 x 10 '12 cm 3m o le cu le '1s 1 w as recom m ended by A tk inson  et al [3 0 ].  
Thus , a -C H 2- g roup reactiv ities w ith OH rad ica ls approx im ates  tha t o f - 

C H 2- g roups in the a lkanes w hereas -C H 2-groups at the  p, y  and 8 

positions in the ketones are approx im ate ly  3 tim es m ore reactive  . S im ila r 

observa tions w ere m ade by A tk inson  et al [12] thus it w ou ld  appear tha t 

the ring adduct m echanism  proposed by W aliing ton  et al [11] is indeed 

probable  .

Further supportive  evidence fo r this ring in te rm ed ia te  is found in the  
OH - C H 2-group reactiv ities ca lcu la ted for the cyc lic  ketones . C yclic  -C H 2-

group reactiv ites for the ketones stud ied are be low  those ca lcu la ted  fo r 
the  ana logous a lkanes and well be low  that o f -C H 2- g roups in the a lipha tic

ketones ; 

i.e.

C arbons in ring 

structure

<a)A lkane-C H 2-

reactiv ity

K e tone-C H 2-reactiv ity

c 5 1.03 0.7

C6 1.25 0.95
Table  2.4.4.1
C om parison of cyc lic-C H 2-group reactiv ites in the  ketones to  those  in the 
correspond ing  a lkanes .
^C y c lic  a lkane reactiv ities w ere ca lcu la ted from  ra te  constan t data  
recom m ended by A tk inson [6] .
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Since the  ring structure  of these  cyclic  ketones w ou ld  inh ib it the  fo rm a tion  
of the adduct in te rm ed ia te  , s im ila r -C H 2- g roup  reactiv ities to  those  o f the

alkanes w ou ld  be expected . Lower group reactiv ities  fo r the ketones 

re lative  to the a lkanes m ay resu lt from  h indrance  caused by the  oxygen in 
the  carbonyl g roup . As in the  a lkanes , the  average  -C H 2- g roup reactiv ity  

in the  cyclic  species increases on going from  the  C5 to  the  C 6 ring 

structure . Th is is as expected due to  a concom m itan t decrease  in ring 

stra in  effects.
S im ilar Cl atom -C H 2- group reactiv ities w ere  ca lcu la ted  fo r the  

ketones and these are presented in Table  2 .4 .3 .6  . C H 3-reactiv ity  in the  

ketones w as estab lished from  the rate lim it estab lished  fo r the  reaction  of 

Cl a tom s w ith acetone . Th is reactiv ity  (0.05 x 10 ’11 cm 3m o lecu le '1s-1) w as 
assum ed to  rem ain constan t irrespective  of the  pos ition  of th is  CH3 group

in the  ketone chain .

As in the case of OH radical reactions w ith  the  a lipha tic  ketones 

a ttack at the a  - position is not favoured . H ow ever the  d is tance  of 

activa tion  seem s to  extent on ly to the  p and y  positions . The m agnitude  of 
the p and y -C H 2- group reactiv ities in the  ketones is only s ligh tly  h igher

than  that for the a lkanes (ca. 6.5 x 10 '11 cm 3 m olecu le-1 s '1 -- estim ated 

from  the Cl - a lkane chain reactiv ities in Tab le  2.4.3.4) . It is possib le  tha t 

a ttack on the ketones by Cl a tom s proceeds v ia  a ring adduct m echanism . 
The high -C H 2- group reactiv ities at the p and y position  m ay be due to  the

fo rm ation  of th is ring adduct prior to  H-atom  abstraction  (s im ilar to the  

fo rm ation  of the ring adduct m echanism  proposed by W alling ton  et al [11] 
for the a ttack of OH radica ls on a liphatic  k e to n e s ) . A ttack  at the a -C H 2

group in the ketones may be effected not only by th is  in te rm ed ia te  ring 

fo rm ation  , but a lso by s te ric  h indrance caused by the  carbonyl oxygen .
The -C H 2-group reactiv ities in cyc lopentanone are low  , not ju s t in 

re lation to the o ther ketone -C H 2- reactiv ities , but a lso com pared to  tha t
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calcu la ted for -C H 2- g roups in the a lkanes (i.e. kcl -C H 2- cyc lohexane  =

6.08 x 10-11 cm 3m o lecu le '1S'1 [6]) . This reduction  in reactiv ity  is probab ly 

due to the  inability  o f the  cyc lic  ketone to form  a s tab le  adduct 

in te rm ed ia te  in a s im ila r m anner to the stra igh t cha in  ketones . C oupled 

w ith  th is , a ttack by large Cl a tom s m ay be s ign ifican tly  h indered by the  

carbonyl oxygen and by the  ring structure of the  cyc lic  ketone .

From the group reactiv ities in Tables 2 .4.3.5  and 2 .4.3.6  it w ou ld  

appear that a ttack at the  y  position is the m ost favou red  by both OH 

radica ls and Cl a tom s . It m ay be that th is position  in the  ketones fo rm s 

the m ost stable  ring adduct w ith the reactive species ,

¥ Cl""H .O"" H ~ '; \ /  or o Cv
0 CV " V
II 1 7  ^  ^ C r^CR C c p

c  c  P  «a
To exam ine possib le  d ifferences in reaction m echan ism s betw een 

the  ketones and the  a lkanes w ith OH radicals and Ci a tom s the  reactiv ity  

of a series of a liphatic  ketones w as plotted versus those  of the  

correspond ing  series of a lkanes . These com parison  p lo ts are g iven in 

Figures 2.4.3.9 and 2 .4 .3 .10  .
In Figure 2 .4.3.9  the s im ila rity  in reaction ra te  betw een the C4 ket-2- 

one and C4 alkane w ith  OH radica ls is illustra ted . H ow ever above C5 the  

ket-2-ones react m uch fas ter than  the correspond ing  a lkanes . Th is 

d iffe rence in reactiv ity  supports the form ation of the  ring adduct 

in te rm ed ia te  proposed .

In Figure 2 .4 .3 .10  , activa tion of the  ketones tow ards reaction w ith 

Cl atom s is not illustra ted  . From Table 2.4.3.6 it is ev ident tha t hydrogens 

close to the carbonyl g roup in the ketones are not at all reactive  w ith Cl

153



atom s . The deactiva ting  effect of th is  carbonyl m o ie ty  how ever is d ilu ted  

to  a certa in  extent w ith  increasing a liphatic  chain length  , hence the  

convergence  of the  lines in F igure 2.4.3.10 . 1 w ou ld  conclude  tha t the  

fo rm ation  of a ring adduct in te rm edia te  is ve ry  im portan t in increasing  the  

reaction of OH radica ls w ith  the  ketones , how ever th is  activa ting  e ffect is 

o ffset in the Cl atom  reactions by steric h indrance e ffects  at carbons c lose 

to  the  carbonyl m oiety .

A  num ber of pentanones w ere stud ied  in th is  w o rk  w ith  d iffe ren t 

factors effecting the  m agnitude of the OH radica l and Cl atom  rate 

constants obta ined fo r these  species . F igures 2.4.3.11 and 2 .4.3.12  

illustrate typ ica l re la tive  rate plots for the  reaction  of a num ber of 

pentanones w ith OH radica ls and Cl a tom s . The  h igher the  observed 

s lopes in these  d iagram s the  faster the  particu la r ketone reacts . In both 

the  OH radical and Cl atom  plots , 4-m ethyl pen tan-2 -one  had the  fas tes t 

reaction rate re flecting the  high num ber of H - a tom s ava ilab le  fo r 

abstraction  in th is  com pound . The second m ost reactive  ketone in 

F igures 2.4.3.11 and 2 .4 .3 .12  w as pen tan-2 -one  possib ly  ow ing to  it's 
ab ility  to form  a s tab le  cyclic  in te rm ed iate  at the  p -C H 2  g roup thus

facilita ting  abstraction of H - a tom s w ith  ease . Pentan-3-one  on the  o the r 

hand reacted only s low ly  w ith  both OH rad ica ls and Cl a tom s . The  m ain 

reason for th is  decreased  reactiv ity  is due to  the  absence  of an activa ting  
-C H 2- m oiety in it's s tructu re  . The re la tive ly s low  reaction  of

cyc lopentanone is due to the  e ffects of both ring stra in  and due to  the  

inability  of th is  ketone to  form  a stable cyclic  in te rm ed ia te  prio r to  H - atom  

abstraction .

The reactiv ity  of a num ber of hexanones w ere  stud ied  w ith  both OH 

radica ls and Cl a tom s . As w ith the pentanones the  ketone conta in ing  the  

carbonyl m oiety on the  second carbon reacted q u ic k e s t. S ince hexan-2- 
one conta ins tw o activa ting -C H 2- g roups at the  (3 and 7  pos itions , it
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reacts rap id ly  w ith  both OH radicals and Cl a tom s . H exan-3-one reacted 
s low er as it conta ins only one activating s ite  at th e  p -C H 2- pos ition  .

F ina lly , the  OH radical and Cl atom  rate constan ts  ob ta ined fo r 

reaction w ith the  ket-2 -ones w ere  p lo tted aga inst each o ther (F igure 

2 .4 .3 .1 5 ). Th is d iagram  supports the  earlie r a rguem ent tha t w ith  a 

know ledge of the  OH radical rate constan ts  fo r these  species , it is 

possib le  to ca lcu la te  the  Cl atom  rate constan ts  and v ice  versa  . As the  

lim its of reactiv ity  estab lished fo r p ropan-2-one  inc luded  in F igure 2 .4 .3 .15  

are linear w ith  respect to  the calcu la ted rate da ta  , I w ou ld  conclude  tha t 

the  actual rate constan t va lues for the reaction  o f p ropan-2-one  w ith  OH 

radica ls and Cl a tom s are very c lose to the  esim ated  va lues p resen ted  in 

Tab le  2.4.3.1 .

Rate constants obta ined fo r the reaction  o f OH rad ica ls and Cl 

a tom s w ith the  ketones studied in th is w o rk  points tow ards a m ore 

com plex m echanism  of reaction than  jus t s tra igh tfo rw ard  H - atom  

abstraction . The proposed ring adduct fo rm ation  could be of g rea t 

im portance in assessing the a tm ospheric  fa te  and thus s ign ificance  of 

these ketones . Further w ork  needs to be carried  out to  de te rm ine  
accurate  va lues fo r C H 3 group reactiv ities . From  these  va lues the

reactiv ity  of hydrogens at the various carbon s ites in the  ketones cou ld  be 

accurate ly estim ated and the fo rm ation  of a ring adduct in te rm ed ia te  

confirm ed or d isproved .
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2.4.5 C onclusion

Using a sm og cham ber - re lative  rate techn ique  accura te  and 

precise rate constan t data  w as ca lcu la ted fo r the  reaction  of OH rad ica ls  

and Cl a tom s w ith  a series of ketones . From  th is  da ta  it w as  observed  

tha t Cl a tom s react approx im ate ly  20 tim es qu icke r w ith  linear a lipha tic  

ketones than  OH radica ls . Th is observation  m ay be usefu l in p red ic ting  

the  reactiv ity  of such ketones w ith one reactive  species  from  a  know ledge  

of the reaction rate of the  ketone w ith the  o ther reactive  species  . T he  

m agnitude of the  d iffe rence between the  rate constan t va lues ob ta ined  fo r 

the  reaction of Cl a tom s w ith the ketones re la tive  to  the  correspond ing  OH 

radical rate va lues , confirm s reaction of the  ketones w ith  the  la ter 

reactive species as the  dom inant loss p rocess fo r these  oxygenated 

hydrocarbons in the  troposphere  . Each of the  ketones stud ied  have low  

tropospheric  life tim es w ith respect to both OH rad ica ls and Cl a tom s , 

ind icating tha t these  com pounds w ill be rap id ly  rem oved from  the 

troposphere  .

Form ation of a cyclic  adduct in te rm ed ia te  prior to H -atom  

abstraction is im plicated in the reaction o f OH radica l and Cl a tom s w ith  

a liphatic  ketones . The m echanism  is supported  by :
(a) the low  reactiv ity  of a -C H 2 groups ;

(b) activa tion of P /yand  8 -C H 2-groups tow ards a ttack ;

(c) low reactiv ity  of cyc lic  -C H 2 groups ;

(d) high linear chain reactiv ities above C4 ; and

(e) g reater reactiv ity  of ketones above C4 than  the  correspond ing  a lkanes.

The reaction of Cl a tom s w ith  the ketones m ay be e ffected  by s teric  

h indrance from  the carbonyl oxygen . Th is  m ay account fo r the  low er 

reactiv ity  observed fo r these species w ith the  ketones re la tive  to  the 

a lkanes.
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Rate constan t resu lt data  a lso Indicated tha t the e ffects  o f ring 

stra in  on the rate o f OH radical a ttack  on the cyc lic  ketones , decreases  

as the  ring s ize  increases .
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A  preliminary investigation into the gas phase photooxidation 

of the anaesthetics , isoflurane and enflurane

CHAPTER 3.0
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3.1 In troduction

In chapter tw o  , the tropospheric  life tim e , and re lease  figu res  fo r 

the  tw o anaesthe tic  e thers , iso flu rane and enflurane  w ere  estab lished  . 

From th is  resu lt data  and from  rate constan t data  ca lcu la ted  by B row n et 

al [1] it is predicted tha t a sm all p roportion of these  e thers w ill pers is t in 

the  troposphere  fo r up to 2.5 years . A s a consequence  , a fraction  o f the 

vo lum e of these anaesthetics re leased at the  earth 's  su rface  m ay reach 

the  s tra tosphere  w here  the  dom inan t loss process w ill involve 

photodecom position  and photoox idation  . There fo re  to  com ple te  the  

assessm ent of the potentia l a tm ospheric  im pact of these  tw o com pounds , 

the photoox idation  of these species at w ave leng ths as low  as 200 nm w as 

s tu d ie d .

C om pounds of the type R1 - O - R2 are ca lled e thers , the  s im plest 

o f these  are co lourless and have a characte ris tic  s m e ll . The firs t m em ber 

of the  e ther hom ologous series , d im ethyl e th e r , is a gas and the  low er 

e thers are liqu ids at room tem pera tu re  . The boiling po int of an e ther is 

usually s im ila r to that of the a lkane from  w hich it can be fo rm a lly  derived 

by substitu tion  of an oxygen atom  for a m ethylene group , and 

s ign ifican tly  low er than tha t of the isom eric prim ary a lc o h o l. The re la tive ly 

high boiling point of the a lcohol is be lieved to be due to  associa tion  of 

a lcohol m olecules in the liquid phase by in te rm o lecu la r hydrogen bonding 

w hich  cannot occur w ith e thers or a lkanes , a lthough e thers can 

partic ipate  w ith protic com pounds in in te rm o lecu la r hydrogen bonding  . 

E thers can also form  e ther-so lub le  com plexes w ith  a num ber of Lew is 

acids , they d isso lve  a varie ty  of o rgan ic  com pounds and th ey  are 

unreactive  under various reaction cond itions [2] . These p roperties m ake 

e thers useful so lvents for o rganic reactions . Som e e thers w ith  low  

m olecu lar w e ig h t , e.g. d im ethyl e th e r , or w ith severa l e the r g roups , e.g.
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1,2-d im ethoxyethane , are im m iscib le  w ith w a te r and are extens ive ly  used 

fo r so lvent extraction  in organic chem istry  .

P robably the  m ost com m only known p roperty  of d ie thyl e the r is it's 

ab ility  to cause anaesthes ia  . It has been used as a genera l anaesthe tic  

s ince it w as first used fo r th is  purpose by a Boston  den tis t in 1848 . In 

concentra tions in a ir or oxygen between 3.6 - 6 .5%  by vo lum e , inha la tion  

of d ie thyl e ther causes anaesthes ia  but concen tra tions g rea te r than  10% 

are usually fa ta l . The e ther anaesthetics act on the  centra l nervous 

system  and are believed to  in terfere w ith  transm iss ion  of nerve im pulses . 

A  serious d isadvantage  associa ted w ith m ixtures of d ie thyl e the r and 

oxygen used in anaesthes ia  , is that the m ixtures are dangerous ly  

exp losive and th is  hazard has prom pted a search  fo r sa fe r a lte rna tives . 

The search led to the d iscovery of new fluo roe the r anaesthe tics  such as 

iso flu rane and enflurane . These highly ha logenated  e thers are now  the  

m ost com m only used inhala tion anaesthetics in the  W estern  w orld  .

The feature  o f e thers w hich is m ost im portan t in dete rm in ing  the  

chem ical and physica l properties of th is  c lass of com pound is the  

presence of the  oxygen atom  w ith it's lone pair o f e lectrons . The centra l 

feature  of m uch of the  chem istry of e thers is the ir ab ility  to act as bases 

and form  coord ina tion  com plexes w ith a w ide  varie ty  of acids . Th is  

in teraction involves one or m ore of the  lone pairs of e lectrons on oxygen 

and ethers are there fo re  c lassified  as n-donors .

Because of the  grea te r e lectronegativ ity  o f the  oxygen atom  

com pared w ith carbon , the  C - O bond w ill be polarised  and a lkoxy 

groups w ill a ttract e lectrons inductive ly [2 ] .  The e ffect of th is inductive  

w ithdraw al of e lectron density  is m ost m arked at the  a -ca rbon  atom  and 

rapid ly d im in ishes w ith  d is tance th rough space or a long a satura ted  chain 

of atom s . The strength  of th is  w ithdraw al of e lectron  density  is such tha t it 

decreases H -atom  bond d issocia tion  energ ies on m ethylene g roups in the
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ethers , thus increasing the speed at w hich these H -atom s are rem oved 

by OH radical and Cl a tom s [3 ] .  R eactions w ith these  reactive  species 

are im portant as tropospheric  rem oval m echan ism s fo r e thers re leased to 

the  a tm osphere . The increased reactiv ity  of the e thers tow ards reaction 

w ith  OH radica ls re la tive  to the  correspond ing a lkane reaction  has been 

dem onstra ted  by a num ber of w orkers ; th is  w ork  has a lso show n tha t the 

activa ting effect of the  oxygen in the  ether is operative  up to  5 carbons 

from  the  oxygen atom  [4 ] .

In contrast to  the  above e f fe c t , because of the  p resence  of the lone 

e lectron pairs on the  oxygen atom  , a lkoxy groups can re lease  e lectron  

density  on dem and to stab ilize  adjacent cations e.g. (3 .1 .1 ) , or rad ica ls 

e.g. (3.1.2) , by resonance .

e.g. (1) R - O - C H R  <.......> R - O = CHR (3.1.1)

e.g. (2) R - O ^ C H R  <.......> R - O ^ C H R  <------> R - O - C H R  (3.1.2)

The polariza tion of the C - O bond in the e thers caused by the 

d iffe rent e lectronegativ ity  of carbon and oxygen is not su ffic ien tly  m arked 

to make the bond genera lly  suscep tib le  to  c leavage by nuc leoph ilic  a ttack 

at the a -ca rbon  .

The ability  of the  ether oxygen to fac ilita te  the  genera tion  o f a 

radical or carbon ium  ion at the  a -pos ition  is be lieved to  be a crucia l factor 

in d irecting the reaction of oxid iz ing  agents to th is  position  . Tw o genera l 

types of m echanism  fo r oxidation of e thers can be env isaged  involv ing 

abstraction of hydrogen by rad ica ls , as in the m echanism  proposed for 

autooxida tion  (3.1.3) , or abstraction  of hydride ion in oxida tion  by 

brom ine (3.1.4) ,
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R- + H - C R 2O R  > RH + R2-C O R  > P roducts (3.1.3)

Br -- Br H ^- CR2O R  >R 2+C O R  > P roducts (3.1.4)
N»-/

G enera lly  , ethers are m ore resistan t to  oxida tion  than  a ldehydes or 

aceta ls , w hich are the first products of oxida tion  of p rim ary e thers and 

there fo re  fu rther oxidation to acids or esters is com m on . R eagents w hich  

have been used to oxid ise ethers include brom ine , chrom ic  ox ide  - ace tic  

acid , and m ercuric  acetate [2 ] .

E thers tend to autoxid ize read ily  in the  p resence of a ir or oxygen at 

norm al tem pera tu res to g ive peroxides . Th is  au tooxida tion  represents  a 

potentia l hazard to  users of e ther so lvents  as these  peroxide  products  

w hich concentra te  in the residue on evaporation  can de tona te  . 

A u toox idation  com m ences by production of rad ica ls and so any radica l 

source is an e ffective  cata lyst fo r th is  reaction . As w ell as a range of 

organic in itia tors , salts of m anganese , iron , c o b a lt , c o p p e r , and lead 

grea tly  acce lera te  autooxida tion  by cata lys ing  decom position  of peroxides 

into rad ica ls  .

The ability  of a lkoxyl g roups to stab ilise  an ad jacen t cation 

p rom otes fac ile  hetero lysis of the carbon - ha logen bond in a  - ha loethers 

and consequently  these com pounds are extrem ely reactive  under 

conditions tha t favour both S n 1 and S n 2 m echan ism s . Thus fo r exam ple 

, it has been estim ated tha t hydro lys is of ch lorom ethyl m ethyl e ther is 1013 

tim es fas te r than  hydrolysis of 1 -ch lo ropropane .

Saturated ethers only absorb  light of w ave leng th  less than  200 nm 

and because of techn ical d ifficu lties of w ork ing  at these  short w ave leng ths 

, photoreactions of pure e thers w ere  little stud ied  p rior to  1960 . 

Photosensitized  reactions had been stud ied  m ore extens ive ly  [5 ,6 ].
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Before studying the pho tochem istry  of the ethers w e m ust firs t look at the 

absorption characteris tics of these  com pounds .

Saturated ethers absorb noticeably around 200 nm . T he  m axim um  

of the firs t absorption band has been attributed to an n — > a *5 o r R ydberg 

- type  trans ition  and lies near 185 nm . The absorp tion  coe ffic ien t at 

sho rte r w ave lengths is increasing ly  determ ined by the  alkyl part of the 

m olecule  and tends to be la rger the  longer and m ore h ighly b ranched  the 

alkyl chain [7 ] .  W ith only a few  exceptions , the liquid - phase absorp tion  

coeffic ien ts  of ethers match those  of the  gas phase , at least ove r the 

range w here  both can be m easured [7 ,8 ].

The d irect photo lysis of the  ethers by light w ave leng ths  be low  200 

nm has been extensive ly stud ied  by a num ber of w orke rs  [2 ,7 ,9  - 1 2 ] .  

S im ila r trends in reactiv ity  have been noted by each o f these  research 

g roups .

The  m ajor products fo rm ed in the  d irect photo lys is  of d ie thy l e ther 

in the  gas phase are , e thane , propane , butane , e thy lene , e thano l and 

o the r m inor products [2 ] .  The y ie ld  of ethanol re la tive  to  hydrocarbon 

increases m arkedly w ith increasing  pressure . A lcoho ls  are the  m ajor 

p roducts  from  d irect photo lysis  of e thers in the liquid phase  , carbonyl 

com pounds and enol e thers are a lso obta ined [1 0 ].

The m ost im portant p rim ary  process in the d irec t pho to lys is  of open 

cha in  e thers is hom olytic C - O bond scission [2,9 -12] :

R -- O -  R‘ R- + -O -- R' (3.1.5)

R -- O -  R' R — O ’ + -R' (3.1.6)
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The alkoxyl radica ls (RO- and R 'O )  abstract a hydrogen atom  from  

ano ther e ther m olecule g iv ing the a lcohol (ROH and R 'OH) , and 

a lkoxya lky l radicals ,

C H 3C H 20 -  + CH3CH2O C H 2C H 3  > C H 3C H 2OH + C H 3-C H O C H 2C H 3

(3.1.7)

The a lcohol can also be fo rm ed by a m olecular e lim ina tion  process , an 

o le fin  being the other p ro d u c t:

C H 3C H 3O C H 2CH3 —  - - - - - >  C H 3C H 2OH + C H 2 = C H 2 (3.1.8)

The o the r m olecular process involv ing the  C - O bond is the  fo rm a tion  o f a 

carbonyl com pound and an a lkane in prim ary and secondary  e thers :

C H 3C H 2O C H 2CH3 - ™ — --> CH3CHO + C H 3 - C H 3 (3.1.9)

A lcoho ls  and carbonyl com pounds are key p roducts  fo r the 

de te rm ination  of the photo lysis m echanism  of e thers because the  a lkoxyl 

rad ica ls from  reactions (3.1.5) and (3.1.6) read ily abstract hydrogen 

a tom s from  neighbouring m olecu les to g ive a lcoho ls (reaction  (3 .1.7)) but 

do not in te ract w ith o ther rad ica ls under the cond itions of these  

experim ents [7] . The carbonyl com pound is not fo rm ed by any p rocess 

o ther than  tha t exem plified  in reaction (3.1.9) if the  a lkoxya lky l rad ica ls 

form ed by H - abstraction are su ffic ien tly  stable  w ith respect to 

fragm enta tion  at the experim enta l conditions . F ragm enta tion  of a 

satura ted a lkoxyalkyl radical is only observed if it is heavily loaded w ith  

m ethyl substituents  :
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c h 3 c h 3 c h 3 c h 3
* Ç - 0 - Ç - C H 2 -------> = O + -Ç - CH3 (3.1.10)

c h 3 c h 3 c h 3 c h 3

For th is  reason the quantum  yie ld  fo r the fo rm ation  of a lcohols and 

carbonyl com pounds is a m easure of the  quantum  yie ld  of C - O bond 

scission in prim ary and secondary  ethers . The  sc iss ion  of a C - H bond is 
ind icated by the form ation of H2 , because the  high abstractive  pow er of

the H - a tom  precludes it's in teraction w ith  o ther rad ica ls  in liquid sys tem s 

. Radical add ition  to olefins w ou ld  becom e im portan t only at high 

convers ion  of the starting m a te r ia l. The various m odes of reaction 

(hom olytic  sciss ion and m olecu lar p rocesses , e .g., reactions (3.1.5) to

(3.1.8) as w ell as m inor p rocesses such as C - C bond fragm enta tion  can 

be assessed  only if a com plete  product s tudy has been m ade . Then w ith  

the know ledge of the d isproportionation  /  d im eriza tion  ratios of the  

rad ica ls in question a deta iled p icture  of the  p rim ary  p rocesses can be 

g iven .

To exp la in  the  products fo rm ed in the  liqu id phase photo lys is  of 

d ie thyl e the r at 185 nm , the  fo llow ing  prim ary processes w ere  proposed 

by Sonntag et al [7] :

M eC H 2O C H 2Me ===:

M eC H 20 *  + ■CH2Me (70% ) (3.1 .11)

M eC H 2OH + C H 2 = C H 2 (8.5% ) (3.1 .12)

M eC H O  + M eM e (10% ) (3.1 .13)

M eC H 2OCH = CH2 + H2 (11% ) (3.1 .14)

Me- + -C H 2O C H 2Me (0.5% ) (3.1 .15)

M eC H 20 .......... — > M e - + C H 20  (3.1.16)
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M eCH20- + MeCH2O C H 2Me -— > M eCH2OH + M e -CHO CH2Me (3.1.17)

B u 'O B u ' > B uO H  + (M e)2C = CH 2 (3.1.18)

In the  gas phase at low  pressure , the  v ib ra tiona lly  exc ited  a lkoxy radica l 

fo rm ed in reaction (3.1.11) fragm ents as in (3 .1.16) and the m ethyl 

rad ica ls from  th is  reaction and the  ethyl rad ica ls from  (3.1.15) com bine  to 

g ive hydrocarbons . A t h igher pressures and in the  liqu id phase the  

v ib ra tiona l energy of the e thoxy radical is lost by co llis ion  w ith o ther 

m olecu les , thus preventing the  reaction in equation  (3 .1 .1 6 ), and the  

ethoxyl radical abstracts hydrogen from  e ther (3 .1 .1 7 ), to  g ive e th a n o l. 

S im ilar reactions occur w ith  o ther prim ary and secondary  e thers . D irect 

photo lysis of liquid di - 1 - butyl e ther a lso g ives m ain ly  the a lcohol but in 

th is  case it a rises prim arily  from  the m olecu lar p rocess show n in equation  

(3.1.18) .

The photo lysis o f d im ethyl e ther and d ie thyl e the r in the gas phase 

w as firs t stud ied by Harrison and Lake [7] using a hydrogen d ischarge  

lam p {X <  192 nm) . They reported the  fo rm ation  o f fo rm a ldehyde  from  

d im ethyl e th e r , and e thy lene , ace ta ldehyde  , and fo rm a ldehyde  from  

d ie thyl e th e r . S tudies w ere  subsequently  carried out on d im ethyl e the r 

using w ave lengths of approx im ate ly  147 nm , by M eagher and T im m ons

[14] . In the  in te rpre ta tion  of the ir results , M eagher and T im m ons [14] 

p roposed the fo llow ing m echanism  :

C H 3 O C H 3  > H- + -CH 2 O C H 3* (3.1.19)

■CH2 O C H 3*  > C H 20  + -C H 3  (3 .1.20)

H2  + CO + -CH 3 (3 .1.21)
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The prim ary process w as thought to be sc iss ion  of a C - H bond 

fo llow ed by the therm al decom position  of the  v ib ra tiona lly  excited 

m ethoxym ethyl ra d ic a l. M eagher and T im m ons [14] a lso conside red  the  

a lte rna tive  m echanism  :

but gave it low er pre ference because they p red ic ted  tha t th is  w ou ld  resu lt 

in a pressure independence of methyl radical y ie ld  w hich  they  d id not 

observe . These results w ere re in terpreted by Sonntag et al [7] accord ing  

to reactions (3.1.22) and (3.1.23) . Such a m echan ism  fa lls  in line w ith  the  

photo ly tic  behavior of all o ther e thers stud ied  so f a r .

The photo lysis of d ie thyl e ther in the gas phase w as a lso s tud ied  by 

Johnson and Lawson [15] . They show ed tha t the d is tribu tion  of the 

products m easured is v irtua lly  the sam e at 147 nm and 124 nm , a lthough 

at 124 nm the energy absorbed is suffic ient for pho to ion iza tion  to o c c u r .

In genera l the photo lysis  of d ie thyl e ther in the  gas phase at 147 nm and 

124 nm appears to fo llow  the  sam e lines tha t have been estab lished  fo r 

the  liquid phase at 185 nm [10] . Th is C - O bond sciss ion  m echanism  is 

a lso supported by results observed by M ikuni et al fo r the  gas phase 

photo lysis of d im ethyl e ther [16] and d ie thyl e ther [9] at 184.9 nm .

The m ajor product from  the  d irect photo lys is  at 254 nm of 

oxygenated e ther is ethyl ace ta te  [17,18] . W ork by C hien et al [1 9 ],  

K u levsky et al [20] , S tenberg et al [2 1 ], and W ang [22] , has show n tha t 

the  initial step in the photoox idation  of liquid d ie thyl e ther is absorp tion  of 

light by a charge - trans fe r com plex of m olecu lar oxygen w ith  e th e r .

M olecules capable  of donating an e lectron  pair are defined as 

e lectron donors (D) and m olecules w hich can accept an e lectron  pair are

CH 3 O C H 3

C H 3 O *

> -CH 3  + -O CH3*

> C H 20  + H-

(3.1.22)

(3.1.23)
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called acceptors (A) . Donors and acceptors in te ra c t, usua lly  w eak ly  to  

form  com plexes :

D + A  D , A ( <=>  D+, A- (3.1.24)

These com plexes absorb light of d ifferent w ave leng ths  than e ither D or A  . 

During th is  p rocess an e lectron is transfe rred  from  D to  A  :

The associa ted  species of e lectron donor and accep to r m olecules w ith  

new spectra l features are referred to as charge - trans fe r com plexes .

Various w orkers [20 - 22] have show n tha t a num ber of e thers 

exh ib it enhancem ent of absorption w hen sa tura ted  w ith  oxygen , thus 

dem onstra ting  the  possib le  form ation of charge - tra ns fe r com plexes . 

O xygen satura ted d ie thyl e ther exhib its a charge  - trans fe r absorp tion  

band [2,20 - 2 2 ],  and absorp tion  of energy is be lieved to  be associa ted  

w ith transfe r of charge from  the  ether to an oxygen m olecule  to  g ive  the  

ether radical cation and oxygen radical an ion :

h vEt20 :  + 0 2 ........  - >  Et20 - + - 0 2- (3 .1.26)

Loss of a proton from  th is radical cation g ives the  1 - e thoxyethyl rad ica l 

w hich reacts w ith  oxygen to g ive products :

-H+ • 1 °^
E tO C H 2M e  > E tO C H M e  > P roducts (3 .1.27)

Som e pre lim inary w ork has been carried out by W ang [22] in to the  

gas phase photoox idation  of te trahydro fu ran  . A lthough  an a ttem pt to  

m easure the associa tion constan t betw een oxygen and the e ther in the

D , A ( <--> D+ , A-) h V > D+ , A - ( <--> D , A) (3 .1.25)
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gaseous phase w as unsuccessfu l due to s low  reaction  and w eak 

com plexatlon  , oxidation w as noted by W ang [22] w hen te trahydro fu ran  

vapour w as m ixed w ith  oxygen and irrad ia ted  .

S ign ificant d iffe rences exist betw een pho tochem ica l p rocesses in 

the  gas and liquid phase . F ir s t , s ince m olecu les in the  liqu id  phase are 

continua lly  undergoing co llis ions , the  excited  m olecu les are eas ily  

deactiva ted  . Secondly , s ince d issocia tion  in the  liqu id phase leads to  the 

production of tw o rad ica ls w ith in  the  sam e so lven t cage , the re  is a high 

probability  of p rim ary recom bination .

C onsequently  , un like  the  liquid phase , ta il end absorp tion  by the  

e thers is thought to be im portan t in gas phase pho toox ida tion  reactions of 

these species . W ang [22] observed tha t excited  te trahydro fu ran  (n --> a *)  

in the gas phase decom poses to g ive e thylene and ace ta ldehyde  am ong 

it's m any reaction products thus illustra ting a com plex pho toox ida tion  

m echanism  . W ang [22] found that in the  gas phase reaction  of an oxygen 

- te trahydo fu ran  m ixture , a greater num ber of reaction  products w ere  

obta ined w ithout the use of a Vycor filte r (a filte r w hich  excluded ligh t fo r 

excita tion of te trahydo fu ran  alone but did not e lim ina te  all w ave leng ths  fo r 

charge - transfe r e x c ita t io n ) . O nly w hen using th is  filte r d id the  nature  of 

the  products fo rm ed paralle l those obta ined in the liquid phase reaction  . 

Hence , th is w ork  by W ang [22] dem onstra ted  the  possib le  fo rm ation  of a 

charge - transfe r com plex between m olecu lar oxygen and an e the r as a 

possib le  reaction m echanism  in the gas phase for the  pho toox ida tion  of 

the  e th e r . H o w e v e r , th is  charge - transfe r m echanism  may only be of 

secondary im portance com pared to  reaction in itia ted  by d irect photo lys is  

due to tail end absorption .

The photochem ica l reactions of liquid e thers w ith  a va rie ty  o f o ther 

com pounds genera lly  g ive a -substitu ted  products w h ich  are be lieved to  

arise by reaction w ith the 1-alkoxyia lkyl ra d ic a l,
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e.g.,[23]

hy
M eC H 2O C H 2Me + Cl2  > M eC H 2O C H C IM e + HCI (3 .1.28)

The m arked reg iose lectiv ity  of these pho to induced  radica l substitu tions 

can be ra tiona lized  because of the ability of oxygen  to  stab ilize  the  

adjacent unpaired e lectron in 1-alkoxyalkyl rad ica ls  .

The w ork  carried out in th is thesis invo lved  a pre lim inary 

investigation into the  gas phase photoox idation  o f tw o  halogenated ethyl 
m ethyl e thers , iso flu rane (CF2H O C H CIC F3) and enflurane  

(CF2HO C F2CHFCI) at w ave lengths above 200 nm . The  in troduction  of 

ha logens , particu la rly  chlorine , into the e ther s truc tu re  shifts the 

absorption to  h igher w ave lengths fac ilita ting  pho toox ida tion  at low er 

energy . The UV spectra  of iso flu rane and en flu rane  are s im ila r (as these  

com pounds are structu ra l isom ers of each other) and are located la rge ly  

in the vacuum  UV region . The band of low est energy  (highest 

w ave length) corresponds to a transition  from  an orb ita l of halogen lone 

pair characte r (X) to  an orbital antibonding in the  carbon -ha logen bonds

[2 4 ]. The first band in the enflurane vapou r phase  vacuum  UV spectrum  

has its m axim um  near 156 nm , w ith a shou lder on it's low frequency s ide 

. Tail end absorp tion  w as noted by Dum as et al [24] at w ave leng ths up to 

182 nm . The bands that occur at h igher frequenc ies  have been

in terpre ted as X  > Rydberg trans itions . C l  > Rydberg bands are

form ed at 142 , 134 and 128 nm .

Accord ing  to previous spectroscop ic  s tud ies  [25] only the  hydrogen 

gem inal to the  ch lorine  atom in enflurane , is ac id ic  . The role of the  o the r 

hydrogen is not c lear how ever it has been proposed [25] tha t enflu rane  
m ight enter into repu ls ive  in teractions th rough it's -C H F 2 group and
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attractive  ones w ith s tronger bases through its C IFHC - g roup  . To  th is  

one m ight add the  possib le  e lectron accep to r ro le of the  oxygen .

C hapter th ree  of th is  thes is  involves a s tudy of the gas phase  

photooxidation  of iso flu rane and enflurane  using ava ilab le  techn iques to 

m onitor reaction in order to  e lucidate  the  m echan ism s invo lved  . 

P re lim inary experim ents involved a study of the  UV absorp tion  

characteris tics  of the anaesthetics in the  liqu id phase and de te rm ina tion  of 

the  m ajor gas phase photoox idation  reaction p roducts  using IR 

spectroscopy . These fundam enta l investiga tions w ere  used to  estab lish  

the  in itia tion process and w ere used as a gu ide line  for fu rther 

experim ents. Techn iques used in th is  pho toox ida tion  s tudy  inc luded G C 

(with FID and MS detecto r options) , IR , and NM R .
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3.2 Experim ental

3.2.1 Materials

Isoflurane , (1 -C h lo ro-2 ,2 ,2 -trifluo roethy l d ifluo rom ethy l e ther) trade  nam e 

"F o ra n e " , used th roughout th is  pro ject w as supplied  by A bbot 

Laboratories L td . , Ire land .

Enflurane , (2 -C h lo ro-1 ,1 ,2 -triflou roethy l d ifluo rom ethy l e ther) trade  nam e 

"E thrane" w as a lso supplied  by A bbot Labora tories L td . . Both 

anaesthetics had s ta ted purities of > 99.9%  and no fu rther purifica tion  

(other than  degassing) w as carried o u t .

O xygen (> 9 9 .7 % ), a i r , n itrogen(oxygen free) and hydrogen w ere  
supplied by Irish Industria l G ases , Dublin . C arbon d iox ide  (C 0 2 >99.995) 

w as supplied  by A ir P roducts of Dublin and carbonyl fluo ride  (C F20 )  by 

SCM Specia lity  C hem icals in A m erica  . CF3COCI and C l2 (99.5% ) w ere  

supplied by F luorochem  L td . , England and A rgo  In te rna tional Ltd. 

re s p e c tiv e ly .
CHCI3 (>99.8% ) w as supplied by F.S.A. supp lies .

d -C hloroform  (>99.8% ) and d -acetone (99.5% ) w ere  supp lied  by the

A ldrich C hem ical C om pany of A m erica  .
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3.2.2  A pparatus

(a) Vacuum  ap paratus

The vacuum  line used th roughout th is  w o rk  consisted  of a  conven tiona l 

m ercury free high vacuum  line m ade of Pyrex g lass . F igure 2.2.1 

describes the  vacuum  system  em ployed th roughout th is w o rk  , w h ile  

Table  2.2.1 de fines the  various reg ions w ith in  the  vacuum  line . C hap te r 2 

of th is  thes is  conta ins a deta iled review  of the  operation  of the  vacuum  

l in e .

(b) U V  lam p a n d  p o w e r supply

The lam p used fo r m ost photo lyses w as a 400 W att m edium  pressure  

m ercury lam p (Photochem ical Reactors L td . ) . O u tpu t typ ica l of th is  lam p 

design is show n in Figure 3.2.2.1 . The lam p w as w a te r coo led  and 

powered by it's own in tensity stab ilised  220-240  Volts  a.c. pow er supp ly  . 

To m in im ise background radia tion and to lim it UV light leaking  to the 

surrounding  labora tory  , the irrad iation a rea  w as enclosed in b lack cloth .

(c) U V /  visible absorption data  :

UV /  v is ib le  absorp tion  properties of both anaesthetics  and transm iss ion  

characteris tics  of the  various filte rs used w ere  de te rm ined  using tw o  

instrum ents . The first was a H ew lett Packard (m odel 8452A) d iode  array 

U V /v is ib le  spectropho tom ete r and the  second a Sh im adzu (m odel O V- 

240) w ith an option program  /  in te rface  (m odel O P1/1) .
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Figure 3.2.2.1
O utput from  the  400 W att m edium  pressure m ercury lam p (Photochem ical 
Reactors LTD) em ployed th roughou t th is  w ork  fo r pho to lys is  .
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(d) Gas chromatography

M ost of the  chrom atograph ic  ana lyses w ere  perfo rm ed on a  Perkin  E lm er 

(m odel 8500) gas chrom atograph , fitted w ith a flam e ion isa tion  d e te c to r . 

In jection w as achieved by use of a 10 - p o r t , Valeo (VICI Instrum ents) 

autom atic  gas sam pling va lve  . F igure 3 .2.2.2  illustra tes  th is  sam pling  

va lve  in the  fill position connected  to  the  vacuum  line . O xygen  free 

n itrogen w as used as the carrie r gas and w as passed th rough a  m oisture  

trap  (Phase - Sep) prior to  entering the  in s tru m e n t. The co lum ns used 

and the associa ted chrom atograph ic  cond itions em ployed are lis ted in 

Tab les 3.2.2.1 and 3 .2.2.2 . C hrom atogram s com ple te  w ith  the ir 

in tegrated peak areas w ere  recorded on a Perkin-E lm er, G .P . 100 g raph ic  

p r in te r .

The GC - mass spectrom etry  in th is research w as carried  out 

courtesy of Loctite  Ireland Ltd . The system  em ployed w as a H ew lett 

Packard G C fitted w ith an ion trap  d e te c to r . An in jection  tem pe ra tu re  of 

50°C  w as used and an oven tem pera tu re  of 40°C . H elium  , the  carrie r 

gas used, had a flow  rate equ iva len t to  a pressure  of 2 p s i . 50pl w as 

in jected onto the  GC and to ta l ion current traces w ere  recorded  over the 

m ass range 35 - 300 .
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Figure 3 .2.2.2
This d iagram  illustrates the  Valeo autom atic gas sam pling  va lve  , in the 
position , connected to the  vacuum  line to fac ilita te  in jection  from  the 
reaction c e l l .
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COLUMN P O R APA K Q (M edium  polarity)

Length 4 m (S ta in less steel)

Internal D iam eter 2.0 mm

Mesh Size 100 - 120 (um

In jector Tem peratu re 25 °C

O ven Tem perature 220 °C

D etector Tem peratu re 270 °C

C arrier Gas N itrogen (oxygen free)

Flow Rate 40 cm 3 /  m in.

Table 3.2.2.1
Initial chrom atograph ic  cond itions em ployed to  s tudy the  pho toox ida tion  of 
the  anaesthetics  .

COLUMN 10% SE 30 on C hrom osorb  W H P 
(A non - po lar co lum n)

Length 2.0 m (g lass)

Internal D iam eter 3.0 mm

Mesh Size 100 - 120 (im

In jector Tem peratu re 80 °C

O ven Tem perature 40 °C

D etector Tem peratu re 270 °C

C arrier Gas N itrogen (O xygen free)

Flow Rate 30 cm 3 / m in.

Table  3.2.2.2
C hrom atograph ic  cond itions used to study the pho toox ida tion  products of 
the anaesthetics  .
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(e) In frared  spectroscopy

M ost of the IR w ork  w as carried out in a T  - shaped reaction  vesse l 

housed in the  sam ple  com partm ent of the  IR spectrom ete r (F igure 

3 .2 .2 .3 ), w ith  sodium  chloride plates in the IR beam  and a path length  of 

10 cm . A long the perpend icu la r axis , w ith a path length  of 10 cm  w as the 

m ercury source and it's associa ted  filte r system  . Som e experim ents  in 

th is  w o rk  w ere  carried out by c lam ping the reaction  cell 10 cm  from  the  

m edium  pressure m ercury lam p source  and rem oving  the  cell to  the  IR 

spectrom eter at se lected photo lysis tim es .

IR stud ies w ere carried out using two d iffe ren t ins trum ents  . The  

f i r s t , a Perkin E lm er m odel 983G  w as used fo r spectra l sub traction  w ork  

and som e in itia l product s tud ies . The second , a Perkin E lm er m odel 297 

, w as used fo r all o ther w ork  . Both instrum ents w ere  ca lib ra ted  p rior to  

use w ith a po lystyrene test film  and all spectra  w ere  recorded  over the  

spectra l range 4000 - 600 cm -1 .

(f) N u c le a r m ag netic  reso n an ce  work

All o f the  NMR w ork  carried in th is thes is  w as perfo rm ed on a 400 M Hz 

Bruker AC  400 in s tru m e n t. Sam ples w ere ana lysed at room  tem pera tu re  

fo r proton NM R in high precis ion g lass tubes .
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Figure 3.2.2.3
V e r t ic a l  v ie w  o f  t h e  e x p e r im e n t a l  d e s ig n  u s e d  to  s tu d y  t h e  p h o to o x id a t io n  

o f  t h e  a n a e s t h e t ic s  . IR  s p e c t r o s c o p y  w a s  e m p lo y e d  t o  d e t e r m in e  t h e  

e x t e n t  o f  r e a c t io n  .
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3.2.3  Procedures

3.2.3.1 Vacuum  line volum es

To accura te ly m easure reactant concen tra tions , the  vo lum es w ith in  

the  various reg ions of the vacuum  line needed to  be estab lished . Bulb A  

in F igure 2.2.1 w as the  prim ary vo lum e from  w h ich  each vo lum e w ith in  the  

vacuum  line w as dete rm ined  using Boyle's Law  ,

VOLUM E a  ’ /pressure (3.2.3.1)

P,V,  = P2V2 (3.2.3.2)

The vo lum e of bulb A w as determ ined prior to it's a ttachm ent to  the 

vacuum  line . Vo lum es in the vacuum  line ca lcu la ted  using the  above 

procedure are sum m arised  in Section 2.2 of th is  thes is  .

3.2.3.2 The p repara tio n  o f g as  m ixtures

Typica lly  m ixtures of anaesthetic  and reactan t gases ( 0 2>N2, etc.) 

w ere  prepared on the  vacuum  line in bulb F (F igure  2 .2 .1 ) . The  correct 

pressures of reactant (calcu lated using line vo lum es and express ion  

(3.2.3.2)) w ere frozen into bulb F , left to  m ix in the  dark  fo r 30 m inutes 

and then a llow ed th rough to the  reaction or IR c e l l . P rior to  photo lys is  the 

m edium  pressure m ercury lam p w as w arm ed up fo r ten m inutes w ith 

w ater flow ing th rough the  cooling jacke t. P hoto lys is tim es w ere  recorded 

using a stop clock , w ith  reaction tem pera tu res m onito red  by a m ercury 

th e rm o m e te r.
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3.2.3.3  UV /  visible absorption spectra plus preliminary experiments

Sam ples of the  liqu id anaesthetics w ere  degassed  using the  freeze- 

pum p-thaw  m ethod and the ir UV spectra  m easured on a d iode a rray  

spectropho tom ete r in a 1 cm path length quartz  c e l l . To  estab lish  w he th e r 

oxygen satura tion  of the  anaesthetics a lte red  th e ir absorp tion  spectra  , 
each of the degassed anaesthetics w ere  then  sa tura ted  w ith  0 2 and UV

spectra  recorded as before  .

To  determ ine w he ther light w as necessary  fo r reaction to  p roceed  , 
reaction m ixtures of 20 to rr anaesthetic  plus 300 to rr 0 2 w ere  m onito red

by GC in the presence and absence of l ig h t .

To illustra te  the  firs t law of pho tochem is try  and to  narrow  dow n the  

w ave leng ths responsib le  fo r reaction , photo lys is  of 5 to rr anaesthe tic  in 
200 to rr 0 2 w as carried out w ith and w ithout a C orn ing  0-53 optica l filte r

(which excluded light be low  270 nm) .

In all of our photo lyses output from  the  m edium  pressure  m ercury  

lam p w as unfiltered resulting in the  genera tion  of s ign ifican t leve ls o f heat 

. Reaction cell tem pera tu res typ ica lly  reached 47 ± 4°C during  photo lys is  . 

To determ ine w he ther th is  tem peratu re  w as su ffic ien t to  in itia te  reaction  , 

m ixtures of anaesthe tic  and oxygen w ere  prepared and transfe rred  to  the  

reaction c e l l . These m ixtures w ere m onitored by GC at tem pera tu res  of 

47 ± 4°C over tim e periods up to  90 m inutes . S im ila r m ixtures of 

anaesthetics in oxygen w ere  prepared , transfe red  to the  reaction  cell and 

then in jected onto the GC . These m ixtures w ere  used for com parison  

w ith the heated sam ples .

In an a ttem pt to  determ ine w he the r loss of the  anaesthe tics  to ok  

place in the absence of oxygen , reactions w ere  perfo rm ed in the 

presence and absence of oxygen and the  extent of pho toox idation
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m onitored by IR spectroscopy . Reaction m ixtures w ere  pho to lysed  using 

output from  the unfilte red m edium  pressure m ercury  lam p .

3.2.3.4 P hotooxidation  Profiles

(a) In frared

P re lim inary experim ents in our labora tory  w ith  iso flu rane  and 

enflurane involved the  photooxidation  of the anaesthe tics  in oxygen, to  

establish if any change w ou ld  be noted using in fra red  spectroscopy .

M ixtures of anaesthetics in oxygen w ere  prepared on the  vacuum  

line and transfe rred  to  the IR reaction c e l l . The cell w as then c lam ped 10 

cm from  the m edium  pressure m ercury lam p and reaction  w as  m onitored 

using IR spectroscopy .

The above p re lim inary investiga tions ind ica ted  tha t pho toox ida tion  

of the  anaesthetics  y ie lded a num ber of d iffe ren t p roducts inc lud ing  

carbonyl conta in ing com pounds w hich w ere read ily  m onitored using 

in frared spectroscopy . As a result deta iled  pho toox ida tion  profiles fo r the 

anaesthetics w ere  estab lished w ith reactions fo llow ed by IR spectroscopy 

. The experim enta l design  used to estab lish  these  profiles is outlined in 

F igure 3.2.2.3 . To ensure d ifferences in reaction  w ere  not due to  

pressure effects , each of the reaction m ixtures w ere  m ade up to  a to ta l 

pressure of 200 torr w ith oxygen free n itrogen . To ensure  a s teady light 

output during the  above photo lyses the m edium  pressure m ercury lam p 

w as a llowed to  w arm  up for 30 m inutes prior to photo lysis .

To de term ine w hether oxygen concentra tion  rad ica lly  a ffected  both 

the  rate of loss of the  anaesthetics and the  pho toox ida tion  products 

form ed , profiles w ere  estab lished in w hich firs tly  each anaesthe tic  w as
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added in excess over oxygen and second ly  , in w h ich  each anaesthe tic  

and oxygen w ere  added in equal concen tra tions .

As in the  p rev ious profiles , the experim enta l setup described  in 

F igure 3.2.2.3 w as used and IR spectra  w ere  recorded to  m on ito r reaction  

progress . The pro files in w hich the anaesthe tic  w as  added in excess 

w ere  usefu l in dete rm in ing  m inor reaction p roducts  fo rm ed tha t w ere  not 

v is ib le  during the  photo lysis of sm all quan tities  of the  anaesthe tics  .

(b) G C

W hen using gas chrom atorgraphy to m on ito r the  pho toox ida tion  

profiles fo r the  anaesthetics  , it proved useful to  construc t s tandard  

curves. Having estab lished these curves , it w as then  possib le  to  

de term ine the  concentra tion  of the anaesthe tics  at each pho to lys is  tim e  . 

C onsequently  it w as a lso possib le  to  dem onstra te  the  com plex nature  of 

these gas phase photooxidation  m echan ism s by fitting  th is  resu lt da ta  to a 

first order rate expression .

S tandard curves for both anaesthetics  w ere  estab lished  in the  
concentration  range from  0 to 20 to rr in 300 to rr 0 2 . T hese  reaction

m ixtures w ere prepared on the vacuum  line and transfe rred  to the  

reaction c e l l . A fter five  m inutes the cell con tents  w ere  a llow ed to  the  GC , 

and in jected using the  Valeo autom atic  gas sam pling  va lve  .

Photooxida tion  profiles for the  anaesthetics  w ere estab lished  by 
preparing reaction m ixtures of 20 to rr anaesthe tic  plus 300 to rr 0 2 on the

vacuum  line , transfe rring  them  to the  reaction cell for pho to lys is  , fo llow ed 

by in jection onto the GC in a s im ila r m anner to  the  s tandards . Photo lysis 

tim es ranging from  0 to 120 m inutes w ere  used . The concen tra tion  of 

anaesthetics at each photo lysis tim e  w as de te rm ined  by in te rpo la tion  onto 

the standard curves .
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3.2.3.5 Effects of reaction parameters on anaesthetic photooxidation

In th is section the effect of reaction  param eters such as oxygen  and 

anaesthetic  concentration , to ta l p ressure  and light in tensity  w ere  s tud ied  

to de te rm ine  the ir e ffect on the pho toox ida tion  of the  anaesthetics  and on 

the ir oxidation products .

(a) The effect o f oxygen concentration

5 T orr of the anaesthetics w as m ixed w ith concentra tions o f oxygen 

varying from  0 to 195 to r r . The in itia l reaction  m ixture  pressure  w as 

m ainta ined at 200 to rr using oxygen free  n itrogen . These reaction  

m ixtures w ere  prepared on the  vacuum  line and transfe red  to  the  IR 

reaction c e l l . The cell was then  c lam ped 10 cm from  the m edium  

pressure m ercury lam p and photo lys is  tim es of 30 m inutes fo r iso flu rane  

and 75 m inutes for enflurane used . T he  rate of loss of anaesthe tic  w as 

then ca lcu la ted  as fo llow s ;

Los? A naesthe tic  (tog) I Z hoto |ys is  T jm e  = Rate o f Loss (3 .2 .3 .3) 
760 x  0.08205 x  300 U (seconds) (mol dm-3 S '1)

(b) The effect o f an aesthetic  concentration

In a s im ila r m anner to  the  s tudy of effects of varia tion  in oxygen 

concentra tion  , the concentra tion  of anaesthe tic  w as varied. 
C oncentra tions of anaesthetic  from  0 to  7 to rr w ere  prepared in 50 to rr 0 2.

The to ta l in itial reaction m ixture p ressure  was set at 200 to rr using oxygen 

free n itrogen as the d iluent gas. The reaction m ixtures w ere  prepared  on 

the vacuum  line and transfe rred  to the  infra-red reaction cell fo r 

photo lysis. A photo lysis tim e of 30 m inutes was used fo r the  iso flu rane
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study and 75 m inutes fo r enflurane. The rate of loss of the  anaesthe tics  

w as ca lcu la ted  using expression (3 .2 .3 .3 ).

(c) The e ffec t o f total pressure

To determ ine the effect of reaction m ixture  in itia l p ressure  on 

reaction rate, the  fo llow ing procedure  w as used .
5 To rr of anaesthetic  plus 50 to rr 0 2 w as photo lysed w ith  vary ing

pressures of oxygen free n itrogen added . P ressures of n itrogen ranged 

from  0 - 1 5 0  to rr resulting in to ta l reaction m ixture pressures of 55 - 205 

t o r r . The reaction m ixtures w ere  prepared on the  vacuum  line , 

transfe rred  to  the IR reaction cell and clam ped 10 cm from  the  light 

source fo r photo lysis . Reaction tim es of 30 m inutes and 75 m inutes w ere 

used fo r iso flu rane and enflurane respective ly  .

(d) E ffect o f light intensity

The effect of light in tensity  on the pho toox idation  of the 

anaesthetics  w as investigated as described  below  .
5 To rr anaesthetic  in 195 to rr 0 2 w as prepared on the  vacuum  line

and transfe rred  to the  I.R. reaction c e l l . Th is cell w as then  p laced in the 

IR spectrom eter as outlined in Figure 3.2.2.3  . R eactions w ere  m onitored 

at 0, 25, 50 and 100%  transm ittance  using reaction tim es of 75 m inutes 

fo r iso flu rane and 105 m inutes for en flu rane  . The 25 and 50%  

transm ission  filte rs w ere  fash ioned from  w ire  m esh and the ir 

transm ittance  determ ined by m on ito ring  the ir U V / v is ib le  spectrum  from  

190 - 800 nm . Rate of loss of the anaesthe tics  w as dete rm ined  as 

previously described .
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3.2.3.6  Chlorine - sensitised photooxidation of the anaesthetics

(a) P re lim in ary  investigations

5 T orr anaesthetic  , 1 to rr ch lorine  and 194 to rr 0 2 m ix tu res w ere

prepared on the  vacuum  line and transfe rred  to the  IR reaction  cell. Th is 

cell w as clam ped in front of the unfilte red m edium  pressure  m ercury  lam p 

fo r photo lysis, and IR spectra  taken to  m on ito r the  exten t of reaction  . The 

IR spectrom eter used in these  experim ents w as the  Perkin  E lm er 983G  . 

To better v isua lise  the loss of the anaesthetics  and the  appearance  of IR 

bands due to  reaction products , the  IR spectrom eter w as opera ted  in the  

spectra l substraction  m ode .

C om parison of the pho toox idation  reactions of the  anaesthe tics  w ith  

and w ithout the  addition of ch lorine  w as then  carried  o u t . 5 To rr 
anaesthetic  , 1 to rr N2 plus 194 to rr 0 2 m ixtures w ere  prepared  on the

vacuum  line and transferred to the IR reaction c e l l . The c e l l , once 

c lam ped 10 cm from  the unfilte red light source, w as irrad ia ted  fo r vary ing  

lengths of tim e . IR spectra w ere  taken  at each photo lys is  tim e  , to  
establish reaction profiles . G as m ixtures of 5 to rr anaesthe tic  , 1 to rr C l2 

and 194 to rr 0 2 m ixtures w ere  then  prepared and pho to lys is  profiles 

estab lished in a s im ilar m a n n e r .

To establish the im portance of the  low er w ave leng ths in the  

m edium  pressure  m ercury lam p o u tp u t , on the  ch lorine  in itia ted  

photoox idation  of the  anaesthetics  , the  fo llow ing  experim ents w ere  
carried o u t . 5 Torr anaesthetic  , 1 to rr of C l2 and 194 to rr 0 2 w ere

prepared on the  vacuum  line and transfe rred  to the  IR reaction  c e l l . Th is 

cell w as then  c lam ped inside the sm og cham ber and pho to lys is  carried 

out by the  b lack lam ps (X > 320 nm) .

The use of b lack lam ps fo r photo lysis ensured tha t the  on ly reaction 

w hich w ou ld  take place w as in itia ted by chlorine atom s produced  from  the
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photo lysis of m olecular chlorine . Reaction profiles w ere  estab lished  fo r 

the  anaesthetics  by m onitoring reaction progress using IR spectroscopy .

(b) Q uantum  y ie ld  work

The chem ical actinom eter em ployed fo r m easurem ent of the 

quantum  yie ld  of the  photoox idation  reactions s tud ied  here w as the  

reaction of a tom ic ch lorine w ith ch loro form  at w ave leng ths  above  300 nm 

. The reaction of ch loro form  w ith a tom ic ch lorine  p roceeds as fo llow s :

Cl2 + hv (k  > 300nm)------------- >2CI- (3.2.3.4J

2CHCI3 + C l.....................> 2HCI + C 2CI6 (3.2.3.5)

Since the  quantum  yie ld  of fo rm ation  of hexach lo roe thane  , O q2C|6 , is

unity  over a w ide range of experim enta l cond itions , it w as dec ided to 
m onitor the  d isappearance  of CHCI3 ra ther than the  appearance  of C2CI6 .

M ixtures conta in ing 5 to rr CHCI3 , p lus 1 to rr C l2 w ere  prepared  on 

the vacuum  line and transfe rred  to  the  IR reaction c e l l . The  cell w as 

placed in the IR as outlined in F igure 3.2.2.3 and pho to lys is  carried  out at 

w ave leng ths > 300 nm . A  photo lysis tim e of 45 m inutes w as used fo r all 
reactions and the rate of loss of CHCI3 determ ined at 100 , 50 , 25 and 0

%  transm ittance  .
5 To rr anaesthetic  , 1 torr C l2 and 194 to rr 0 2 m ixtures w ere  then

prepared on the  vacuum  line and transfe red  to the  IR reaction  c e l l . 

Photolysis of these  anaesthetic  m ixtures w as carried out fo r the  sam e 

length of tim e , at the sam e w ave leng ths and using the  sam e inc iden t light 

in tensities used in the ch loro form  reaction . From the  above experim ents it 

w as possib le  to de term ine :

(1) the e ffect of light in tensity  on the  rate of loss of the  anaesthetics  

in itiated by reaction w ith  ch lorine ;
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(2) the effect of light in tensity  on the  concen tra tion  of the  ch lo rine  in itia ted 

pho toox idation  products of the  anaesthetics  ;
(3) the  quantum  yield fo r the  loss of the  anaesthe tics  ( O anaes ) a t each of 

the d iffe rent light in tensities :

O a n a e s .  =  R a naes. =  Rate o f lo s s  o f  A naesthe tic  ( m o L d n r 3 .S '1) (3 .2 .3 .6 )  

lA Rate o f lo s s  o f  CHCI3 ( m o l . d n r 3 .s -1)

The rate of loss of CHCI3 in C l2 is essen tia lly  equ iva len t to  the  ra te  of 

fo rm ation  of C2CI6 as O q2C|6 is un ity  . The light in tens ity  fo r our quantum  

yie ld  w ork  w as there fo re  taken  as the rate of loss of CHCI3 .
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3 .2 .3 .7  Product studies

This section of w ork involved an investigation of the  reaction  products  

arising from the photooxidation of the  an aesthetics  using both infrared  

spectroscopy and gas chrom atography .

(a ) Infrared spectroscopy

A large num ber of reaction products w ere  visib le in th e  IR  sp ectra  

of the  photooxidized anaesthetics  . T h e s e  product sp ec tra  w e re  then  

co m pared  with known or standard  spectra to facilitate identification of 

reaction products . S pectra  of C F 20  , C 0 2 and C F 3C O C I w e re  obtained

as follow s . T h e  g ases w e re  transferred  to the vacu um  line from  their 

supplied cylinders and d eg assed  thoroughly . T h e s e  g a se s  w e re  then  

transferred  to an IR  cell and spectra obtained in the region 4 0 0 0  - 6 0 0  crrr

During the photooxidation of the an aesthetics  , H C I w a s  identified  

as a  reaction product from it's characteristic  vibration - rotation spectrum  

in the  region 3 1 0 0  - 2 5 0 0  c m '1. This region of th e  spectrum  identifying HCI 

w a s  expanded  on the  infrared s p e c tro m e te r , to facilitate in terpretation .

(b) Gas Chromatography
M ixtures of 2 0  torr an aesth etic  plus 3 0 0  torr 0 2 w e re  p repared  on

the vacuum  line and transferred  to the reaction c e l l . T h e s e  m ixtures w e re  

subsequently  photolysed for be tw een  60  and 7 5  m inutes, and then  

in jected onto the G C  , operated  using the chrom atograph ic  conditions  

outlined in T a b le  3 .2 .2 .1  . A  pressure surge resulted w h en  operating  with  

th es e  G C  param eters  , therefore  , chrom atographic conditions w e re  

ch ang ed  to those in T a b le  3 .2 .2 .2  . R eaction m ixtures w e re  again
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prepared  as before and after photolysis th es e  m ixtures w e re  injected onto  

the G C  using the injection system  described in F igure 3 .2 .2 .2  .

A lthough products w e re  visible in the ab o ve  G C  /  F ID  w ork , no  

inform ation could be obtained as  to their nature . As it w a s  possib le to  

se p a ra te  th ese  reaction products from the an aesthetics  using gas  

chrom atography , it w as  decided  to carry out G C  /  m ass sp ectrom etry  

w ork on the reacted  gas m ixtures, in an attem pt to facilitate identification  

of th ese  product com ponents . T h e  sam ples w e re  an a lysed  at Loctite  

Ire land Lim ited , to w hom  I am  indebted .

G a s  m ixtures containing 2 0  torr an aesth etic  plus 3 0 0  torr 0 2 w e re

prepared  on the vacuum  line and transferred  to th e  reaction  cell for 

photolysis . R eaction tim es of 60  m inutes for isoflurane and 9 0  m inutes for 

enflurane, w e re  used . T h e  reaction m ixtures w e re  then  tran sferred  to  gas  

tight sam ple  holders with se lf-sealing  rubber se p ta  a ttach ed  for sam p le  

w ith d ra w a l. To  m axim ise the concentration of products in th e  sam p le  

h o ld e r , liquid nitrogen w as used for a  short period of tim e to fre e ze  the  

reaction m ixture com ponents from the sam ple  cell to th e  holders . T h e  

sam ple  holders w e re  covered  with dark cloth to m inim ise further reactions  

during sam ple  t ra n s it .

T h e  instrum ent type and the analysis conditions used are  

sum m arised  in Section 3 .2 .2  (d) of this re p o r t . O n  injection of 50p l of 

sam ple  , total ion current traces  (T IC ) for each reaction m ixture over the  

m ass range 55  - 3 0 0  am u w e re  obtained . T h e s e  traces  indicated the  

num ber of product com ponents present in our reac ted  sam p les  . From  th e  

T IC  traces it w as then possible to fractionate each of th e  reaction m ixture  

com ponents visible in the traces  using an electron im pact source, and  

obtain a m ass spectrum  for each .
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(c) NMR

T h e  final techn ique used in this project invo lved th e  analysis of 

reaction products using proton nuclear m agnetic  reso n an ce  (N M R )  

spectroscopy . N M R  spectra w e re  obtained for both an aesthetics  in the  

d eu tera ted  solvents, d-chloroform  and d -ac e to n e  . Product an a lyses  w e re  

then attem pted  as follow s .

M ixtures of 2 5  torr an aesthetic  and 5 torr 0 2 w e re  p repared  on th e

vacuum  line and transferred  to the IR  reaction cell for photolysis . T h e  

experim ental design outlined in Figure 3 .2 .2 .3  w a s  used in conjunction  

with IR  spectroscopy to m onitor the progress of th e  reaction . At 

photolysis tim es of 105  m inutes for isoflurane and 9 0  m inutes for 

enflurane , IR  sp ectra  indicated considerable quantities of reaction  

products p re s e n t . T h e  reac ted  sam ples w e re  tran sferred  from  th e  IR  

reaction cell to a  sm all g lass "finger" surrounded by liquid nitrogen  

attach ed  to the vacu um  line . T h e s e  products w e re  th en  m ixed with  

d eu tera ted  solvent and the m ixture transfered  to a  high precision N M R  

tube . Useful results w e re  obtained using d -a c e to n e  only, as the oxidation  

products w ere  too polar to dissolve in d-chloroform  . T h e  N M R  instrum ent 

used is described in Section 3 .2 .2  (f) of this r e p o r t . By subtracting the  

pure an aesthetic  N M R  spectra from the reaction m ixture sp ectra  , it w a s  

possible to identify which portion of the reaction m ixture N M R  w a s  due to 

reaction products .
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3.3 Results

T h e  reaction cells w e re  checked for their transm ission characteristics .

T h e  optical w indow s on all cells transm itted ab ove 1 9 0  nm .

U V  /  visible sp ectra  of the anaesthetics , both d e g as se d  and  

saturated  with oxygen are  given in Figures 3 .3 .1 .1  - 3 .3 .1 .4 . T o  establish  

w heth er light w as needed  for reaction to ta ke  p lace, a  m ixture of 2 0  torr 

an aesthetic  and 3 0 0  torr 0 2 w as  prepared  . Th is  m ixture w as  photolysed

for tw o hours in the reaction cell and in jected onto th e  G C  . A sim ilar 

m ixture of 2 0  torr an aesth etic  plus 3 0 0  torr 0 2 w as  left in the  reaction  cell

for tw o hours and then injected . It w as found that no m ea su ab le  loss of 

an aesthetic  took p lace in the ab sence of l ig h t .

O n photolysing 5 torr an aesthetic  in 2 0 0  torr 0 2 with a  Corning 0  -

53 optical filter in p lace (which excluded w ave len g th s  below  2 7 0  n m ) , no 

photolysis took place .

S ince the light source used in this w ork g e n era ted  a significant 

am ount of heat during use , the effect of tem p e ra tu re  on the initiation of 

reaction w as investigated . T h e  tem p era tu re  of th e  reaction cell typically  

reached  17 .5  ± 2°C  prior to photolysis, and rose to 4 0  ± 2°C  after five  

m inutes photolysis . A  m axim um  tem p era tu re  of 4 7  ± 4°C  w as  reach ed  at 

the  longest photolysis tim es used in this w ork . In the  ab sen ce  of U V  

radiation , no significant loss of reactants w as  d e tected  over a  90  m inute  

tim e span at 47  ± 4°C  .

Initial experim ents carried out and fo llow ed by G C  and IR  over short 

photolysis tim es (30 - 6 0  m inutes) on th e  an aesth etics  se em ed  to indicate  

no loss of an aesthetic  w ithout 0 2 p re s e n t . H o w e v e r , Figures 3 .3 .1 .5  -

3.3.1 UV absorption  data  and reaction in itia tion
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Figure 3.3.1.1

U V  /  visible spectrum  of d eg assed  isoflurane .

Figure 3 .3 .1 .2

U V  /  visible spectrum  of oxygen saturated isoflurane .
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3 .3 .1 .3

U V  /  visible spectrum  of d eg assed  enflurane .

Figure 3 .3 .1 .4

U V  /  visible spectrum  of oxygen saturated  en flurane .
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Photolysis Time (minutes)
——  Isoilurane @ 890cm-l — Enilurane ®> 890cm-l

Figure 3 .3 .1 .5
Reaction  profiles obtained for th e  photolysis of 5 torr an aesth etic  in the  
ab sen ce of 0 2 or N 2 . Photolysis w as carried our at 4 7  ± 4 °C at 
w avelengths ab ove 2 0 0  nm .

Photo lysis Time (minutes)

—  Isoflurane @ 890cm-1 — Enf lurane @ 890cm-1

Figure 3 .3 .1 .6
R eaction profiles obtained for the photolysis of 5 torr of the anaesthetics  
in 195 torr N 2 . Photolysis w as carried out at 47  ± 4 °C using w ave lengths  
above 2 0 0  nm .
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3 .3 .1 .6  dem onstra te  the results obtained during the photolysis of 5  torr 

an aesthetic  , first on their own in the reaction  cell and secondly in 

nitrogen at a  total pressure of 2 0 0  torr. It is interesting to note that both  

anaesthetics  exhibit slow  losses over the long tim escales  used  .

3.3.2 Photooxidation  profiles

(a) Infrared spectroscopic monitoring of reaction profiles

Initial w ork involved m onitoring the d e cay  of the  an aesthetics  , plus 

the ap p ea ra n ce  of their reaction product IR  bands over ex tended  

photolysis tim es . T h e  output from the m edium  pressure m ercury lam p  

w as unfiltered in th ese  experim ents . F igures 3 .3 .2 .1  show  th e  absorption  

bands produced during the photolysis of isoflurane in oxygen .

As can be seen  from Figure 3 .3 .2 .1  tw o m ajor carbonyl bands w e re  

initially ev iden t at 1 8 4 0  and 1 9 4 0  c m '1 to g eth er with a  series of sharp  

bands b e tw een  3 1 0 0  and 2 6 0 0  c m '1 . Pro longed photolysis resulted in the  

form ation of a  third carbonyl type band centred  at 2 3 5 0  cm *1 . T h e  

significance of th ese  bands is d iscussed later in this re p o r t , particularly  

with regard  to the elucidation of possible reaction m echan ism s .

Figures 3 .3 .2 .2  shows the IR  absorption bands produced during the  

photolysis of en flu rane in oxygen . T h e s e  sp ectra  d em o n stra te  th e  

production of a  num ber of carbonyl vibrational bands during photolysis (at 

1 8 40  ,1 9 1 0  , and 1 9 4 0  cm '1) . As in the reaction of isoflurane a  further  

band at 2 3 5 0  cm -1 w as  form ed on prolonged irradiation . S h arp  bands  

b etw een  3 1 0 0  and 2 6 0 0  cm -1 w e re  also form ed during the photooxidation  

of enflurane .The  significance of th es e  bands is d iscussed later in this  

re p o r t .
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Figure 3 .3 .2 .1
Photolysis of 5 torr isoflurane plus 2 0 0  torr 0 2 at w ave len g th s  ab o ve  2 0 0
nm and at a tem pera ture  of 47  ± 4 °C . IR spectra w e re  recorded  at (a) t = 
0 , and (b) t = 2 7 0  m inutes .
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Figure 3 .3 .2 .2
Photolysis of 10 torr en flurane plus 100  torr 0 2 at w ave len g th s  ab o ve  2 0 0
nm and at a  tem pera tu re  of 4 7  ± 4 °C . IR  spectra w e re  recorded at (a) 0 , 
(b) 105 and (c) 2 4 0  m inutes .
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Having com pleted  prelim inary IR  investigations into the  

photooxidation of the  anaesthetics, deta iled  reaction profiles w e re  

estab ished, with both the d isap p earan ce  of reactan t an d  the form ation of 

products m onitored (F igures 3 .3 .2 .3  to 3 .3 .2 .8 ) .

Initally 5 torr isoflurane or en flurane w as  photolysed in 19 5  torr 0 2

with the resulting profiles illustrated in F igures 3 .3 .2 .3  an d  3 .3 .2 .4  . T h e  

profile for isoflurane (F igure 3 .3 .9 ) indicates an initial lag tim e at the  

beginning of reaction follow ed by the production of an unknow n carbonyl 

com pound (at 1840  cm -1) plus C F 20  (band at 1 9 4 0  cm -1). Pro longed  

photolysis resulted in the production of C 0 2 , indicated by th e  IR  band at 

2 3 5 0  cm -1 . T h e  photooxidation profile for en flu rane (F igure 3 .3 .2 .4 ) is 

sim ilar to isoflurane in that an induction period is ev ident prior to reaction . 

Also , tw o unknow n carbonyl com pounds plus C F 20  and C 0 2 are

produced . C om m on to both reactions is the noticeab le m axim um  

exhibited with respect to the m ain carbonyl p ro d u c t, w hile  C F 20

production continues to increase with photolysis tim e . T h e  height of the  

sharp bands produced during the photooxidation of th e  an aesthetics  and  

appearing  in the IR  spectra  at w ave lengths  b e tw e en  3 1 0 0  and 2 6 0 0  cm -1 

w e re  not m onitored due to their sm all s ize .

Figures 3 .3 .2 .5  and 3 .3 .2 .6  illustrate the reaction  profiles for 5  torr 

isoflurane or 5 torr en flu rane in 5 torr 0 2 and 190  torr N 2 . T h e s e  profiles

are  very sim ilar to those in 3 .3 .2 .3  and 3 .3 .2 .4  , indicating th e  m inim al 

effect of 0 2 concentrations ab o ve  5 to r r .

Finally , F igures 3 .3 .2 .7  and 3 .3 .2 .8  d em o n stra te  th e  photooxidation  

profiles obtained for the reaction of 25 torr isoflurane and en flu rane , in 5  

torr 0 2 and 170 torr N 2 . N o ticeab le  in th ese  profiles is the  incom plete  

reaction of the  an aesthetics and the tailing off in C F 20  and C 0 2

production . T h e  fact that the  m ain carbonyl product in both photolyses  

started to d ecrea se  , w hile the C F 20  and C 0 2 concentrations levelled off
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but did not f a l l , Indicates that th es e  latter com pounds a re  probably  

seco n d ary  reaction products, possibly resulting from  th e  b reakdo w n of the  

m ain carbonyl p ro d u c ts .
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Figure 3.3.2.3
Photolysis profile  obta ined fo r the  photooxidation  of 5 to rr iso flu rane in 
195 to rr 0 2  at w ave leng ths above 200 nm and at a tem pera tu re  o f 47 ± 4 
°C . The appearance of reaction products is also illustra ted  .
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P roduct «> I940cm -1

Figure 3 .3.2.4
Photolysis profile  obta ined fo r the  photooxidation  of 5 to rr enflurane in 195 
to rr 0 2  a t w ave leng ths above 2 0 0  nm and at a tem pera tu re  of 47 ± 4 °C . 
The appearance of reaction products is a lso illustra ted  .
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Photolysis Time (minutes)

—‘* -  Iso flu rane ® 890cm-1 P roduct @ 2350cm-1
Product ® I940cm -1 - e _  P roduct 9 I830cm -1

Figure 3.3.2.5
Photolysis profile  fo r the  photooxidation of 5 to rr iso flu rane  in 5 to rr 0 2  

and 190 to rr N 2  at w ve leng ths above 2 0 0  nm and at a tem pera tu re  of 47 ± 
4 °C. Reaction product fo rm ation  is also ind ica ted  .

Photolysis Time (minutes)
~ E n f l u r a n e  ® S Ç O c m 3 !4 -  P r o d u c t  e> 2 3 5 0 c m - l ~ ^ -  P r o d u c t  ® 1 9 4 0 c m - l  

—b —  P r o d u c t  9 1 9 1 Û c m - l  P r o d u c t  e> 1 8 4 0 c m - l

Figure 3.3.2.6
Photolysis profile  fo r the photooxidation of 5 to rr en flu rane  in 5 to rr 0 2  and 
190 to rr N2  at w ave leng ths  above 200 nm and at a tem pera tu re  of 47 ± 4 
°C . Reaction product fo rm ation  is also ind icated .
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Photolysis Time (minutes)

—'— lao flu rane 9 8 90cm -l — Product  9 2350cm-1
Product ® 1940cm-1 P roduct 9 1830cm-1

Figure 3.3.2.7
The photooxidation profile  fo r 25 to rr iso flu rane in 5 to rr 0 2  and 170 to rr 
N2  at w ave lengths above  2 0 0  nm and at a tem pe ra tu re  of 47 ± 4 °C . 
Reaction product fo rm ation  is also ind icated .

Photolysis Time (minutes)

'  Enflurane e> 890cm -'H  Product ® 2350cm-1 *  P roduct 9 1930cm-1 
- b -  P roduct 9 I9 0 0 c m -1 -^ -  Product ® 1830cm-1

Figure 3.3.2.8
The photooxidation profile  for 25 to rr enflu rane in 5 to rr 0 2  and 170 to rr N2  

at w ave lengths above 200 nm and at a tem pera tu re  of 47 ± 4 °C . 
Reaction product fo rm ation  is also ind icated .
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(b) Gas Chromatographic monitoring of reaction profiles

To ca lcu late anaesthetic  concen tra tions at each photo lys is  tim e  , 

and to  dem onstra te  the  com plex nature of the  pho toox ida tion  processes 

involved, s tandard curves w ere in itia lly  estab lished  fo r each of the  

anaesthetics using GC . From these  plots , illustra ted  in F igures 3 .3 .2 .9  

and 3.3.2.10 , the photoox idation  profiles fo r iso flu rane  and enflu rane  

w ere  constructed , F igures 3.3.2.11 and 3 .3 .2 .12  . The profiles ob ta ined  

w ere  s im ila r to those  dete rm ined  by IR spectroscopy (F igures 3 .3 .2 .3  and 

3 .3 .2 .4 ), w ith a s im ila r induction period ind ica ted . Furtherm ore  , the  

fo rm ation  of reaction products w as ind icated by the  appearance  o f a peak 

in the  GC traces for both anaesthetic  reaction  m ixtures at long pho to lys is  

tim es . A lthough no in fo rm ation  could be ob ta ined as to  the  nature  of 

these  products using GC /  FID , it did h igh ligh t the  possib le  use fu lness of 

GC /  mass spectrom etry  in th is work.

To dem onstra te  the com plexity  of the  reaction  p rocesses invo lved, 

first order plots w ere constructed using the s tandard  curves and the  

profile  data. These plots , g iven in F igures 3 .3.2.13  and 3 .3 .2 .14  are non

linear as expected.
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Isoflurane Cono. (Torr)

Figure 3.3.2.9
Isoflurane standard curve  in 300 torr 0 2  , de te rm ined  by G C .

Enilurane Conc. (Torr)

Figure 3.3.2.10
Enflurane standard curve in 300 to rr 0 2  , de te rm ined  by G C .
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25

Photolysis Time (minutes)

Figure 3 .3 .2 .11
Photooxidation profile  for 20 to rr iso fiu rane in 300 to rr 0 2  using 
w ave lengths above 200 nm and a tem perature  of 47 ± 4 °C . R eaction 
w as fo llow ed by GC .

Photolysis Time (minutes)

Figure 3.3.2.12
Photooxidation profile  fo r 20 to rr enflurane in 300 to rr 0 2  at w ave leng ths 
above 200 nm and at a tem pera tu re  of 47 ± 4 °C . R eaction w as fo llow ed 
by GC .
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Figure 3 .3.2.13
1 st order plot for the photooxidation  of 2 0  to rr iso flu rane in 300 to rr 0 2  at 
47 ± 4 °C using w ave leng ths above 200 nm .

0 2 4 6 8
PHOTOLYSIS TJME(seconds) (* 1000)

Figure 3.3.2.14
Ist order p lot fo r the pho toox idation  of 20 to rr enflurane in 300 to rr 0 2  a t 47 
± 4 ° c  using w ave leng ths above 200 nm .
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(a) Effect of oxygen concentration

Figures 3.3.3.1 and 3 .3 .3 . 2  , illustra te  the  e ffect w hich  oxygen 

concentration  exerted on the reaction rate of the  anaesthe tics  . For both 

anaesthetics  the  rate of loss observed plus the  concen tra tion  of the  

photooxidation  products rem ained essen tia lly  constan t once the  oxygen 

pressure w as above 5 t o r r . O nly the effect of oxygen concen tra tion  on the 

m ain photoox idation  products w as exam ined and portrayed in F igures

3.3.3.1 and 3.3.3.2  . The reason fo r th is  w as tha t the o ther reaction  

products w ere  present only in sm all concen tra tions at the  reaction  tim es 

used in th is  e x p e r im e n t.

(b) Effect of anaesthetic concentration

Figures 3.3.3.3 and 3.3.3.4  show  the linear re la tionsh ip  betw een 

the  rate of loss of the  anaesthetics , the  levels of the ir pho toox ida tion  

products fo rm ed and the  concentra tion  of the  anaesthetic  added to  the  

initial reaction m ixture.

(c) Effect of total pressure

Figures 3.3.3.5  and 3 .3 .3 . 6  , show  the  e ffect of to ta l p ressure  on the 

rate of loss of both anaesthetics and on the levels of the ir pho toox idation  

products fo rm ed . The  tota l p ressure  of the  reaction m ixture  exerted  little 

e ffect on the  rate of loss of iso flu rane or on the  concentra tion  o f it's 

photoxidation products (F igure 3 .3.3.5). H ow ever, in the pho toox ida tion  of 

enflurane, g rea te r loss of anaesthetic  and m ore reaction products  w ere  

observed at low er to ta l p ressures(F igure  3 .3 .3 .6 ) .  Possib le  exp lanations 

for these observa tions are conta ined in the d iscuss ion  of th is  report.

3.3.3 Effect of reaction param eters  on the p h o toox idation  o f the

anaesthetics
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Figure 3.3.3.1
Effect of oxygen concentration on the  rate of loss of iso flu rane  and on the  
fo rm ation  of it's photooxidation products . Reaction w as carried  out at 47 
± 4°C , at a to ta l pressure of 200 to rr and using w ave leng ths above 200 
nm .
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Figure 3 .3.3.2
Effect of oxygen concentration  on the  rate of loss of enflu rane  and on the  
form ation of it's photooxidation  products . Reaction w as carried  out at 47 
± 4 °C and at a to ta l pressure of 200 to rr using w ave leng ths above 200 
nm .
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Figure 3.3.3.3
Effect o f anaesthe tic  concentration on the  rate of loss of iso flu rane and on 
the rate of fo rm ation  of it's photoox idation  products . R eactions w ere  
carried out at 47 ± 4 °C using w ave leng ths  above 200 nm and at a to ta l 
p ressure of 2 0 0  t o r r .

R
at
e
L
o
s
s

(E-9)
(mol.dm-0.8'

0 1 2 3 4 5 6 7
Anaesthetic Pressure (Torr)

— —  R a t e  L o s s  — P r o d u c t  ® 1 9 1 0  c m - 1

P r o d u c l  @> 1 9 4 0  c m - 1

Figure 3 .3.3.4
Effects of anaesthe tic  concentration on the  rate of loss of enflu rane and 
on the rate of fo rm ation  of it's pho toox ida tion  products . R eactions w ere  
carried out at 47 ± 4 °C at a to ta l p ressure  of 200 to rr and using 
w ave leng ths above 2 0 0  nm .
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Figure 3 .3.3.5
The e ffect of to ta l in itial reaction pressure  on the  rate of loss o f iso flu rane 
and on the  concentra tions of it's pho toox ida tion  products . R eactions w ere  
carried out at 47 ± 4 °C using w ave leng ths above 200 nm .
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Figure 3 .3 .3 . 6

The e ffect of to ta l in itial reaction pressure  on the rate of loss of enflu rane 
and on the concentra tions of it's pho toox idation  products . R eactions w ere  
carried out at 47 ± 4 °C using w ave leng ths above 200 nm .
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(d ) Effect of light intensity

The in tensity  of the  m edium  pressure  m ercury lam p outpu t, inc ident 

on the  reaction m ixtures a ffected  the  loss of anaesthe tics  and  the  

concentra tion  of the ir m ain pho toox ida tion  products in a linea r fash ion  , as 

illustra ted in F igures 3 .3 .3 .7  and 3 .3 .3 .8  .
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Figure 3.3.3.7
Effect of light intensity on the rate of loss of isoflurane and on the levels of 
it's photooxidation products . Reactions were carried out at a temperature
of 47 ± 4 °C , at a total pressure of 200 torr and using wavelengths above 
200 nm .
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Figure 3 .3.3.8
Effect of light intensity on the rate of loss of enflurane and on the levels of 
it's photooxidation products . Reactions were carried out at a temperature 
of 47 ± 4 °C , at a total pressure of 200 torr and using wavelengths above 
200 nm .
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3.3.4  P hotooxidation  of the anaesthetics  in the  p resence of chlorine

As the  reaction of ch lorine atom s w ith the  anaesthe tics  w as though t 

to  be im portant in the  m echanism  of pho toox ida tion  of these  com pounds, 

m olecu lar ch lorine  w as added to the reaction m ixture  p rior to  photo lysis. 

S im ilar reaction products w ere  obta ined at sho rte r pho to lys is  tim es ,

F igure 3.3.4.1 .

To  investigate  the  effect of chlorine a tom s on the  pho toox ida tion  of 

the  anaesthetics, photo lysis w as carried out w ith  and w ithou t ch lorine  

present. The resulting reaction profiles are g iven in F igures 3 .3.4.2  to

3 .3.4.5  . The main observation is tha t the p resence of ch lo rine  g ives rise 

to fu rther reactions w ith no observab le  induction tim e  at the  beg inn ing  of 

photo lysis. A lso as ind icated in F igures 3.3.2.3 to  3 .3 .2 . 8  , and in F igures

3.3.4.3 and 3 .3.4.5  , the  m ain carbonyl product in both iso flu rane and 

enflurane photo lysis reaches a m axim um  and then  s tarts  to  dec line  w ith  
p ro longed photo lysis. H owever, C F20  production  tends  to  stead ily  

increase even at long reaction tim es. This could ind ica te  tha t CF20  m ay 

be a secondary reaction product.

To determ ine the overall im portance of a tom ic  ch lorine  reactions in 

the  observed photooxidation  of the anaesthetics  m ixtures conta in ing  5 to rr 
o f anaesthetics , 1 to rr Cl2  and 194 to rr 0 2  w ere  pho to lysed  in a sm og

cham ber using only the b lack lam ps for photo lysis ( X > 320 n m ) . F igures

3 .3 .4 . 6  and 3.3.4.7 show  the  reaction profiles observed .

Having estab lished tha t a tom ic chlorine reactions w ith  the

anaesthetics w as very im portant in the pho toox idation  m echanism  , the 

quantum  yie ld  fo r the  ch lorine - sensitized reaction of the  anaesthe tics  
w ith  oxygen w as determ ined . The  actinom eter used w as CHCI3  (reaction 

w ith C l2  at w ave leng ths > 300 nm) .
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Figure 3.3.4.1
Infrared d ifference spectrum  obta ined during the  pho to lys is  of 5 to rr 
iso flu rane in 1 torr ch lorine  and 194 torr 0 2  . R eaction w as carried out at 
47 ± 4 °C using w ave leng ths above 200 nm . The spectrum  represents 
the  d ifference betw een a reaction m ixture at 30 and 60 m inutes 
photo lysis.
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Figure 3.3.4.2
The photooxidation  profile  fo r 5 to rr iso flu rane in the  absence of C l2  . 
R eactions w ere carried out in 194 to rr 0 2  at a tem pe ra tu re  of 47 ± 4 °C 
using w ave lengths above 2 0 0  nm .
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Figure 3.3.4.3
The photooxidation  profile  for 5 to rr isoflurane in 1 to rr C l2  and 194 to rr 
0 2. Reaction w as carried out at 47 ± 4 °C using w ave leng ths  above 200 
nm .
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Figure 3 .3.4.4
The photooxidation profile  fo r 5 to rr enflurane in 194 to rr 0 2  in the 
absence of C l2  . Reaction w as carried out at 47 ± 4 °C using w ave lengths 
above 2 0 0  nm .
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Figure 3.3.4.5
The photooxidation p ro file  fo r 5 torr enflurane in 1  to rr C l2  and 194 to rr 0 2. 
R eaction w as carried  out at 47 ± 4 °C using w ave leng ths  above 200 nm.
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Figure 3 .3 .4 . 6

The photooxidation profile  obta ined fo r the reaction o f 5 to rr iso flu rane in 1 
to rr C l2  and 194 to rr 0 2  . Photolysis w as carried out using b lack lam ps (X 
> 320 nm) at a tem pera tu re  of 20 ± 1 °C .
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Figure 3.3.4.7
The photooxidation profile  obta ined for the reaction of 5 to rr enflu rane in 1 
to rr C l2  and 194 to rr 0 2  . Photolysis w as carried out using b lack lam ps (X 
> 320 nm) at a tem pera tu re  of 20 ± 1 °C .
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Prior to estab lish ing  the  quantum  yie lds, s tandard  curves w ere 

determ ined and these are g iven in F igure 3 .3 .4 .8  . F igures 3 .3 .4 .9  to  

3.3.4.11 dem onstra te  the  effect w hich ligh t in tens ity  had on the  loss o f the  
CHCI3  and the anaesthetics. From the resu lts, it w ou ld  appear tha t the

rate of reaction of the  anaesthetics w ith oxygen in ch lorine  ( at 

w ave leng ths > 300 nm) is essentia lly  linearly  dependen t on ligh t in tens ity  

once the reaction has been in itiated. The e ffect of ligh t in tens ity  on the  

concentra tion  of the  m ain carbonyl products is a lso dep ic ted.

F inally , Tab le  3.3.4.1 illustrates the e ffect w h ich  light in tens ity  

exerted on the  quantum  yie ld  (with respect to  the  loss of anaesthe tics) fo r 

the ch lorine atom  in itia ted photooxidation  of the anaesthe tics  at ^ 's  > 300 

nm .

221



(a)

I s o l lu ra n e  C oncn. (Torr) 

—'*— B an d  HI. 9 890om -l

(b)

E n ilu ra n e  c o n e n . CTorr) 

E n ilu r a n e  *  890 cm-1

(C)

C h lo ro fo rm  C onon. (Torr) 

—  CHC13 •  I220crrrt

Figure 3 .3 .4 . 8

Standard curves for (a) iso flu rane @  890 c rrr 1 ,(b) en flu rane  @ 890 cnv 1 

and (c) CHCI3  @ 1220 c rrr1. P lots w ere  estab lished using IR 
spectroscopy.
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Figure 3.3.4.9
The e ffect of light in tensity on the  rate of loss of 5 to rr CHCI3  in 1 to rr C l2  . 
Reaction w as carried out at a tem pera tu re  of 47 ± 4°C and at 
w ave leng ths above 300 nm .
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Figure 3.3.4.10
The e ffect o f light in tensity on the rate of loss of 5 to rr iso flu rane in 1 to rr 
C l2  and 194 to rr 0 2  . Reaction w as carried  out at a tem pera tu re  of 47 ± 
4°C using w ave leng ths above 300 nm .
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Figure 3.3.4.11
The effect of light in tensity on the rate of loss of 5 to rr enflu rane  in 1 to rr 
C l2  and 194 to rr 0 2  . Reaction w as carried  out at a tem pera tu re  of 47 ± 
4°C using w ave leng ths above 300 nm .

In tensit 

V %

A ver age Rate of

(mol d n r 3 s-1'

Loss ®  loss of anaesthet ic

C H C I3 Isofluran

e

Enflurane Isoflu rane Enflurane

0 0 . 2  x 1 0 - 8 0 . 2  x 1 0 - 8 0 1 0

2 5 1 . 1  x 1 0 - 8 0 . 7  x 1 0 - 8 2 . 4  x 1 0 - 8 0 . 6 2

5 0 1 . 6  x 1 0 - 8 0 . 8  x 1 0 - 8 3.3 x 1 0 - 8 0.5 2 . 1

1 0 0 2 . 0  x 1 0 - 8 1 . 4  x 1 0 - 8 4 . 8  x 1 0 - 8 0 . 7 2 . 4

Table 3.3.4.1
The effect of light in tensity on the  quantum  yield fo r the ch lo rine  atom  
in itiated photooxidation  of the anaesthetics  . The chem ical actinom ete r 
em ployed w as the  reaction of CHCI3  w ith  C l2  at X's > 300 nm .
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3.3.5 Product studies

(a) Infrared spectroscopic analyses

From  the IR spectra  given in F igure 3.3.2.1 and 3 .3 .2 .2  and from  

the profiles g iven in Figure 3.3.2.3 to 3 .3 .2 . 8  , it is ev ident tha t a  num ber 

of oxidation products result at d iffe rent s tages during  the  pho to lys is  of 

both iso flu rane and enflurane. The IR absorp tion  spectra  of the  p roducts  

w ere com pared to the standard spectra  in F igures 3.3.5.1 to  3 .3 .5 .4  ,for 

identifica tion. It is a lso evident that HCI w as produced during  the  

photoox idation  of both anaesthetics  (F igure 3.3.5.4).

During the  photo lysis of iso flu rane, tw o  new bands appeared  in the  

carbonyl stre tch ing  region at frequencies o f 1840 and 1940 c m '1. By 

com parison w ith standard spectra  (F igure 3.3.5.1) , the  band at 1940 cm " 1 

w as assigned to  the  product C F 2 0 .  During enflurane  pho toox ida tion , th ree

new bands appeared at 1830 ,1 9 1 0  and 1940 cm ’1. The band at 1940 
cm - 1 w as a ttribu ted  to CF20  production . P ro longed pho to lys is  of both 

anaesthetics  resu lted in the  production  of C 0 2  , iden tifiab le  by its 

stretch ing band at 2350 cm - 1 (F igure 2.3.5.2) .

(b )G as Chromatographic analyses

V ery  little in form ation w as obta ined in re lation to the  identity  of the  

photooxidation  products of the anaesthe tics  using GC /  FID . U sing the  

chrom atograph ic  conditions outlined in Table 3.2.2.1 , p ro longed 

photo lysis resu lted in a product peak, v is ib le  at approx im atley  3 m inutes 

on the G C trace  (F igure 3.3.5.5) . To e lim inate  the p ressure  surge v is ib le  

in F igure 3.3.5.5  , GC conditions w ere  sw itched to those  g iven in Tab le

3.2.2.2 . F igure 3 .3 .5 . 6  shows the  chrom atogram  ach ieved  fo r the  reaction 

products of iso flu rane using these  new  conditions . Because reaction 

products w ere
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Figure 3.3.5.1
IR spectrum  of 4 to rr CF20  in 50 to rr 0 2  using a path length  of 10 cm .

Figure 3.3.S .2 w a v e n u m b e r

IR spectrum  of 10 to rr C 0 2  using a path length  of 10 cm .
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IR spectrum  of 4 to rr CF3COCI using a path length  of 10 cm .
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Figure 3 .3.5.4
IR spectrum  of HCI produced during the reaction of 5 to rr iso flu rane in 5 
to rr 0 2  and 194 to rr N 2  . Reaction w as carried out a t 47 ± 4 °C fo r 150 
m inutes using w ave leng ths above 2 0 0  nm .
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Figure 3.3.5.5
(a) 20 To rr iso flu rane p lus 300 to rr 0 2  photo lysed fo r 90 m inutes and
(b) 20 Torr enflu rane  plus 300 to rr 0 2  photo lysed fo r 75 m inutes . 
Reaction w as carried  out at 47 ± 4 °C using w ave leng ths  above  200 nm . 
Reaction m ixtures w ere  in jected onto the  GC as outlined in F igure 3 .2.2.2  
, using the cond itions outlined in Tab le  3.2.2.1 .
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Figure 3 .3.5.6
20 Torr iso flu rane p lus 300 to rr 0 2  photo lysed fo r 120 m inutes and 
in jected onto the  GC . C hrom atograph ic  cond itions used are those 
outlined in Table  3 .2 .2 .2  . R eaction w as carried ou t at 47 ± 4 °C using 
w ave lengths above 2 0 0  nm .
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vis ib le  using GC /  FID sam ples of the photoox idation  p roducts  fo r both 

anaesthetics w ere sent fo r o ffline  GC / MS exam ina tion  (as outlined in 

Section 3.2.3.7  (b) o f th is report), so that possib le  p roducts  m ight be 

identified  .

The total ion current traces  (TIC) obta ined fo r each o f the 

anaesthetic  reaction m ixtures are given in F igures 3 .3 .5 .7  and 3 .3.5.8 . 

Reaction m ixture com ponents v is ib le  in the TIC traces  w ere  fragm ented 

by e lectron im pact to  g ive the  m ass spectra  in F igures 3 .3 .5 .9  to  3 .3.5.12  .

F igure 3.3.5.10 is the  m ass spectrum  obta ined from  the  

fragm enta tion  of com ponent tw o vis ib le  in the  T IC  trace  fo r the  iso flu rane 

photooxidation reaction m ixture  . Th is spectrum  is ind ica tive  of unreacted 

iso flu rane in the reaction m ixture  :

1 1 5  5 1
/-------  i------

F #H / F
I / 1 / I

F ----C - / - C ------0 - / - C  —  H
1 /  I /
F /  C l  /

 I  J
69  1 1 7

Figure 3 .3.5.9 is the  m ass spectrum  resu lting  from  the  

fragm enta tion  of com ponent one v is ib le  in the  T IC  trace  of the  iso flu rane 
photooxidation  products . Th is spectrum  shows the  p resence  of a CF 3  

group (m/z = 69) , and a C 0 2  m oiety (m/z = 44) in th is  reaction  m ixture

c o m p o n e n t. The m ass range covered in th is  spectrum  is too  sm all for 

definate  identifica tion , h o w e v e r , the mass spectrum  in F igure 3.3.5.9 

m ay be a ttributed to the iso flu rane photooxidation p ro d u c t :
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Figure 3 .3.5.7
The TIC  trace for the  iso flu rane photooxidation reaction  m ixture  . 20 T orr 
iso flu rane plus 300 to rr 0 2  w as photo lysed for 1 hour at 47 ± 4 °C using
w ave leng ths above 2 0 0  nm .

Figure 3 .3 .5 . 8

The TIC trace for the  enflurane  photooxidation m ixture  . 20 to rr enflurane 
plus 300 Torr 0 2  w as photo lysed fo r 1.5 hours at 47 ± 4 °C using 
w ave leng ths above 2 0 0  nm .
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Figure 3 .3.5.9
The m ass spectrum  obta ined from  the fragm enta tion  of the first e luent 
v is ib le  in F igure 3.3.5.7 .

F igure 3 .3.5.10
The m ass spectrum  obta ined from  the fragm enta tion  of the  second e luent 
v is ib le  in F igure 3 .3.5.7 .
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Figure 3.3.5.11
The m ass spectrum  obta ined from  the  fragm enta tion  of the  firs t e luent 
v is ib le  in F igure 3 .3 .5 . 8  .

F igure 3 .3.5.12
The m ass spectrum  obta ined from  the  fragm enta tion  of the  second e luent 
v is ib le  in F igure 3 .3 .5 . 8  .
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The to ta l Ion current trace for the enflurane  reaction  m ixture  (F igure

3 .3 .5 .8 ) a lso ind icated the presence of tw o  com ponents . The m ass

spectrum  of the  first e luent (F igure 3 .3.5.11) y ie lded  very  little  in fo rm ation  
w ith only tw o fragm ents v is ib le  at m/z =40 and 44 . The fragm ent o f m /z =

44 m ay ind ica te  the presence of C 0 2  in th is  reaction  m ixture  c o m p o n e n t. 

The fragm ent of m/z = 40 is a lso v is ib le  in the  m ass spectra  in F igures

3.3.5.9  and 3 .3.5.10  and is probab ly due to  the  use of argon in the  m ass 

s p e c tro m e te r. The second com ponent v is ib le  in the  TIC trace  fo r the 

enflurane reaction  m ixture (F igure 3 .3 .5 .8 ) was fragm ented  to  g ive  the  

m ass spectrum  v is ib le  in F igure 3.3.5.12 . Th is m ass spectrum  can be 

attribu ted to  unreacted enflurane ;

67
t-------

1 1 7  /  5 1
; /  , --------

Y/I / /!
H ??"? i ° l  i

F i F /  /  F
 i _'  '
~67~ / 1 3  3i

_____ i
1 1 7

The m ass spectrum  fo r enflu rane ind icates the  presence of tw o sets 
of isobaric ions (at m/z = 117 and 67) w hich  w ere  not resolved by the

m ass spectrom eter used in these ana lyses . The presence of ch lorine  in 

these tw o fragm ents is ind icated by it’s sa te lite  iso tope  peaks at 69 and
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119 . As the  37CI iso tope occurs in a ra tio  of 1 : 3 to  the  m ain 35CI a tom  it

is usual to  find th is  ratio preserved in the  m ass spectrum  o f ch lorine

conta in ing  com pounds unless that is if an isobaric  ion is a lso p resen t as in

the  above c a s e .

If reso lu tion o f the  isobaric  ions w as to  be ach ieved  an ins trum ent

reso lu tion of 4770 w ou ld  be required fo r the  117 fragm ent and 2740  fo r

the  67 fra g m e n t. These reso lu tion figu res w ere  ca lcu la ted  from  the

expression,
R esolution = m /(m + x) _m

m = A ccu ra te  m ass of the  low er

fra g m e n t, and 

(m + x) = A ccu ra te  m ass of the  h igher

fragm ent
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(c) N M R

Using the procedure outlined in Section 3 .2 .3 .7 (d ) , NM R spectra  

w ere  obta ined fo r the anaesthetics and the ir pho toox ida tion  products 

(F igures 3.3.5.13 to  3.3.5.16) .

The NM R spectrum  for iso flu rane in d -ace tone  (F igure 3 .3.5.13) is 

read ily in te rpre ted  by referring to the structu re  of the  anaesthe tic  :

F  H  F
I I I

f - c - c - o - c - h  
I I I
F  C l  F

Figure 3.3.5.13 show s that the proton N M R  spectrum  fo r iso flu rane in d- 

acetone is com posed of a t r ip le t , w ith a coup ling  constan t of 

approx im ate ly  72 Hz and a quarte t w ith  a coup ling  constan t of 4 Hz . The  

cause of the  coup ling  is the NMR active  fluo rines . The large coupling 

constant in the  trip le t is due to the tw o fluo rines on the sam e carbon  as 
the hydrogen in the  C F2H group couples w ith  the  hydrogen atom  on the

adjacent carbon.

The N M R  fo r enflurane in d -acetone  can a lso be in te rpre ted  from  

it's s tructure  w hich  appears at the top of th is  page . F igure 3 .3.5.15  show s 

the NMR consisting  of w ha t appears to be 3 sets of trip le ts . The  pa ir of 

trip lets at 6 . 6  and 6.7 ppm are due to  coupling  of the  hydrogen in the  

term inal CFCIH group . Th is hydrogen is coup led by the  fluo rine  on the  

sam e carbon g iv ing  rise to a double t w ith  a la rge coupling  constan t (46 

H z ).
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Figure 3 .3.5.13
The room tem pera tu re  proton NM R spectrum  fo r iso flu rane  in d -acetone  .
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Figure 3 .3.5.14
The room tem pera tu re  proton NM R spectrum  fo r an iso flu rane 
photooxidation  m ixture in d -acetone . The  reaction m ixture w as obta ined 
by the photo lysis of 25 to rr iso flu rane in 5 to rr 0 2  fo r 105 m inutes at 47 ± 
4 °C using w ave leng ths above 200 nm .
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Figure 3 .3 .5 .15

The room  tem pera tu re  proton NM R spectrum  of enflu rane  in d -acetone
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Figure 3 .3 .5 .16
The room  tem pera tu re  proton NM R spectrum  fo r an enfiurane  
photoox idation  m ixture in d -acetone  . The  reaction m ixture  w as obta ined 
by the pho to lys is  o f 25 to rr enfiu rane in 5 to rr 0 2  fo r 90 m inutes at 47 ± 4 
°C using w ave leng ths above 200 nm .
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Th is  double t is then split to  form  tw o  trip le ts  by the  tw o  fluo rine  a tom s on 

the  ad jacent carbon . Th is coupling is sm all (4.5 Hz) as the  fluo rines  are 

one carbon rem oved from  the hydrogen . The rem ain ing  trip le t w ith  the  

large coupling constant (69 Hz), is s im ila r to  tha t in iso flu rane  and is due 
to  the  coupling of the  hydrogen in th e -C F 2H group  by the  tw o  fluo rine

a to m s .

The NM R spectrum  of the  pho toox idation  p roducts  of iso flu rane  

g iven in F igure 3.3.5.14 , show s on ly  one extra  fea ture  to  the  pure 

spectrum  . As w ith the pure spectrum  , unreacted iso flu rane  is identifiab le  

by the  quarte t at approx im ate ly  6 .95 ppm  , and the  trip le t at 7 .2, 7 .0, and 

6.85 ppm  . However, an extra  trip le t is noticeable  at h igher frequency  (ca.

7.5 to  7.8 ppm) w ith the sam e coupling constant (ca. 69 H z)as tha t fo r the  
CF2H group in the pure sam ple  of anaesthe tic  . Th is trip le t can be 

assigned to  an iso flu rane pho toox ida tion  p roduct conta in ing  a - C F 2H

group . Furtherm ore  th is product m ay conta in  a num ber of oxygen atom s 
ad jacent to  th is — C F2H group, resu lting  in a high degree  of sh ie ld ing  thus

g iv ing rise to  the  trip le t occuring at a high frequency .

F igure 3.3.5.16 show s the  NM R of the p roducts  from  the 

photoox idation  of enflurane . As w ith iso flu rane an extra  trip le t is v is ib le , 
again w ith  a coupling constant correspond ing  to tha t of a —C F2H group

(ca. 69 H z ) . H o w e v e r, s ince th is  trip le t is not sh ifted  to  a h igher 

frequency , it w ou ld  appear tha t the  product conta ins few er sh ie ld ing  
oxygen a tom s adjacent to the —C F2H m oiety than in the  p roduct fo rm ed

during the  photooxidation  of iso flu rane .
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3.4 D iscussion

Photo lysis of iso flu rane (CF 3 C H C IO C F 2 H) in the  presence  of

oxygen at w ave leng ths above 200 nm yie lded HCI (3000 - 2600 cm*1) , 
C F20  (1940 c n r 1) , C 0 2  (2350 c m '1) , and CF 3 C O O C F 2H (1840 c m '1) .

The fo rm ation  of these products w as ra tiona lised  in te rm s of the  fo llow ing  

reaction m echanism  :

CF 3 C H C IO C F2H
0

hv ■> Cl- + C F 3 C H O C F 2H
n J ^ (3.4.1)

X< 236 m
CF 3 C H O C F2H + 0 2 ■> c f 3 c o o c f 2h  + h ô 2 (3.4.2)

CF 3 C O O C F2H + 0 2
hv ■> c f 2on e- (3.4.3)\ > 3 2 0  mi

CF 3 C O O C F2H X > 320 nm■> c f 3c ô  + 6 c f 2hI J * (3.4.4)

o c f 2h  + 0 2 ■> c f 2o (3.4.5)

CF 3CO + 0 2 -> c f 2o (3.4.6)

CF 3 C O O C F2H __hV__ ■> c f 3c o ô  + c f 2h (3.4.7)
X > 320 nm

CF 3CO O  + 0 2 ■> c f 2o (3.4.8)

c f 2h  + 0 2 -> c f 2o (3.4.9)

CF 2 0  + 0 2
hV ■> c o 2 (3.4.10)

C l- + C F 3 C H C IO C F2H ..............-> HCI + c f 3 c c i o c f 2h (3.4.11)

CF 3 C C IO C F2H + 0 2 -> C F 3 C 0 2 C IO CF2H (3.4.12)

2CF 3 C 0 2 C IO C F2H -> 2C F 3 C O C IO C F2H + 0 2 (3.4.13)

c f 3 c ô c i o c f 2h ■> C F 3 C O O C F2H + Cl- (3.4.14)

The reaction sum m arised by m echanism  3.4.3  is com plex and m ay 

proceed by one of tw o routes , 3.4.4 to  3.4.6 or 3 .4 .7  to  3.4.9 .
S im ilarly  photo lysis of enflu rane  (C FC IH C F 2 O C F 2 H) In the

presence of oxygen at w ave leng ths above 200 nm yie lded  HCI (3000 to 
2600 cm -1) , C F20  (1940 c n r1) , C 0 2  (2350 c m '1) and , C FO C F 2 O C F2H
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(1910 c rr r1) . The fo rm ation  of the products observed can be ra tiona lised  

in te rm s of the  fo llow ing reaction m echanism  :

C FC IH C F 2 O C F2H x< 2" ^ r i in > C I‘ + H F 0 C F 2 O C F2H (3.4.15)
H FC C F 2 O C F2H + 0 2  ..............> FO C C F 2 O C F2H + H 0 2  (3 .4.16)

O FC C F 2 O C F2H + 0 2  CF20  (3.4.17)

O FC C F 2 O C F2H ..............> O FC F2C + 0 C F 2H (3.4.18)
* * X < 320 nm * d '

6 CF2H + 0 2  ..............> C F 20  (3.4.19)

O FC F2C + 0 2  ..............> C F20  (3.4.20)

O FC C F 2 O C F2H „ —' - >  0 F C C F 20  + C F2H (3.4.21)
 ̂ * X < 320 nm * d v '

O FC C F20  + 0 2 - ............ > CF20  (3.4.22)

CF2H + 0 2  ..........— > C F20  (3.4.23)

C F20  + 0 2  C 0 2  (3 .4.24)

Cl- + C FC IH C F 2 O C F2H — HCI  + C IFC C F 2 O C F2H (3.4.25)

C IFC C F 2 O C F2H + 0 2  ------------> C IF 0 2 C C F 2 O C F2H (3.4.26)

2 C IF 0 2 C C F 2 0 C F 2H ..............> 2 C IF 0 C C F 2 O C F2H + 0 2  (3 .4.27)

C IFO C C F 2 O C F2H ..............> O F C C F 2 O C F2H + Cl- (3 .4.28)

The reaction sum m arised in m echanism  3 .4.17 is com plex and m ay 

proceed by one of tw o routes , 3 .4.18 to  3 .4.20 or 3.4.21 to 3 .4 .23  .

The UV /  v is ib le  spectra  obta ined fo r sam ples of the degassed  

liqu id anaesthetics  are shown in F igures 3.3.1.1 and 3.3.1.3 . Iso flu rane 

absorp tion  takes place at w ave leng ths less than  236 nm and enflu rane  

below  222 nm . A bsorption m axim a for both anaesthetics  are though t to  

be due to C l  > Rydberg trans itions [24] .

F igures 3 .3.1.2  and 3.3.1.4 g ive the  absorp tion  spectra  of the  

oxygen satura ted  anaesthetics  . No d iffe rence w as observed betw een the  

UV /  v is ib le  spectra  fo r degassed iso flu rane and an oxygen satura ted  

sam ple , i . e . , no absorption w as observed above 236 nm . H o w e v e r ,
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oxygen satura ted  enflurane absorbed be low  228 nm w hile  the  degassed  

sam ple absorbed only below 222 nm . Th is shift in absorp tion  m ay be due 

to the fo rm ation  of a charge - transfe r com plex betw een m olecu lar oxygen
(0 2) and the  oxygen atom in the e ther link of enflu rane :

O o
C l  F  H

H — C -------C — O ------ C

Such a gas phase charge - transfe r com plex is not w ithout p re c e d e n t. 

W ang [2 2 ] ,  d iscussed the fo rm ation  of a gas phase charge - trans fe r 

m echanism  during  the photoox idation  of te trahydro fu ran  . It is possib le  

tha t the  fo rm ation  of a charge - trans fe r com plex betw een m olecu lar 

oxygen and the  e ther oxygen in iso flu rane is h indered due to  the  

presence of the  chlorine atom  on the a  - carbon to the  e ther link  . Th is  

chlorine atom  m ay w ithdraw  e lectron density  from  the  e ther oxygen  thus 

reducing it's ab ility  to transfer e lectron density  to m olecu lar oxygen . 

A lte rna tive ly  the  chlorine atom  in iso flu rane may ste rlca lly  h inder the  

form ation of the  charge - transfe r com plex .

A lthough  the in tensity of output from  the m edium  pressure  m ercury 

lam p is low  below  240 nm (in the region w here  both anaesthetics  have 

m axim um  a b s o rp tio n ), tail end absorp tion  by e thers has been 

dem onstra ted  as being an im portan t process in the ir pho toox idation  [2 2 ] . 

P re lim inary UV experim ents show ed tha t the anaesthetics  could absorb  

light of su ffic ien t energy to cause C - Cl bond breakage , and tha t a 

charge - trans fe r m echanism  m ight a lso occur during enflurane 

photoox idation  .
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For m ixtures of anaesthetics  plus 0 2  and N 2  , no dark  reactions 

even at tem pera tu res up to 47 ± 4 °C w ere  observed . Furtherm ore  no 

reaction occurred  w hen gas m ixtures w ere  irrad ia ted  at w ave leng ths  

above 270 nm (radiation w as a ttenuated by use of a C orn ing  0 -53  optica l 

f i l te r ) .

Photo lys is of the anaesthetics  at w ave leng ths as low  as 200 nm in 

the  absence of oxygen led to  s low  decom position  ove r the  tim esca les  of 

our experim ents (F igures 3 .3.15 and 3.3.16) . The  s low  ra te  of reaction 

observed m ay be due to the  low  in tens ity  output from  the  m edium  

pressure m ercury lam p below  230 nm , and also due to  the  lack  of oxygen 

fo r reaction propagation . A  s lightly  faster loss of iso flu rane  than  enflurane 

w as also ind icated in F igure 3 .3.15 and 3.3.16 . Th is m ay be accoun ted  

for by the  absorp tion  by iso flu rane of longer w ave leng ths  than  en flu rane  .

The results from  the  initial photoox idation  s tud ies  fo llow ed  by IR 

spectroscopy are g iven in F igures 3.3.2.1 and 3 .3 .2 .2  . The reaction  of 

iso flu rane (F igure 3.3.2.1) resulted in the fo rm ation  of fou r p roducts  , 

ind icated by the appearance of IR bands at 3000 - 2600 , 2350 , 1940 and 

1840 cm - 1 . The bands from  3000 - 2600 c n r 1 w ere  ass igned  to  the 

v ib ra tion  - ro tation spectrum  [26] fo r HCI (F igure 3 .3 .5 .4 ). The  band at 
2350 cm ' 1 w as due to the fo rm ation  of C 0 2  and w as identified  by 

com parison w ith a pure spectrum  of C 0 2  (F igure 3 .3 .5 .2 ) . The strong 

band at approx im ate ly  1940 cm - 1 w as a ttribu ted to C F20  fo rm ation  and 

th is w as confirm ed by com parison w ith a standard  spectrum  (F igure

3.3.5.1) . Reaction of iso flu rane yie lded a product identified  by an IR band 

at approx im ate ly  1840 cm - 1 . Th is  product rem ained un identified  at th is 

stage but the  IR band produced w as thought to have been due to  a 

carbonyl g roup  w ith in  th is  p ro d u c t.

The photooxidation  of enflu rane  w as also m on ito red by IR 

spectroscopy . Typica l spectra  obta ined during photo lys is  are show n in
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Figure 3.3.2.2  . Product bands at 3000 - 2600 , 2350 , 1940 , 1910 , and 

1840 cm -1 w ere  form ed during reaction . As in the  pho toox ida tion  of 

iso flu rane the bands at 3000 - 2600 , 2350 , and 1940 cm - 1 w ere  assigned 
to the products , HCI , C 0 2  , C F20  respective ly  . The  photoox idation

products identified  by the IR bands at 1910 and 1840 cm ’ 1 a re ind icative  

of tw o carbonyl conta in ing com pounds .

There fo re  at th is early stage of ana lysis , resu lts  ind ica ted tha t the 

photoox idation  of the  anaesthetics could be sum m arised  as fo llow s :

(a) Isoflurane

h  H n
I I ° 2 C F20  + HCI + C 0 2  + U nknow nF —  C —  C —  O  C —  F  ---------------------------- ►

p Cl p 23 6 nm

(b) Enflurane
C l  F  H
I I I  ° 2

h— c — c — o— c — f  —  —  ► CF20  + HCI + C 0 2  + 2 x U nknow nsI I I k <  228nxn ^ *■
F F f  ( 2 2 2 nm)

Having com pleted  pre lim inary product ana lysis using  IR spectroscopy , 

m ore de ta iled  photoox idation  profiles fo r the anaesthe tics  w ere  

determ ined (F igures 3.3.2.3 to 3 .3 .2 .8 ) .  These pro files conta in  

in form ation perta in ing to the loss of anaesthetics  and the  appearance  of 

the  various pho toox idation  products .

F igures 3.3.2.3 and 3.3.2.4  show  the p ro files obta ined during  the 
photooxidation  of 5 to rr anaesthetic  in 195 to rr 0 2  . A num ber of

observa tions w ere  m ade w hich w ere  helpful in e luc ida ting  the  

photooxidation  m echanism  for the anaesthetics  . F irstly the breakdow n of 

the anaesthetics  w as preceded by an in itiation period , a tim e during 

which very little  loss of the anaesthetics  w as observed . As sta ted  earlie r 

[2 2 ] ,  ta il end absorption by the  anaesthetics m ay resu lt in Cl - Rydberg
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trans itions [2 4 ]. Th is absorption process m ay then  resu lt in the  breaking  

of the  carbon ch lorine bond w ith the main reaction  then  fo llow ing  a route 

w hereby the  chlorine a tom s abstract H - a tom s from  the  parent m olecu le  . 

In C hapter tw o , the rate constan t fo r the  reaction of ch lorine  a tom s w ith  

iso flu rane  and enflurane w as determ ined to be < 0 . 1  x 1 0 ' 1 1  cm 3 m olecule- 

V  . Th is  long reaction tim e results from  the  few  abstractab le  hydrogens 

present in these  com pounds and the high degree  of h indrance  caused  by 

the  halogens in the anaesthetic  m olecule  [3 ] .  Th is  s low  reaction  rate 

coupled w ith  the need to firs t produce Cl a tom s fo r reaction  m ay be 

responsib le  for the observed lag tim e (F igures 3 .3 .2 .3  - 3 .3 .2 .8 ) . The use 

of a light source  em itting m ore strong ly be low  2 2 0  nm m ight reduce th is  

in itia tion period by increasing the concentra tion  o f Cl a tom s m ore rap id ly  .

During the  photo lysis of iso flu rane the firs t of the  reaction  products 

observed (F igures 3.3.2.3 , 3 .3.2.5  , 3 .3.2.7) w as the  unknow n carbonyl 
conta in ing  com pound identified  by it's IR band at 1840 cm ' 1 and C F20  by

it's - C = O stretch ing frequency at 1940 cm - 1 . A s the  pho toox ida tion  of 

iso flu rane proceeded , the concentra tion  of the  unknow n carbonyl 
reached a m axim um  w hile  C F20  levels continued to  increase  . Th is  m ay

be due to  the fact tha t the unknow n carbonyl conta in ing  p roduct w as a 

prim ary product and during the course  of the reaction  , th is  product 
underw ent pho todecom position  to form  CF20  . M any fluo rocarbons 

undergo photooxidation to  C F20  [2 7 ] .  F igure 3.3.2.3  a lso ind ica tes tha t 

C 0 2  production only com m enced after pro longed photo lysis . C 0 2  is 

known to be form ed from  the oxidation of CF20  [28] and it is there fo re  

probab le  that the  source of C 0 2  in these  reactions w as so le ly  from  C F20  

oxidation . As C 0 2 w as though t to  be a secondary reaction  p ro d u c t, th is  

w ou ld  expla in  it's late appearance in the reaction m ixture  (F igure 3 .3 .2 .4 ).

The photooxidation  of enflu rane show s a s im ila r induction  period at 

the  onset of photo lysis . H owever, unlike iso flu rane a s ing le  unknow n
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carbonyl conta in ing product characterised  by its IR s tre tch ing  frequency  at 

1910 cm ' 1 was form ed f i r s t . Th is is also ind ica ted  in F igures 3 .3 .2 . 6  and 

3 .3 .2 . 8  . The product fo rm ed exh ib ited a m axim um  concen tra tion  during  

reaction in a m anner s im ila r to  the  unknow n p roduct fo rm ed during  the  
reaction of iso flu rane . H o w e v e r, CF20  levels con tinued  to  increase  . It

m ay be tha t the  unknow n carbonyl (at 1910 cm"1) is subsequently  broken 
dow n to  form  CF20  as a secondary reaction p ro d u c t. As in the  case of 

iso flu rane , enflurane photoox idation  leads to the  fo rm a tion  of C 0 2  at 

p ro longed photo lysis tim es , (F igure 3.3.2.4  , 3 .3 .2 . 6  and 3 .3 .2 .8 ) . 

Enflurane photooxidation  also resulted in the fo rm ation  of a seem ing ly  

m inor reaction product characterised  by it's IR s tre tch ing  frequency at 

1840 cm - 1 . Th is product is only fo rm ed after the  appearance  of the  m ain 

carbonyl product and is possib ly  a secondary reaction  p roduct resu lting  

from  the  breakdow n of the  unknow n prim ary p ro d u c t.

O xygen concentra tion  had no v is ib le  e ffect on the  pho toox ida tion  of 

the anaesthetics as evidenced by the s im ila rity  betw een the  reaction  

profiles in F igures 3.3.2.3 to  3 .3 .2 . 6  ( the to ta l in itia l reaction  pressure  w as 

the  sam e i.e., 200 torr) . Later experim ents de ta iling  the  e ffect of oxygen 

concentra tions on the rate of loss of the  anaesthe tics  (F igures 3.3.3.1 to

3.3.3.2) supported these observa tions .

The  photooxidation  profiles in F igures 3 .3 .2 .7  and 3 .3.2.8  d iffe r 

s ligh tly  but s ign ifican tly  from  those  in F igures 3 .3.2.3- 3 .3.2.6  . In these  

reaction profiles a large concentra tion  of anaesthe tic  re la tive  to  oxygen 
w as used . This resu lted in a levelling off in C F20  and C 0 2  p roduction

coupled  w ith  incom plete  reaction of the anaesthetics  . These  reactions 

w ere  helpful in estab lish ing  w he the r o ther m inor p roducts  w ere  present 

and unseen in the previous reactions w hen sm a lle r concen tra tions of 

anaesthe tic  w ere reacted .
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Having used IR spectroscopy to estab lish  the  pho toox ida tion  

profiles fo r the anaesthetics  , s im ila r w ork w as carried  out w ith gas 

chrom atography used to fo llow  the progress of the  reaction  . To  de te rm ine  

anaesthetic  concen tra tions at each photo lysis  tim e  , s tandard  curves w ere  

prepared and these are show n in Figures 3 .3 .2 .9  and 3 .3 .2 .10  . H igh 

corre la tion  coeffic ien ts and low  in tercepts w ere  ob ta ined  over the  

concentration  ranges stud ied  . These standard  curves a lso illustra te  the  

accuracy of the  procedure  used for the  p repara tion  of gas m ixtures on the  

vacuum  line , and the  repeatab ility  of the  GC in jection  appara tus  outlined 

in F igure 3.2.2.2 .

From these standard  curves the pho toox ida tion  profiles w ere  

constructed as show n in F igures 3.3.2.11 and 3 .3 .2 .12  . These profiles 

are s im ila r to the ir IR counterparts  , w ith the  induction  period again 

ind icated at the  begin ing of the  reaction . The use o f G C w ith a flam e 

ion isa tion  detector lim ited the num ber of reaction p roducts  de te rm ined  . 
C F20  w as broken dow n on the  colum n to C 0 2  [29] and as C 0 2  is

com ple te ly  oxid ised it e lic ited no response from  the flam e ion isa tion  

d e te c to r . How ever a product w as observed during  the  pho toox ida tion  of 

the anaesthetics  as is ind ica ted  in Figures 3.3.2.11 and 3 .3.2.12  . These 

products m ay be the unknow n carbonyl conta in ing  com pounds observed 

in the IR profiles . C om ple te  breakdow n of iso flu rane  w as a lso noticeable  

by GC unlike the IR s tudy . Th is d ifference is m ost like ly due to the 

d iffe rences in sensitiv ity  betw een the tw o  ana lytica l techn iques .

To illustrate the com plex nature of these  gas phase pho toox idation  

reactions it w as decided to dem onstra te  the non firs t o rder con fo rm ity  of 

these processes . P lotting the  1st order rate exp ress ion  gave the  non 

linear plots in F igures 3.3.2.13 and 3.3.2.14 .

To gain m ore in fo rm ation  as to the pho toox ida tion  m echan ism s 

involved , the e ffects of the  various reaction param eters on the  loss of the
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anaesthetics and on the  form ation of reaction p roducts  w as investiga ted  , 

F igures 3.3.3.1 to  3 .3 .3 . 6  .

F igures 3.3.3.1 and 3 .3.3.2  illustra te  the  e ffects  of oxygen 

concentra tion  on the  photooxidation  of the  anaesthe tics  . S im ila r trends 

w ere  observed in the  photo lysis  of both iso flu rane  and enflurane  . A t low  

oxygen concen tra tions an a lm ost linear re la tionsh ip  existed  betw een the 

rate of loss of the  anaesthetics and oxygen concen tra tion  . A bove  an 

oxygen concentra tion  of approx im ate ly  5 to rr the  ra te  of loss of the  

anaesthetics  and the  concentration  of reaction  p roducts  s tab ilised  . S ince 

5 to rr anaesthetic  w as reacted in this s tudy , it w ou ld  appear tha t a 

m in im um  concentra tion  of oxygen equal to tha t of the  anaesthe tic  is 

required for m axim um  loss of anaesthetic  to take p lace . Th is  observa tion  

is not im portant in the  s tra tosphere  w here  large leve ls  of oxygen are 

p re s e n t. There fore  the  rate of breakdow n of the  sm all levels of these 

anaesthetics  w hich are expected to  reach the  s tra tosphere  [3] w ill not be 

lim ited by oxygen concen tra tions . F igures 3.3.3.1 and 3 .3.3.2  w hen 

view ed in con junction w ith F igures 3.3.2.7  and 3 .3 .2 . 8  illustra te  the  need 

fo r oxygen in the  photoox idation  process , fo r the  breakdow n of the 

anaesthetics  and the  fo rm ation  of reaction p roducts  .

The effect of anaesthetic  concentra tion  on the  rate of loss of these  

com pounds and on the  concentrations of the ir m ain  pho toox ida tion  

products is illustra ted in F igures 3.3.3.3. and 3 .3 .3 .4  . As expected  , as 

the  concentration  of the  anaesthetics  w as increased  the  rate of loss a lso 

increased , as d id the  levels of the pho toox ida tion  products . These 

observations are consisten t w ith the fundam enta l ra te  express ion  :

- d [Anaesthetic ] = k r [A naesthe tic ] 11 

dt
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w here  ;
n = order o f reaction ,
kr = rate loss of ananesthetic  ,
[anaesthetic] = anaesthe tic  concen tra tion  .

The results p resented in Figures 3 .3.3.5  and 3.3.3.6  dem onstra te  

the  e ffects w hich the in itia l reaction m ixture  pressure  exh ib ited  on the  rate 

of loss of the anaesthetics  and on the levels of th e ir m ain oxida tion  

products . Isoflurane reaction varies little over the  pressure  range s tud ied  

in th is  w ork (55 to  205 torr) . Th is w ou ld  ind ica te  tha t th ird  body 

contribu tions from  the  n itrogen d iluent gas w ere  not s ign ifican t in the  

photooxidation  of iso flu rane. On the o ther hand , the  exten t o f en flu rane  

photooxidation  w as a ffected by the total p ressure  . F igure 3.3.3.6  

dem onstra tes tha t at low  reaction m ixture p ressures the  rate of loss of 

enflurane and consequently  the levels of it's pho toox ida tion  products , 

w ere g rea ter than at h igher pressures . The n itrogen d iluen t gas m ay 

there fo re  be acting as a th ird  body in the  reaction m echanism  , causing  a 

reduction in the energy of reactive in te rm ed ia tes by co llis ion  , thus 

reducing the  num ber of these  in te rm ed iates w hich eventua lly  form  

products . Further w ork  over an extended pressure  range , i.e. from  1 to  

760 to rr w ould  be useful fo r extending our labora tory  data  to  possib le  

photooxidation  processes in the a tm osphere  .

F igures 3 .3.3.7  and 3 .3 .3 . 8  dem onstra te  the  linear re la tionsh ip  

w hich w as exh ib ited betw een the in tensity  of the  ligh t energy inc iden t on 

the reaction m ixtures and the  subsequent pho toox ida tion  of the  

anaesthetics . As the  in tensity  of light decreased  , so a lso d id the  ra te  of 

reaction w hich  is consisten t w ith the proposed C - Cl bond breakage 

m echanism  . W hen the  in tensity  of the light w as reduced , the energy 

supplied to the  reaction m ixture w as also decreased , thus the  exten t of
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photooxidation observed w as sim ilarity reduced . The in tensity  of rad ia tion 

above 200 nm in the  s tra tosphere  is very high [26] and a fas te r ra te  of 

photooxidation fo r the anaesthetics in th is region of the a tm osphere  w ou ld  

be expected than w as observed in th is labora to ry  s tudy .

The data  portrayed in Figures 3.3.3.1 to  3 .3 .3 .8  are usefu l fo r 

exam in ing the im portance  of photooxidation as a  loss process fo r the 

anaesthetics at d iffe rent levels w ith in  the various reg ions of the 

s tra tosphere .

From experim enta l observations thus fa r the  fo llow ing  reaction routes 

w ere thought to be involved as initial steps in the  pho toox ida tion  of 

iso flu rane and enflu rane  :

( a )  I s o f l u r a n e :
Further j ?  
Reaction

On
F H F  F  F  x ' ”
I I I h y  I . I

F —  C —  C —  O —  C —  H —-------------------►  F  —  C —  C —  O —  C —  H + C l
| |  | X <  236 nm | | |
F  C l  F  F  H F

F H FI I I
’C l  + F - C - C - O - C - Hi l l

F C l  F

Further
Reaction

02
F H Fl I l

F - C - C - O - C -I I i
F C l  F

+ HCI

F Fl . l
F - C - C - O - O - H  + HCI l i i

F C l  F

Further ^
Reaction
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( b )  E n f l u r a n e

c i

H —  C —  C —  0  —  C —  F

H

h V
A, <222nm

F Fl l
H - C - C - O - C - F  +I I

F F
I
H

C i

C l  F F
I I I

C l  +  H— C— C —  0 — C —  F
I I I
F F H

[M]

Cl F F
I I I

H - C - C - O - C - F  +  H C I

Further
Reaction

C l F Fl l I
. C - C - O - C - F  + HCI I I I

F F H

\^°2
\

Further
Reaction

02 Further
Reaction

As the reaction of ch lorine atom s w ith the  anaesthe tics  w as thought 

to  be im portant in th e ir photooxidation m echanism  , s tud ies w ere  carried 

out in the  presence of ch lorine atom s . Initial experim enta l resu lts show n 

in Figure 3.3.4.1 re in forced the idea that ch lorine  w as  im portan t in the 

photooxidation m echan ism  . S im ilar reaction p roducts  w ere  obta ined 

w hen chlorine a tom s w ere  added to the reaction m ixture  and reaction 

proceeded m ore rap id ly  w ith no induction period . M ore deta iled  profile  

studies illustrated in F igures 3 .3.4.2 - 3 .3.4.5  con firm ed  the  im portance of 

chlorine atom s in the  photooxidation  m echan ism s fo r iso flu rane and 

enflurane . W hen ch lorine  atom s w ere  added to  the  reaction m ixture , the 

induction period at the  beginning of photo lysis w as not e v id e n t. Thus it 

w ould appear tha t the  in itia tion tim e observed in the  absence of chlorine 

atom s is due to a build  up of ch lorine atom s from  the  breaking of the  C -
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Cl bond w ith in  the  anaesthetics . There fo re  , the  rate de te rm in ing  s tep  in 

the  photoox idation  of the anaesthetics is the in itia l b reaking  of the  C - Cl 

bond . O nce a certa in  concentration of ch lorine  a tom s w ere  p roduced  , 

these atom s can fu rther re a c t , abstracting hydrogen from  the  parent 

com pound . The fo rm ation  of s im ila r reaction  products  w ith  and w ithou t Cl 

a tom s added confirm ed the im portance of these  a tom s in the  overall 

photooxidation  m echanism  for the anaesthe tics  . Such a ch lorine  - 

sensitised photoox idation  process w as observed by N elson et al [30] in 

the photoox idation  of m ethylch loro form  .

To determ ine the im portance of a tom ic ch lo rine  in the overall 

photooxidation  m echanism  for the anaesthe tics  , gas m ixtures w ere  

irrad iated using the output from  5 b lack lam ps (Ph ilips TL 2 0 W /0 8 ) . As 

these lam ps em it radia tion above 320 nm , bond breakage  w ith in  the  

anaesthetics w as not possible . There fo re  the only source  of ch lorine  

atom s in these reaction m ixtures resulted from  the  pho todecom position  of 

m olecular ch lorine  added to the  reaction m ixture  . The resu lting  pro files 

show n in F igures 3 .3 .4 . 6  and 3.3 4.7 show  tha t pho toox ida tion  of the  

anaesthetic  com m enced im m ed ia te ly  a fte r irrad ia tion  had begun . S im ilar 

fast reaction in itia tion is illustrated in F igures 3 .3.4.3 and 3 .3.4.5  . The  

chlorine - sensitised  photooxidation profile  for iso flu rane show n in Figure 

3 .3 .4 . 6  w as s im ila r to tha t observed w hen using the  m edium  pressure  

m ercury lam p fo r photo lysis (F igure 3.3.4.3) . H o w e v e r, w hen  using 
w ave lengths above 320 nm the  concentra tion  of C F20  p roduced w as

reduced . The use of the higher w ave length  (low er energy) b lack lam ps 
resulted in no C F20  production during the  pho toox ida tion  of en flu rane  . 

This w ou ld  ind icate  tha t the  C F20  produced during  the pho toox ida tion  of 

enflurane w as fo rm ed entire ly from  the  pho todecom position  o f som e 

reaction m ixture com ponent. Th is pho todecom position  m echan ism  w ou ld  
also seem  to  be an im portant route fo r the  production  of C F20  during the
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photooxidation  of iso flu rane , how ever less energe tic  rad ia tion  is requ ired  
for the  decom position  of the parent com pound (i.e. C F 3 C O O C F 2 H) .

As a ch lorine  atom  in itia ted reaction  w as p robab ly  im portan t in the  

photooxidation  m echanism  for the  anaesthe tics  , it w as dec ided  to  s tudy 

th is  reaction in m ore d e ta il. Before any quantum  yie ld  w o rk  w as  carried  
out, s tandard  curves w ere prepared for the  actinom ete r (CHCI3) and the

anaesthetics using IR spectroscopy (F igure 3 .3 .4 .8 ) . The  s lopes, 

in tercepts and corre la tion coeffic ien ts  p resented on the  s tandard  curves in 

F igure 3 .3 .4 . 8  cover the  linear portion of the  curves only .

F igures 3.3.4.9  - 3.3.4.11 dem onstra te  the e ffect w h ich  light 
in tensity  exh ib ited on the reaction of ch lorine  a tom s w ith  C HCI3  and on

the ch lorine atom  in itia ted photoox idation  of the anaesthe tics  . The 

reaction rates and the concentration  of the reaction products increase  w ith  

increasing light in tensity  . This is p robab ly  due to increased 

concentra tions of ch lorine  a tom s being produced at h igher in tens ities 

(from m olecu lar c h lo r in e ) . The rate of loss observed fo r each of the  
anaesthetics and the actinom eter (CHCI3) show s a leve lling  o ff a t h igher

light in tens ities . Th is may arise as the  concentra tion  of Cl a tom s 

produced reaches a m axim um  , thus changes in th is  near excess 

concentration  m ay have less of an im pact on the  reaction  rate than  Cl 

atom concentra tions produced by light in tensities be low  50%  T  .

Tab le  3.3.4.1 illustrates the e ffect of light in tensity  on the  quantum  

yield fo r the ch lorine atom in itia ted pho toox idation  of the  anaesthe tics  . 

The va lues observed are sm a ller than  expected  for p rocesses invo lv ing  

chain reaction m echanism s such as Cl atom  in itia ted pho toox idation  

processes . Th is observation m ay be accoun ted  for by the  w ave leng th  of 

the light used and hence the possib le  reactions tak ing  p lace . The  use of 

filters ensured w ave lengths of < 320 nm w ere not inc ident on the  reaction  

c e l l . P revious stud ies in ch lorine at w ave leng ths less than  320 nm and
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sum m arised in F igures 3 .3 .4 . 6  and 3 .3.4.7  dem onstra te  the  fo rm a tion  o f a 

num ber of reaction products , how ever the  num ber and concen tra tion  of 

these  products was less than was observed w hen  unfilte red  ou tpu t from  

the m edium  pressure m ercury lam p w as used , F igures 3 .3.2.3  , 3 .3 .2 .4  

and 3 .3.4.5  and 3 .3.4.7 . O bviously  certa in  reaction pathw ays w ere  

h indered w hen using the low er energy light and it is th is  lim iting  p rocess 

w hich is p robab ly  responsib le  fo r the  observed low  quantum  y ie lds  .

IR spectroscopy w as used extensive ly  in th is  w ork  to  m on ito r the  

photoox idation  of the anaesthetics . R eaction product bands w ere  

identified by com parison w ith standard  spectra  , F igures 3.3.5.1 - 3 .3 .5 .4  . 
As d iscussed earlier, HCI , C F20  and C 0 2  w ere  identified  as reaction  

products fo r both anaesthetics  (CF20  is produced in the  a tm ospheric  

photoox idation  of m any fluorine  conta in ing  com pounds e.g. C F 2 CI2  [28]) . 

Tw o unknow n reaction products identified  by the ir IR bands at 1840 and 

1910 cm -1 w ere  form ed during the  pho toox idation  of en flu rane  . A  s ingle  

unknow n carbonyl conta in ing com pound identified  by it's IR band at 1840 

cm -1 w as fo rm ed during the pho toox idation  of iso flu rane . Based on a 

ch lorine - sensitised  photoox idation  m echanism  it w as p roposed  tha t 
CF 3 COCI may be form ed as a reaction  product in the  oxida tion  of 

iso flu rane . H o w e v e r, com parison of the  standard  spectra  fo r C F3COCI in 

Figure 3.3.5.3  w ith spectra  obta ined during the pho toox ida tion  of 

iso flu rane d iscounted th is  .

Three products rem ained un identified  at th is s tage of our ana lyses 

and it w as there fo re  decided to sw itch from  IR to GC /  MS and NM R in 

order to  de te rm ine  the nature of these  pho toox idation  p roducts  .

The possib le  usefu lness of G C /  MS w as estab lished w hen  reaction 

products w ere  observed by GC / FID (F igures 3.3.5.5 and 3 .3 .5 .6 ) . S ince 

these  photoox idation  products w ere separa ted  from  the parent 

anaesthetics  the ir identifica tion by m ass spectrom etry  w as  possib le  .
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The to ta l ion current traces for both reaction  m ixtures show ed the  

presence of unreacted anaesthetic  plus one o ther reaction  product 

(F igures 3 .3.5.7  and 3 .3 .5 .8 ). The reaction  p roduct fo rm ed during the  

photoox idation  of iso flu rane w as subsequently  identified  by m ass 
spectrom etry  as C F3C O O C F2H (F igure 3 .3.5.9) . The  en flu rane

photooxidation  product v is ib le  as the  first e luent in the  TIC  trace  in F igure 

3 .3.5.8 w as fragm ented  to g ive the m ass spectrum  ind ica ted  in F igure 

3.3.5.11 . A lthough the  e lectron energy used to fragm en t th is  p roduct w as 
too high , it is possib le  to identify a C 0 2 unit in the com pound 

characterised by the  m/z at 44 . Th is is ind ica tive  of a C = O unit in the

reaction product structure .

The fina l techn ique em ployed to  help identify  the pho toox ida tion  

products of the  anaesthetics w as nuclear m agnetic  resonance  (NM R) 

spectroscopy . Sam ples of the anaesthetics  w ere  reacted  in oxygen , the 

reaction m ixtures w ere trapped in d -acetone  and the  N M R  spectra  in 

F igures 3 .3.5.14  and 3.3.5.16 obta ined . By com parison of the  reaction 

product spectra  w ith  those of the pure anaesthe tics  (F igures 3.3.5.13 and

3.3.5.15) possib le  reaction product con tribu tions w ere identified  .

The NM R spectrum  for the iso flu rane pho toox ida tion  m ixture  
ind icated the presence of a reaction product conta in ing  a - CF2H m oiety . 

Apart from  the  product conta in ing th is  - C F2H group , no o the r proton

conta in ing com pounds except for the  parent anaesthetic  w ere  ind ica ted  
(F igure 3 .3 .5 .1 4 ). The position of the - CF2H in the  N M R  spectrum

indicated a high degree of sh ie ld ing  . Th is is consisten t w ith  the  presence 
of a num ber of oxygen a tom s in the  v isc in ity  of th is  - C F2H group .It

seem s like ly there fo re  that the extra  trip le t in the N M R  spectrum  fo r the  

photooxidation  m ixture of iso flu rane (F igure 3 .3.5.14) is due to  the  proton 
in the reaction product CF3C O O C F2H . C F20  does not appear in F igure

3.3.5.14 as it does not conta in  any protons .
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The N M R  spectrum  for the enflurane pho toox ida tion  m ixture  (F igure

3.3.5.16) ind ica ted  the  presence of a reaction p roduct a lso con ta in ing  a 
- C F2H group . No other proton conta in ing  com pounds w ere  ind ica ted

apart from  the  unreacted anaesthe tic  . Thus the N M R  spectrum  of the  
enflurane photoox idation  m ixture identified  a - C F2H group  and from  the

m ass and IR spectra  a carbonyl g roup w as also identified  in the  oxidation 

product s truc tu re  . Hence the pho toox idation  p roduct fo r en flu rane  w as 
identified  as C FO C F 2 O C F2H .

F ina lly , from  the results obta ined in th is  w o rk  the  pho toox ida tion  

m echanism s w h ich  best fit the experim enta l observa tions are those 

sum m arised in F igures 3.3.5.17 and 3 .3.5.18  . A ll o ther possib le  reaction 

pathw ays are also included for com ple teness .

From our observa tions it w as possib le  to identify  the  m ajor route fo r 

the  photoox idation  of the anaesthetics  . Iso flu rane pho to lys is  d id y ie ld  HCI 
, CF20  but no C F 3 COCI as reaction products . C F 3 C O O C F2H and C 0 2

w ere  also identified  as m ajor reaction products .The fo rm ation  of these 

reaction products is consistent w ith  reaction pathw ay I  in F igure 3 .3.5.17  . 

Th is reaction route is also favoured theore tica lly  . The hydrogen  atom  

closest to  the ch lorine (the acid ic  hydrogen [25]) w ill have the  low est bond 

d issocia tion  energy of the tw o protons in the  anaesthetic  and hence it is 

th is proton w hich  w ill be p re fe ren tia lly  abstracted  by ch lorine  a tom s . This 

arises because the chlorine atom  in the  anaesthe tic  s tructu re  pulls 

e lectron density  from  it's ne ighbouring  hydrogen and thus decreases  the 

C - H bond strength  .
Enflurane photooxidation  y ie lded HCI , C F20  , C 0 2  and 

C FO C F 2 O C F2H . The form ation of these  products is consisten t w ith 

reaction pathw ay I  ind icated in F igure 3 .3.5.18 . For reasons s im ila r to 

those outlined in the photoox idation  of iso flu rane  , abstraction  of the  

proton nearest to  the chlorine in the  anaesthe tic  s tructu re  is favoured  .
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Trudeau et al [25] have proposed tha t the  enflurane  -CFCIH  g roup  

conta in ing  the  acid ic hydrogen atom  undergoes a ttractive  in te ractions w ith 

e lectron accep to r groups such as Cl a tom s and repu ls ive  in te ractions 
through it's - C F2H group . Th is a ttractive  in te raction  o f the  ac id ic

hydrogen atom  in both iso flu rane and enflurane is consis ten t w ith  the 

pho toox idation  reaction m echanism s outlined in 3.4.1 to  3 .4.14 fo r 

iso flu rane , and 3.4.15 to  3 .4.28 fo r enflu rane  .
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The photooxidation  m echanism s proposed in th is  thes is  fo r the 

halogenated anaesthe tic  e thers , iso flu rane and en flu rane  , are by no 

m eans conclusive . Further w ork  in th is  area needs to  be carried  out to  

produce a m ore com prehensive  photoox idation  reaction  m echanism  fo r 

these  com pounds . Techn iques such as FTIR and fu rther G C /  MS w ork  

w ou ld  be usefu l in dete rm in ing  reaction p roducts  w ith  m ore certa in ty  than  

w as a llow ed in th is  present s tudy . It w ou ld  a lso be in te resting  to fu rther 

investigate  the  use of NM R , possib le  cold tem pera tu re  and fluo rine  probe 

NM R , as a tool for the identifica tion  of reaction p roducts  .
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3.5 C onclusion

From the observa tions m ade in th is  w o rk  , the  pho toox ida tion  of the  

anaesthetic  e thers , iso flu rane and enflurane , (using ligh t w ave leng ths  

above 200 nm) w as found to proceed v ia  a ch lorine  atom  in itia ted process 

fo llow ing  C - Cl bond breakage w ith in  the anaesthe tic  m olecu le  . C hap te r 

tw o  of th is  thes is  dem onstra ted  tha t a sm all p roportion  o f these  

anaesthetics  m ay reach the  s tra tosphere  . The cond itions used in our 

s tudy of the photooxidation  of the ethers are typ ica l o f those  found in the  

s tra tosphere  , i.e. low  pressures (200 torr) and high energy light (^  > 200 

n m ) . There fo re  , w e can conclude that the  anaesthe tics  w h ich  are 

transported  to the  s tra tosphere  , w ill undergo decom pos ition  in a m anner 

s im ila r to  tha t outlined in F igures 3.3.5.17 and 3 .3 .5 .18  .

The e ffects w hich these  com pounds m ay exh ib it on the  earth 's  

a tm osphere  are two - fold . F irstly , the ch lorine  atom  in the anaesthe tics  

w ill be re leased by pho todecom position  in the  s tra tosphere  . These a tom s 

m ay then  partic ipate  in reaction pathw ays , u ltim a te ly  leading  to ozone 

dep le tion  in a m anner s im ila r to  all CFC com pounds . Secondly  , the  

m ajor reaction products from  the pho toox idation  of the  anaesthe tics  w ere  
found to u ltim ate ly oxid ise  to C 0 2 , a g reenhouse  gas .

A lthough the  levels of the  anaesthetics  re leased are low  com pared  

to  o ther CFC em issions , and even sm aller am ounts of these  com pounds 

reach the  s tra tosphere  , th is  s tudy does serve  to  illustra te  the  fact tha t it is 

not only the parent com pound re leased to  the  troposphere  w hich  m ust be 

assessed . To establish the to ta l im pact a com pound m ay exh ib it on the  

e n v iro n m e n t, the  tropospheric  and s tra tospheric  reactions o f the  re leased 

com pound and it’s reaction products must be s tud ied  .
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A B STR A C T:

Rate constants fo r the  gas phase reactions of hydroxyl rad ica ls and ch lorine  atom s 

w ith a num ber of e thers have been determ ined at 300 ± 3  K and at a  to ta l pressure  

of 1 atm osphere. Both OH radica l and chlorine atom  rate constan ts  w ere  de te rm ined  

using a re lative rate techn ique . Va lues for the  rate constan ts  ob ta ined  are as fo llow s.

C om pound koH X 1 0 12 
(cm 3m olecule-1s 1)

kc|X  1011
(cm 3m olecule-1s-1)

Hexane 5.53 ± 1.55 ----

2-Chloro ethyl m ethyl 
ether

4.92 ± 1.09 14.4 ± 5 .0

2 ,2-D ich loro  ethyl 
m ethyl ether

2 .37 ± 0.50 4 .4  ± 1.6

2-B rom o ethyl m ethyl 
e ther

6 .94 ± 1.38 16.3 ± 5 .4

2 -C h lo ro ,1 ,1,1-trifluoro 
ethyl ethyl ether

< 0 .3 0 .30  ± 0 .1 0

Isoflurane < 0 .3 < 0 .1

Enflurane < 0 .3 < 0 .1

Di -/ -propyl e ther 11.08 ± 2.26 16.3 ± 5 .4

D iethyl ether 25.8 ± 4.4

The above re lative  rate constants are based on the  va lues o f k(O H  + pentane) 

= [3.94 ± 0.98] x 1 0 12 and k(OH + diethyl e ther) = [13.6 ± 2.26] x 1 0 12 cm 3molecule- 

1s 1 in the case of the  hydroxyl reactions . In the case of the ch lo rine  atom  reactions, 

the above rate constants are based on va lues of k(CI + ethane) = [5 .84  ± 0 .88] x  10 

11 and k(CI + diethyl ether) = [25.4 ± 8.05] x 1 0 11 cm 3m olecule-1s-1 . The  quoted errors

2



inc lude ±2c  from  a least squares analysis of our s lopes p lus the  uncerta in ty 

associated w ith  the re ference rate constants.

A tm ospheric  life tim es ca lcu la ted  w ith respect to  reaction  w ith  OH rad ica ls  are 

based on a tropospheric  OH radica l concentration of (7.7 ± 1.4) x 105 rad ica ls  cm 3 , 

and life tim es w ith respect to  reaction  w ith Cl a tom s are based on a tropospheric  Cl 

atom concentration of 1 x  103 a tom s cm-3 . O bserved trends in the  re la tive  ra tes of 

reaction of hydroxyl rad ica ls and chlorine a tom s w ith  the  e thers s tud ied  is d iscussed 

. The s ign ificance of the  ca lcu la ted  tropospheric  life tim es is a lso review ed .
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IN TR O D U C TIO N  :

Recent years have seen a marked increase  in aw areness of environm enta l 

issues in g e n e ra l, and particu la rly  in issues re la ting to  a ir qua lity  . Large quantities of 

chem ica ls are em itted into the  atm osphere each yea r from  natural as w ell as man- 

made sources ; the potentia l a tm ospheric s ign ificance  o f such po llu tan ts is 

dependent on the  transfo rm ations which they undergo  in the  a tm osphere  , the nature 

of the products of these  transform ations , and the  a tm ospheric  life tim es of each 

s p e c ie s .
It is now well estab lished that the n itra te  radica l (N O a) and ozone both 

contribute to the  a tm ospheric  chem istry of tropospheric  po llu tan ts  and tha t the 

dom inant day-tim e loss process for most o rgan ic  po llu tan ts in the  troposphere  is 

reaction w ith the hydroxyl radical [1 - 7] . Thus the  tropospheric  life tim e of a  g iven 

pollutant is dete rm ined  m ainly by its reaction w ith  O H radica ls .

Until recently , the  im portance of ch lorine chem istry  in the  troposphere  had 

received little a ttention because Cl atom s w ere  though t to  be su ffic ien tly  scarce as 

not to com pete w ith OH radica ls . S ingh et al. [8] have review ed the sources of 

ch lorine atom s in the  troposphere  and ca lcu la te  m arine tropospheric  concentra tions 

of approxim ately 103 a tom s c m 3 , or roughly 1000 tim es low er than tha t of OH 

radicals . The prim ary source  of Cl a tom s in the  troposphere  is the  reaction of OH 

radicals w ith HCI derived from  sea salt [8] . It has been pred icted tha t the  grea te r 

reactiv ity of Cl atom s w ith  non-m ethane hydrocarbons (N .M .H .C .'s) could m ean tha t 

between 20 to  40%  of N .M .H .C . oxidation in the  troposphere  and 40 to 90%  in the 

stratosphere could be caused by reaction w ith Cl a tom s [8 ] .

Recognition of the  im portance of the reaction  of Cl a tom s w ith  organic species 

has led to  a num ber of k inetic  studies of the  reaction  of Cl a tom s w ith  hydrocarbons ,
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chloroalkanes and a rom atic  species . H ow ever , desp ite  the  g row ing  k inetic  data 

base for the reaction of Cl a tom s w ith vo latile  o rgan ic  com pounds , few  stud ies on 

the reaction of ch lorine  a tom s w ith oxygenated o rgan ic  species have been carried 

out [ 9 - 1 6 ] .

The reactions of OH radica ls and Cl a tom s are both im portan t p rocesses in the 

chem istry of the natura l and polluted a tm osphere  . The possib le  a tm ospheric  

s ignificance of e thers is thus considered in te rm s o f th e ir reactions w ith  both OH 

radica ls and Cl a tom s .

O xygenated hydrocarbons especia lly  e thers are being re leased in increasing 

quantities into the a tm osphere  because of the ir use as so lvents and fuel additives 

[16 - 17]. For exam ple  , m ethyl tert butyl e ther (M .T .B .E .) is being w ide ly  used as a 

gasoline additive to increase octane num ber and reduce CO em iss ions . In fact 

M .T.B.E. production in the United States has risen annua lly  by approx im ate ly  27%  

from 1985 - 1990 thus m aking it the 24tti m ost abundan tly  produced chem ica l in the 

U.S. [18] . Besides fuel add itives , e thers are a lso re leased into the  troposphere  as 

in term ediates in hydrocarbon com bustion [19] . C yclic  e thers such as furan and 

th iophene are also re leased into the troposphere  from  fuel convers ion fac ilites  [2 0 ].

O ne of the reasons for our in terest in the e thers, specifica lly  the  m ethyl ethyl 

ethers, has been to  assess the  possib le  im portance  of the  increased usage of 

halogenated anaesthe tic  agents such as iso flu rane (1 -C h lo ro-2 ,2 ,2 ,-trifluoro  ethyl 
d ifluoro  m ethyl e ther) , CF3C H CIO CF2H and enflurane (2 -C h lo ro -1 ,1 ,2-trifIuoro ethyl 

d ifluoro m ethyl e ther) , C H CIFCF2O C F2H . These anaesthe tics  are the  m ost w idely 

used genera l anaesthetics  in the w estern  w orld  and the ir use has led to  som e 

concern about the ir possib le  adverse effects on ozone concen tra tions [21 - 28] . 

Because of th is concern  w ork  has been carried out in our labora tory to  estim ate  the
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em ission rates of these  com pounds into the  a tm osphere  . The resu lts  of th is  w ork  w ill 

appear in a  separa te  pub lica tion .

This w ork  w as  undertaken to  determ ine the  rate constan ts  fo r reaction  of Cl 

a tom s and O H rad ica ls w ith a series o f ethers (m ostly  ha logenated) . Th is  w ork is of 

fundam enta l im portance in gain ing k inetic in fo rm ation  about e thers  in genera l and 

increasing the  existing data  base in re lation to  such com pounds . W e have a lso 

com pleted a deta iled  m echanistic study of the gas-phase  pho tochem ica l reactions of 

these species w ith oxygen under s im ulated s tra tospheric  cond itions , the  resu lts of 

w hich w ill be pub lished at a future date [2 9 ]..
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E XP ER IM EN TA L:

The techn ique  and apparatus em p loyed  in th is  s tudy have been described  in 

deta il in o ther pub lica tions [3 0 ], [3 1 ],  so on ly  a b rie f sum m ary is g iven here .

In the de te rm ination  of both ch lorine atom  and hydroxyl radical ra te  constan ts  , 

reaction m ixtures consisting of the re ference and tes t o rganic w ere  prepared  in a 

co llapsib le  Teflon bag (86 dm 3) . Hydroxyl rad ica ls  w ere  genera ted  by the  photo lysis  
o f methyl n itrite  (CH3ONO) in the presence of syn the tic  a ir and an excess o f n itric

oxide (N O ) . Photo lys is  w as achieved by irrad ia ting  gas m ixtures w ith 10 b lack lam ps 

(Philips TLD  18W /08) and 10 sun lam ps (Ph ilips TL 20W /09N ) p laced on e ither side 

of the bag . C h lorine  atom s w ere genera ted  by photo lys is  of m olecu lar ch lorine  using 

5 b lack lam ps .

In the presence of OH radica ls o r Cl a tom s , the  tes t and re ference  organics 

decay v ia  the  reactions :

k ( o r k J
Cl (or OH) + Test O rgan ic —1 Products (1 ) ,  (2)

k (o rk4 )
Cl (or OH) + Reference O rgan ic  — -----------► Products (3 ) ,  (4)

To ensure  no loss of re ference or tes t o rganic occurred  due to 

photodecom position  or due to reactions in the absence of light , sam ples w ere first 
analysed in the  absence of e ither CH3O N O  or C l2 and second ly , in the  dark w ith  all

constituents p resen t . Once satisfied tha t both test and re ference w ere  lost so le ly  

due to reaction  w ith hydroxyl rad ica ls and ch lorine atom s , w e then  used the 

fo llow ing equation  to calcu late rate constants fo r reaction  of the tes t organic w ith  
e ither Cl a tom s or OH radicals (kTest) :

ln ([Test]0 / [T e s t],) = kTest /  kRe, x ln ([R ef.]0 /  [R e f.],) (5)
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[Test]0 and [R e f.]0 , and [Test], and [Ref.], are the concen tra tions of the  tes t and 

re ference o rgan ics at tim e 0 and tim e t respective ly  .

The concen tra tions of test and re fe rence  w ere de te rm ined  by period ica lly  

sam pling from  the  Teflon bag through a Valeo 10-port au tom atic  gas sam pling  va lve 

and ana lyzing on a Perkin E lm e r , model 8500 gas chrom atograph  (G .C .) , equ ipped 

w ith a flam e ion iza tion  detecto r (F .I .D .) .

As a test fo r in terferences caused by secondary reaction  p roducts  in our 

system  , separa te  experim ents w ere carried out in which m ixtures of m ethyl n itrite  (or 
C l2) and e ither the  test or re ference organic w ere  irradiated and ana lyses perform ed

to  check fo r the  form ation of poten tia lly  in te rfe ring  products . For all o f the  rate 

constants de te rm ined  , no such in te rfe rences w ere observed over irrad ia tion  tim es 

typ ica l of our experim ents .

Initial concen tra tions of test and re ference  w ere typ ica lly  in the  range 5 to 20 
ppm , w ith fixed concentra tions of 50 ppm  C l2 (in our ch lorine  reactions) , 50 ppm 

CH3O NO  and 25 ppm  NO (in our hydroxyl radica l work) . Each reaction  m ixture  was 

prepared to  a to ta l vo lum e of 50 dm 3 w ith zero  grade a ir (B .O .C .) .

All experim ents w ere carried out at a tm ospheric  pressure  of syn the tic  a ir , 

ensuring tha t the Teflon bag was c leaned thorough ly  betw een experim ents . Chlorine 

atom rate constants in th is w ork w ere  de te rm ined  at 300 ± 1 K , and the  hydroxyl 

radical rate constan ts  at 301 ± 2 K . The test and re ference o rgan ics used had sta ted 

purities of at least 99%  , and w ere tho rough ly  degassed prior to  use .

A  sum m ary of the test com pounds s tud ied  , the ir correspond ing  re ference , 

and the  ana lytica l conditions used fo r th e ir quantita tion  is g iven in Tab le  1 .
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TE S T R E FER EN C E CO LU M N G .C . C O N D IT IO N S

Hexane Pentane 10% SE 30 on 
Chromosorb W H P  

(80-100|im  ) 2M

Column Tem p. = 44°C  
Flow = 31cm 3/min.

Diethyl ether Ethane 10%  SE30 on 
Chromosorb W H P  

(80-1 OOum) 2M

Column Tem p. = 55°C  
Flow = 45cm 3/min.

2,2-Dichloro ethyl 
methyl ether

Diethyl ether 10%  SE 30 on 
Chromosorb W H P  

(80-100nm) 2M

Column Tem p. = 65°C  
Flow = 35cm 3/min.

Isopropyl ether Diethyl ether 10%  SE 30 on 
Chromosorb W H P  

(80-100nm ) 2M

Column Tem p. = 50°C  
Row  = 35cm 3/mm.

2-Chloro ethyl methyl 
ether

Diethyl ether 10%  P.E.G . on 
Chromosorb W H P  

(80-100nm) 2M

Column Tem p. = 65°C  
Flow = 35cm 3/min.

2-Bromo ethyl methyl 
ether

Diethyl ether 10%  SE 30 on 
Chromosorb W H P  

(80-100nm) 2M

Column Tem p. = 65°C  
Flow = 40cm 3/min.

2-Chloro, 1,1,1 ,- 
trifluoro ethyl ethyl 

ether

Ethane 10%  SE 30 on 
Chromosorb W H P  

(80-1 OOurn) 2M

Column Tem p. = 75°C  
Flow = 3 1 .5cm 3/min.

Isoflurane Diethyl ether 10%  SE 30 on 
Chromosorb W H P  

(80-1 OO^rn) 2M

Column Tem p. = 4 0 °C  
Flow = 28cm 3/min.

Enflurane Diethyl ether 10%  SE 30 on 
Chromosorb W H P  

(80-1 OO^rn) 2M

Column Tem p. =  4 0 °C  
Flow = 28cm 3/min.

Tab le  1

Sum m ary of the  analytica l conditions used in our experim ents .
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R ESU LTS

The k inetic  data reported in th is  w ork  represent the  firs t m easurem ents 

of th is  type  using our present appara tus . To test our system  , the re fo re  , a 

series of experim ents w ere  carried out on com pounds fo r w h ich  re liab le  rates 

of reaction  have a lready been dete rm ined  and pub lished , i.e., OH + hexane 

and Cl + d ie thyl e th e r .

Tab le  2 lists the Cl atom  and OH radica l rate constan ts  fo r reactions of 

e thers m easured in our labora tory  toge the r w ith  the  correspond ing  

tropospheric  life tim es of these  com pounds . A  com parison  is m ade betw een 

our resu lts  and those in the  lite ra tu re  . Table 2 dem onstra tes  tha t our results 

are w ith in  the  quoted e rror lim its estab lished fo r these  com pounds. Each of the 

quoted  s lopes in Table 2 represent an average va lue  ca lcu la ted  from  repeat 

determ inations.

Reaction m ixtures fo r both OH radical and Cl a tom  ra te  stud ies w ere 

stable  in the dark  over tim e  scales typ ica l of the  experim enta l runs . S im ilarly  , 

no photodecom position  of e ither test or re ference com pounds w as observed 

over the  tim e scales used in our experim ents .

Hence, w e concluded tha t fo r our OH radica l w o rk  loss of tes t and 

re ference w as due to reaction  w ith  O H radica ls a lone, and in the  case o f our 

ch lorine w ork, loss of tes t and re ference w as due to  reaction  w ith  Cl a tom s 

alone.

A  high degree of precis ion  in the  results w as obta ined  using our system  

of ana lysis . For exam ple, th ree  repeat runs fo r the reaction  o f OH radicals w ith 

2-C hloro  ethyl m ethyl e the r y ie lded  slopes of, 0 .358 ± 0 .004 . S im ilar 

reproducib ility  w as obta ined fo r each of the com pounds s tud ied  fo r both OH 

radica l and Cl atom  determ inations.
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In both our O H radical and Cl atom w ork  the  s lopes g iven  in Tab le  2 

w ere obta ined from  lines w ith corre la tion  coe ffic ien ts  > 0 .995 and having 

m in im al in tercepts. Typ ica l line p lo ts are g iven in F igures 1 and 2.
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Table 2
Summary of reported room temperature rate constants for the reaction of Cl atoms and OH radicals with a 
series of ethers . The error bars on our slope values represent ± 2a  from a least squares analysis of our 

data . Rate constants calculated from our slopes also include errors inherent in the reference rate constant 
used to place our results on an absolute basis .

(a) and (b) Limits based on the sensitivity of the analytical procedures .
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As stated in the experim ental section , poten tia l in terferences from  

reaction products w ere  investigated. Any such in te rfe rences w ere overcom e by 

ta ilo ring  our ana lytica l conditions and there fo re  reaction  products d id not 

in troduce errors in our results.

Figures 1 and 2 show  representative p lo ts of our data  for both our OH 

radical and ch lorine  atom  w ork. The expression used to plot our data  is given 

in equation 5. The concentration  of test and re fe rence  at tim e, 0, and tim e, t, 

corresponded to the  peak heights of each com pound  p rior to  irrad iation and at 

som e tim e, t, during  photo lysis. The s lopes of the  lines thus obta ined 
correspond to krB(erence / k,est. Know ing kreference a llow ed us to  p lace the  resu lts on

an absolute basis.

In the case of our OH radical w ork, tw o  re fe rence  com pounds were 

used. Pentane w as used as the reference com pound  fo r the  dete rm ination  of 

hexane, and d ie thyl e ther fo r each of the o the r com pounds stud ied  . A  va lue  of 

k (OH + pentane) = 3.94 ± 0.98 x 10-12 cm 3m olecule-1s-1 [32] w as used , and 

included total errors associa ted  w ith its de te rm ina tion  . A lthough the  OH radical 

rate constant fo r pentane w as obta ined using a  re la tive  rate techn ique  , our 

only reason for exam in ing  the reaction of OH rad ica ls  w ith  hexane w as pure ly 

as a system  check . W e w ished to de term ine w he the r our new  experim enta l 

set - up could be used to obta in rate constan t va lues s im ila r (w ith in 

experim ental e r r o r ) to  those  recom m ended by A tk inson  [32]. A va lue  of k (OH 

+ d ie thyl e ther ) = 13.6 ± 2.26 x 1 0 12 cm 3m olecu le  1s 1 w as obta ined from 

W allington et al [33] . Th is  figure w as ca lcu la ted  using  an absolute  techn ique 

and includes all o f the  errors incurred in its ca lcu la tion  (i.e., ±2a p lus a  

m axim um  possib le  experim enta l error o f 10%) . These  re ference rates were 

chosen as they w ere  calcu la ted at s im ila r tem pera tu res  to those o f our 

experim ents and are representative  of reported ra te  da ta  for these  com pounds.

Two re ference com pounds w ere  used in the  determ ination  of the 

chlorine atom rate constan ts . Ethane w as used as the reference for d iethyl
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ether and 2 - C h lo ro ,1 ,1 ,1-trifluoro ethyl ethyl e th e r and d ie thyl ethyl w as  used 

as the re ference fo r the  rem ain ing com pounds . A  va lue  for k (Cl + E thane) = 

(5.84 ± 0.88) x 1 0 "  cm 3m olecule-1s 1 [34] w as  used  (average of 4 absolute  

values) and inc ludes all e rrors associated w ith  it's  de te rm ina tion  (i.e., ± 15%) . 

A va lue  of k (Cl + d ie thy l ether) = (25.4 ± 8.05) x  1 0 '11cm 3m olecule-1s-1 [9] used 

is traceable  to  an absolute  value and inc ludes  all experim enta l errors 
associated w ith  its determ ination  (i.e., 2a  + 25%  e rro r on k ^ ^  ) . The va lue  

for kC| d ie thyl e the r [9] re ferred to in Table 2 inc lud e s  errors corresponding to 

±2a and does not inc lude  the possible  add itiona l experim enta l error o f 25%  

suggested as being p resen t in the rate constan t [ 9 ] .  Both re ference rates w ere  

determ ined at s im ila r tem peratures to those in ou r experim ents.

In Table  2, lim its  o f reactiv ity are quo ted  fo r iso flu rane, enflurane and 2- 

C hloro ,1 ,1 ,1-trifluoro  ethyl ethyl ether. The lim its  quo te d  fo r the  OH radical rate 

constants a re  those  recom m ended by Bufa lin i e t a l. [31] fo r the re la tive  rate 

techn ique em ployed  in our laboratory. The  ch lo rine  atom  rate lim its w ere  

established using a  techn ique  em ployed by B u fa lin i et al. [31] to set OH radical 

rate constant lim its  fo r the  relative rate techn ique .

Table 2 lists  the  tropospheric  life tim es o f each of our test com pounds 

w ith respect to  both O H radicals and Cl a tom s. A  va lue  fo r the  OH radica l 

concentration o f (7 .7  ± 1.4) x 105 radica ls cm  3 w as  used to de term ine the 

tropospheric  life tim es o f our test com pounds w ith  respect to  OH radica ls. Th is  

value w as ca lcu la ted  by Prinn et al. [35] and rep resen ts  a g loba lly  averaged 

tropospheric  va lue , ca lcu la ted  over a seven yea r pe riod  .

A va lue  fo r the  Cl atom  concentration o f 1 x  103 a tom s cm-3 w as used to 

determ ine the  tropospheric  lifetim es of our te s t com pounds  w ith  respect to  Cl 

atom s [8 ] .
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DISCUSSIO N

The k inetic  d a ta  reported in th is w ork  are a m o n g  the  first to  be reported  fo r the 

reaction of OH rad ica ls  and Cl atom s w ith  ha logena ted  e thers . Table  2 lists the  OH 

radical and Cl a tom  ra te  constants p lus the  co rrespond ing  a tm ospheric  life tim es 

calcu lated from  th e s e  rate constants for all o f th e  com pounds stud ied  in th is  w ork  . 

The slopes ob ta ined  ind icate  the precis ion o f o u r resu lts  . The la rge  e rro r bars 

quoted fo r the  ra te  constan ts is due to the  inc lus ion  of the  to ta l uncerta in ty  

associa ted w ith  th e  re ference rate constants used to  p lace  our resu lts on an abso lu te  

b a s is .

A lipha tic  e the rs  are expected to  react w ith  O H  radica ls and Cl a tom s v ia  a H- 

atom  abstraction m echan ism  in a  s im ilar m anner to  th e  a lkanes [3 2 ]:

¿ H + CH3 OCH3     h 2o  + CH2 OCH3  (6 )

In the a tm o sph ere  the  radica ls p roduced in the  abstraction reaction  fu rther 

react to give s tab le  oxygenates :

0 2 ,N 2

c h 2 o c h 3  - — ÔCH2 0CH3  - ° 2 »  HOCCH3  + 0 2H (7 )

N 0 2

As expected  from  the  bond energy of 93 ± 1 kcal m o l1 fo r the  p rim ary  C - H 
bonds in CH3O C H 3 com pared w ith the p rim ary  C - H bond energy of 98 ± 1 kcal mol*

1 fo r the a lkanes [9] , the  e thers are m uch m ore  reactive  than the  correspond ing  
a lkanes (koH C H 3O C H 3 = 2.98 x  10’12 , k0 n C H 3C H 3 = 0 .268 x 1 0 12 cnrr3molecule*
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1S'1 [32]) . Th is  d iffe rence  in bond d issoc ia tion  energies is a ttribu tab le  to  the 

activa ting e ffect o f the  oxygen . Th is  ac tiva ting  e ffect has been show n to  opera te  up 

to  5 carbons aw ay from  the  e ther link [9 ] .

The p resence of ch lorine in the  e the rs  is expected to  low er the  C - H bond 

d issocia tion  energy due to  its e lectron w ithd raw in g  effect, and thus g ive  rise to  an 

increase in the  observed hydroxyl radica l and  ch lorine  atom  rate constan ts  fo r the  

abstraction p ro c e s s .

A lm ost all o f the  ethers stud ied  in th is  w ork  w ere  ethyl m ethyl e thers. 

E xperim enta lly  de te rm ined  rate constants w e re  not obta ined fo r e thyl m ethyl ether, 

how ever a va lue  fo r the  OH radica l rate con s tan t w as ca lcu la ted  using  W a lling tons 

group reactiv ity  techn ique  [36]. A  va lue  o f 8 .0  x  10-12 cm 3m o le c u le 1s-1 w as obta ined 

thus ind ica ting  a d rop  in reactiv ity  w ith  respec t to  OH rad ica ls on go ing  from  the  

unhalogenated to the  d ich lorinated ethyl m ethy l e th e r . Th is d rop  in reactiv ity  w as not 

expected based on observed trends in reac tiv ity  o f the  a lkanes (Table 3) and needs 

to be con firm ed by fu rther laboratory s tudy  . H ow ever th is  decrease  in reactiv ity  is 

consistent w ith  an increase in s te ric  h indrance  w ith  ch lorination .

Very little  in fo rm ation  is currently  ava ilab le  on the effects o f ha logénation  on 

the  rate of reaction  of e thers w ith OH rad ica ls  and Cl a tom s. H o w e v e r , as  a  s im ila r 

H-atom  abstraction  m echanism  is expec ted  fo r both e thers and e thanes 

(m echanism s (6) and (7)) , it is usefu l to  com pa re  the  effect o f ha logénation  on the  

rates of reaction  of e thanes and ethers. T a b le  3 show s the e ffect o f ch lorine  

substitu tion on the  O H radical rate constan ts  fo r a series of ch lo roa lkanes .
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C om p oun d Tem perature

(K)

k x 1 0 12 

cm 3m olecu le- 1s 1

Estim ated

uncerta in ty

R eference

C H 3C H 3 298 0 .268 ± 2 0 % [32]

C H 3C H 2CI 298 0 .390 ± 35% [32]

c h 3c h c i 2 296 0 .260 ± 23% [37]

c h 3 c c i 3 298 0 .0119 ± 30% [32]

Table  3:
The in fluence  of Cl substitu tion on the  ra te  constan t for the reaction  o f OH radicals 
w ith substitu ted  ethanes.
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Table  3 show s tha t OH rad ica ls  react qu icker w ith the  m onosubstitu ted  ethane 

than  w ith e thane, suggesting  th a t the  Cl atom low ers the  C - H bond d issociation 

energy causing a co rrespond ing  increase  in the rate of H -atom  abstraction , as 

expected. However, it is of in te res t to  note that the  OH radica l ra te  constan t fo r the 

d isubstitued  ethane is low er than  tha t of the m onosubstitued com pound . A  s im ilar 

trend  in reactiv ity  w as observed  w ith  regard to the  m ono- and d i-ch lo ro  ethyl methyl 

e thers stud ied in ou r labora to ry  (Table  2). Th is apparent decrease  in the rate of 

reactiv ity  cannot be exp la ined by bond d issocia tion  energ ies a lone . O ne possible 

reason fo r th is  deactivating  e ffec t of the  chlorine substituent m ay be attribu ted to  

s te ric  co n s id e ra tio n s .

A nother reason fo r the observed  ra te  decrease may be due  to  po la rity  changes 

associa ted w ith  the incorpora tion  of an extra  Cl atom  in to  the  e the r structu re  . It is 

possib le  tha t the  inductive  e ffec t o f an extra  Cl atom  m ay resu lt in a  partia l positive 

charge on the  p - hydrogen : 

i.e.,

Cl H H
5 - 1 i 1Cl-C -C-O -C-H  ' ' 1S+H H H

This m ay then reduce the  s tab ility  o f the  transition  sta te  fo r H - a tom  abstraction 

by in troducing repuls ive fo rces  be tw een  the  OH radical and th e  H - atom  . This 

argum ent is not w ithout p receden t [38 , 39] fo r an e lectroph ilic  rad ica l such as OH . 

Th is  hypothesis is supported  by T a y lo r et al [38] w ho pointed to  th e  s im ila rity  in bond 
d issocia tion  energies of the  a  - hydrogens in C H 2CICH2CI and C H 3C H 2CI (96.5 ± 1
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and 96.7 ± 3 kcal m o l1 respective ly) w hile  the  reaction  o f OH rad ica ls w ith 
C H 2CICH2CI is much sm a lle r than  C H 3C H 2C I .

The above decrease  in reaction  rate , noted fo r the reaction  o f OH rad ica ls with 

the  chlorinated ethyl m ethy l e thers, w as also found in th e  reaction  o f Cl a tom s w ith 

these com pounds, a lthough  the  observed decrease w as  m ore  s ign ifican t. As both 

OH radica ls and Cl a tom s react v ia  a s im ila r H -atom  abstraction  m echanism  

(m echanism s (6) and (7)) , and due to  the re la tive ly la rge r s ize  of the  Cl atom 

com pared to the OH rad ica l, it w ou ld  appear tha t s te ric  e ffects  m ay s ign ifican tly  

in fluence the  speed of th e  reaction . To gain  fu rther know ledge  as to  possib le  steric 

contributions , fu rther w o rk  on the  reaction  of Cl a tom s and O H  rad ica ls w ith  other 

halogenated ethers is needed.

The OH radical and  Cl a tom  rate constants quoted  in T ab le  2 fo r brom o ethyl 

m ethyl e ther are both s ligh tly  la rge r than those fo r ch loro  e thy l m ethyl e ther. Th is 

s light increase in reac tiv ity  o f the  brom o-substitu ted  re la tive  to  the  chlorine 

substitu ted com pound has a lso  been observed by a co lleague  in our laboratory 

studying halogenated a lkanes. H ow ever, the  d iffe rence  in reactiv ities  between the 

com pounds m ay not be  s ign ifican t, as the  reaction ra tes fo r both com pounds lie 

w ith in  the error lim its quo ted  fo r each rate constant. T h is  s im ila rity  in reactiv ity 

between ch lorinated and  b rom ina ted  com pounds is consis ten t w ith  da ta  published by 
A tk inson [32] fo r CH3Br and  CH3CI.

The order of reac tiv ity  o f the  com pounds s tud ied  is s im ila r in both our OH 

radical and Cl atom  da ta , re flecting  the  s im ilarity  o f the  reaction  m echanism s 

involved. O ne surpris ing  resu lt w as the  unexpected s im ila rity  betw een the rates o f 

reaction of brom o ethyl m ethyl e the r and d i- iso -propyl e ther. From  the  trends in the  

O H radical rate constan t data , w e w ou ld  have expected  a g rea te r Cl atom  reaction 

rate for d i- iso -p ropyl e ther. O ne possible reason fo r th is  cou ld  be due to the
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activating effect o f th e  oxygen atom having less o f an e ffect on d is tan t carbons in the 

case of Cl atom  re ac tio n s  [9], thus the H-atom s on the  b ranched  m ethyl g roups are 

re lative ly m ore d ifficu lt to  rem ove than in the co rrespond ing  O H  radica l reaction.

O ne of the  d raw b acks  of the re lative rate te chn iq ue  em p loyed  in our labora tory 

is the d ifficu lty  in m on ito ring  s low  reactions . In fac t com pounds  w ith  OH radica l rate 

constants < 0.3 x  10-12 cm 3molecule-1s-1 and Cl a tom  ra te  constan ts  o f < 0.1 x 10 "  

cm3m olecule-1s-1 w e re  not determ ined over th e  tim e  sca les  em ployed in our 

laboratory (30 m in u te s ) . These lim its (also quoted in Tab le  2) w ere  determ ined using 

a procedure ou tlined  by Bufalin i et al [31] . Both o f these  lim its  are defined by the  

sensitiv ty o f the  ana ly tica l techn ique used to  m easu re  the  concen tra tions of the  tes t 
and reference com po u nd s  . By m odify ing the concen tra tion  o f C l2 and the  nature  of

the reference com po u nd  it m ay be possib le  to de te rm in e  C l a tom  rate constan ts  

below  0.1 x 10 '11 cm 3m olecule-1s-1 using our p resen t experim enta l design . T h is  w as 

not carried out in th e  case of the anaesthetics  as no loss of these species w as 

observed a fter p ho to lys is  fo r 30 m inutes in the  p resence  o f Cl a tom s .

A tm ospheric  life tim es  in Table 2 w ere  ca lcu la ted  using  the  re la tionships
T a =  ^ /k a [C\) and TOH = 1/konIOH] (8), (9)

where kc and k ^  a re  the  chlorine atom  and hydroxy l radica l rate constan ts  

respective ly and [C l] and [OH] are the concen tra tion  o f ch lo rine  a tom s and hydroxyl 

radicals respective ly . The concentration of OH rad ica ls  o f (7.7 ± 1.4) x 10s rad ica ls  

cm-3 [35] used to  ca lcu la te  the atm ospheric  life tim es o f the  e thers  w ith  respect to  OH 

radicals approx im a tes  th a t of a re lative ly c lean tropo sph e re . The  concentration o f Cl 

atoms of 1 x 103 cm-3 used to  calculate the  a tm osphe ric  life tim es w ith respect to  Cl 

atoms is typ ica l o f a  c lean  m arine troposphere  [8].

The long reac tion  tim es of isoflurane, en flu rane  and 2-ChIoro, 1,1,1 -trifluoro  

ethyl ethyl e ther, g iven  in Table  2 are cons is ten t w ith  the  sm all num ber of
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abstractab le  hydrogens present in these com pounds, and a lso the  high degree  of 

h indrance assoc ia ted  w ith these com pounds. A  lim it o f > 50 days w as estab lished  fo r 

our OH rad ica l tropospheric  life tim e. U sing an  abso lu te  techn ique , Brow n et al 

[27,28] ca lcu la ted  the  tropospheric  life tim es o f iso flu rane  and enflu rane  to  be 2 and 

2.4 years respec tive ly  (re lative to  a troposphe ric  O H radica l concen tra tion  o f 7 .7  x 

105 radica ls cm*3) , w hich  is consisten t w ith  o u r data . From  the  resu lts  ob ta ined by 

Brown et al and from  the re lease figures fo r iso flu rane  and enflurane  ca lcu la ted  in 

our labora tory  and soon to  be published, it is ev iden t tha t only a sm all quan tity  o f 

these anaesthe tics  w ill firstly be em itted to  th e  a tm osphere  and second ly  an even 

sm aller q ua n tity  w ill reach the stra tosphere  .It has been ca lcu la ted  by Logan et al 

[40] that by app rop ria te  use of absorption b rea th ing  system s w ith  fresh  gas flow  ra tes 

of perhaps 1 litre  m in*1 , the  total em iss ions o f these  anaesthe tics  m ight fu rthe r be 

reduced im m ed ia te ly  by 50 - 75%  . A lthough  the  exten t to  w h ich  iso flu rane  and 

enflurane p resen tly  e ffect s tra tospheric  o zone  levels is m in im al com pared  to  

com pounds such  as CFC - 11 and 12, th e  ro le o f such trace  com pounds in 

a tm ospheric  chem istry  can not be overlooked  and  m ust be considered  in con junction  

w ith all such m inor contribu tors .

To g a in  m echan is tic  in form ation on O H  radica l and Cl a tom  reac tions  w ith  

haloethers , fu rth e r w ork  is required on com pounds  conta in ing  d iffe ren t ha logens a t 

d ifferent ca rbon  s ites. P roduct stud ies shou ld  a lso  be carried  ou t so  tha t a  com ple te  

environm enta l assessm ent can be m ade rega rd ing  the  re lease o f such ha loe ther 

com pounds.
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