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What	  is	  ozone?	  	  	  
Why	  is	  it	  in	  the	  atmosphere?	  

•  Ozone	  is	  a	  tri-‐atomic	  molecule	  of	  	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  oxygen	  atoms	  
•  Ozone	  is	  a	  powerful	  oxidizing	  agent,	  far	  stronger	  

than	  O2	  

•  Ozone	  absorbs	  ultraviolet	  radia=on	  

•  Ozone	  is	  produced	  by	  the	  ac=on	  of	  solar	  
ultraviolet	  radia=on	  on	  atmospheric	  molecular	  
oxygen,	  O2	  
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Ozone	  Photochemistry	  
Odd	  Oxygen	  (O	  atoms	  +	  O3	  molecules)	  

Ini=a=on:	  	  	  	  	  	  	  	  	  	  	  	  	  	  hν	  +	  O2	  -‐-‐-‐>	  O	  +	  O	  	  	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (λ	  <	  240	  nm)	  	  

Propaga=on:	  	  	  	  	  	  	  	  O	  +	  O2	  +	  M	  -‐-‐-‐>	  O3	  +	  M	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  hν	  +	  O3	  -‐-‐-‐>	  O2	  +	  O	  	  	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (200	  nm	  <	  λ	  <	  300	  nm)	  

Termina=on:	  	  	  	  	  	  	  	  O	  +	  O3	  -‐-‐-‐>	  O2	  +	  O2	  

Chapman	  Theory	  1930	  

Ozone	  is	  con=nuously	  being	  made	  and	  destroyed	  in	  the	  atmosphere	   3	  
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Ozone	  Photochemistry	  
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Ozone	  absorbs	  
radia=on	  that	  
ini=ates	  its	  
produc=on	  !	  

Chapman	  Theory	  1930	  

Ozone	  is	  con=nuously	  being	  made	  and	  destroyed	  in	  the	  atmosphere	   4	  
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Ozone	  absorbs	  UV	  radia=on	  responsible	  for	  its	  
produc=on	  leading	  to	  an	  ozone	  layer	  in	  the	  stratosphere	  
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Where	  is	  Ozone?	  

•  Ozone	  is	  in	  a	  layer	  in	  the	  
stratosphere	  

•  Peak	  number	  density	  at	  
about	  20-‐25	  km	  al=tude	  

•  Peak	  mole	  frac=on	  at	  
about	  35	  km	  al=tude	  	  	  	  	  	  
(~	  10	  ppmv)	  	  

Troposphere:	  lowest	  part	  of	  atmosphere	  where	  weather	  occurs	  
	  (heated	  from	  below,	  unstable)	  

Stratosphere:	  above	  troposphere,	  permanent	  inversion	  layer	  	  
(heated	  from	  above	  by	  O3	  absorp=on)	  

6	  



UMBC	  ACS	  Student	  Chapter	  

Ozone	  Protects	  Earth’s	  Surface	  from	  Solar	  
Ultraviolet	  Radia=on	  

Measurements	  of	  Solar	  UV	  at	  
Surface	  with	  Brewer	  
Spectrophotometer	  in	  Sweden	  

Solar	  Disk	  Image	  in	  UV	  
Showing	  First	  Sunspot	  of	  
New	  Cycle	  
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Ozone	  Photochemistry:	  Catalysis	  

•  The	  ozone	  termina=on	  
reac=on	  (O	  +	  O3	  	  2O2)	  
can	  be	  catalyzed	  by	  the	  
addi=on	  of	  the	  oxides	  of	  
nitrogen,	  hydrogen,	  
chlorine,	  and	  bromine	  

•  ex:	  NO	  +	  O3	  	  NO2	  +	  O2	  

	  	  	  	  	  	  	  	  	  	  	  	  NO2	  +	  O	  	  NO	  +	  O3	  
	  	  	  	  	  	  	  	  	  	  -‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐	  

	  	  	  	  	  net:	  O	  +	  O3	  	  O2	  +	  O2	  

•  another	  example	  

	  	  	  	  	  	  	  	  	  	  	  Cl	  +	  O3	  	  ClO	  +	  O2	  
	  	  	  	  	  	  	  	  	  	  	  ClO	  +	  O	  	  Cl	  +	  O3	  

	  	  	  	  	  	  	  	  	  	  -‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐	  
	  	  	  	  	  net:	  O	  +	  O3	  	  O2	  +	  O2	  
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Why	  are	  there	  oxides	  of	  hydrogen,	  nitrogen,	  
chlorine,	  and	  bromine	  in	  the	  stratosphere?	  

They	  are	  generally	  reac=ve	  
radicals	  form	  soluble	  
compounds	  that	  will	  be	  washed	  
out	  of	  the	  atmosphere	  when	  it	  
rains	  

To get to the stratosphere, 
these reactive compounds 
need carriers that:  

1.  are not soluble 
2.  are unreactive 
3.  do not absorb visible light 

Nitrous	  Oxide	  (N2O)	  …...	  	  NOx	  

Methane	  (CH4)	  ………….	  	  HOx	  

Methyl	  Chloride	  (CH3Cl)	  	  ClOx	  

Methyl	  Bromide	  (CH3Br)	  	  BrOx	  
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Biogeochemical	  Cycling	  of	  
Elements	  and	  Stratospheric	  

Ozone	  

10	  



UMBC	  ACS	  Student	  Chapter	  

Enter	  Chlorofluorocarbons	  (CFCs)	  !	  

1898	  
Synthesis	  by	  Frederic	  Swarts,	  a	  

Belgian	  fluorine	  chemist	  

1930	  
Process	  for	  industrial	  manufacture	  by	  

Thomas	  Midgely	  

11	  



UMBC	  ACS	  Student	  Chapter	  

What	  are	  CFCs?	  
(Chlorofluorocarbons)	  CH4	  

CF2Cl2	  (CFC-‐12)	  CFCl3	  (CFC-‐11)	   CHClF2	  (HCFC-‐22)	  

Simplest	  CFCs	  are	  just	  methane	  (CH4)	  
with	  hydrogen	  replaced	  by	  halogen	  
(chlorine	  or	  fluorine):	  e.g.	  CFC-‐11	  
(CFCl3)	  or	  CFC-‐12	  (CF2Cl2)	  

12	  
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Fluorine	  Atoms:	  Size	  Mafers	  

•  Fluorine	  atoms	  are	  small	  in	  size	  

•  Can	  replace	  hydrogen	  in	  organic	  compounds	  with	  lifle	  
change	  in	  shape	  but	  major	  change	  in	  chemical	  reac=vity	  

13	  
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The	  Curious	  Case	  
of	  Thomas	  
Midgley	  

•  Came	  up	  with	  CFCs	  as	  a	  
replacement	  for	  dangerous	  
chemical	  in	  refrigerators,	  e.g.	  
ammonia,	  sulfur	  dioxide	  

•  Midgley	  also	  synthesized	  tetraethyl	  
lead	  to	  reduce	  knocking	  in	  auto	  
engines	  

Midgley	  became	  ill	  with	  polio	  
and	  invented	  a	  mechanical	  bed	  
to	  assist	  him:	  but	  he	  died	  of	  
his	  own	  inven=on	  when	  he	  
became	  entangled	  in	  the	  
pulleys	  and	  strangled	  himself	  !	  

14	  
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How	  did	  we	  get	  involved	  in	  chlorine	  
chemistry	  in	  the	  atmosphere?	  

Stedman,	  circa	  1972:	  “Chlorine	  destroys	  
ozone;	  everybody	  knows	  that!”	  

15	  
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But	  there	  is	  a	  lot	  of	  laboratory	  background	  that	  
underlies	  Chapman’s	  theory	  of	  stratospheric	  	  ozone	  

•  Laboratory	  ozone	  decomposi=on	  experiments	  
(circa	  1900-‐1930)	  

–  Ozone	  obtained	  from	  pure	  oxygen	  by	  e.g.	  electric	  
discharge	  

–  Ozone	  change	  measured	  by	  pressure	  change	  
(2O33O2)	  

–  Ozone	  change	  studied	  as	  a	  func=on	  of:	  
•  Temperature	  

•  Visible	  light	  

•  UV	  light	  

•  Contaminant	  gases	  (i.e.	  water,	  chlorine)	  	  

16	  
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Catalysis	  Accelerates	  	  
Termina=on	  Reac=on	  

Hydrogen	  oxides,	  Nitrogen	  oxides	  

Chlorine	  oxides,	  Bromine	  oxides	  

	  	  	  Example:	  Chlorine	  

Cl	  +	  O3	  -‐-‐-‐>	  ClO	  +	  O2	  	  	  	  	  	  	  	  	  	  

ClO	  +	  O	  -‐-‐-‐>	  Cl	  +	  O2	  

-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐	  
O	  +	  O3	  -‐-‐-‐>	  O2	  +	  O2	  	  	  	  net	  

Fritz	  Weigert	  first	  
studied	  the	  impact	  of	  
chlorine	  on	  ozone	  
decomposi=on	  his	  
laboratory	  in	  1907	  

17	  
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How	  did	  we	  come	  to	  know	  about	  the	  
importance	  of	  CFCs?	  

19	  



UMBC	  ACS	  Student	  Chapter	  

Why	  are	  CFCs	  Important?	  
They	  are	  carriers	  for	  chlorine	  to	  get	  to	  the	  stratosphere	  

NaCl	  
HCl	  

Cl2	  

Washout	  

CFCs	  

TROPOSPHERE	  

STRATOSPHERE	  

Reac=ve	  
Chlorine	  

Ozone	  
Loss	  

20	  
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The	  informa=on	  was	  out	  there	  for	  people	  like	  us	  to	  have	  put	  
forward	  the	  fluorocarbon-‐ozone	  theory	  –	  but	  we	  didn’t!	  

Lovelock	  et	  al.	  Nature,	  1973	  

Jim	  Walker	  
“What	  about	  
Carbon	  tet?”	  

Chuck	  Kolb	  (to	  me),	  November	  1973	  
“Have	  you	  ever	  thought	  about	  Freons?	  	  
They	  are	  inert	  in	  the	  troposphere,	  not	  
soluble	  and	  don’t	  absorb	  visible	  light.	  	  
They	  will	  get	  up	  into	  the	  stratosphere	  
where	  uv	  will	  produce	  chlorine.”	  

21	  
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Rowland	  heard	  a	  talk	  by	  Lovelock	  –	  his	  notes	  
below	  were	  the	  basis	  for	  studies	  by	  his	  new	  

post-‐doc,	  Mario	  Molina	  

22	  
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The	  Antarc=c	  Ozone	  Hole	  

Farman,	  Gardiner,	  and	  Shanklin	  paper	  in	  1985	  

23	  
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Figures	  from	  our	  1986	  Nature	  paper	  on	  the	  ozone	  hole	  

24	  
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Figures	  from	  our	  1986	  Nature	  paper	  on	  the	  ozone	  hole	  

What	  about	  the	  theory	  of	  the	  ozone	  hole?	   25	  
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Feldafing	  Workshop,	  June	  1984	  

Sherry	  Rowland:	  “Missing	  Chemistry”	  

–  Don’t	  need	  to	  worry	  about	  fast	  channels	  
–  What	  if	  one	  reservoir	  molecule	  reacted	  with	  another,	  e.g.	  ClONO2	  

and	  HCl?	  

–  Molina	  (and	  Sato	  and	  Rowland	  independently)	  had	  been	  studying	  
this	  reac=on	  in	  the	  lab	  

–  They	  found	  a	  small,	  but	  measureable	  rate	  coefficient	  

–  Inserted	  into	  a	  model,	  the	  reac=on	  implied	  that	  30%	  of	  the	  global	  
amount	  of	  ozone	  should	  have	  already	  disappeared	  

–  Later	  reported	  that	  reac=on	  was	  occurring	  on	  teflon	  walls	  of	  the	  
experiment	  

The	  raMonale	  for	  the	  scope	  of	  the	  present	  assessment	  report	  was	  
based	  on	  informaMon	  gained	  at	  a	  scienMfic	  workshop,	  enMtled	  "Current	  
Issues	  in	  Our	  Understanding	  of	  the	  Stratosphere	  and	  the	  Future	  of	  the	  
Ozone	  Layer"	  which	  was	  held	  in	  Feldafing,	  Federal	  Republic	  of	  
Germany	  in	  June	  1984	  with	  internaMonal	  parMcipaMon,	  co-‐sponsored	  
by	  NASA,	  FAA,	  WMO,	  and	  BMFT.	  	  

26	  
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Chlorine	  Photochemistry	  (normal)	  

Cl	  

ClO	  

HCl	  

ClNO3	  

AcMve	  
Chlorine	  
<	  0.5%	  

Chlorine	  
Reservoirs	  
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Polar	  Stratospheric	  Clouds	  (PSCs)	  
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Cl	  

ClO	  

HCl	  

ClNO3	  

PSC	  

Chlorine	  Photochemistry	  (polar)	  

PSC	  ReacMons	  
Drain	  

Chlorine	  
Reservoirs	  

AcMve	  
Chlorine	  
Increases	  

By	  50	  to	  100x	  
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Variety	  of	  Ini=al	  Theories	  of	  the	  Ozone	  Hole	  

•  Chlorine	  chemistry	  

•  Dynamics	  –	  was	  ozone	  just	  moved	  around	  by	  wave	  mo=ons	  
but	  conserved	  over	  the	  en=re	  polar	  region?	  	  No,	  there	  was	  a	  
net	  decrease.	  

•  Solar	  Cycle	  –	  NOx	  chemistry	  varia=ons	  induced	  by	  solar	  
cycle-‐	  required	  N2O	  change	  that	  was	  not	  observed.	  

•  Other?	  

30	  
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“Smoking	  Gun”	  
NASA	  ER-‐2	  Aircrat	  
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There	  were	  alterna=ve	  theories	  
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An	  aside	  on	  giving	  talks	  on	  hot	  issues	  such	  as	  
the	  fluorocarbon-‐ozone	  issue	  was	  at	  one	  =me	  

•  You	  are	  an	  expert	  on	  science:	  separate	  your	  science	  from	  any	  
opinions	  on	  what	  should	  be	  done	  by	  society	  

•  There	  are	  no	  dumb	  ques=ons:	  Even	  if	  you	  have	  heard	  a	  
ques=on	  a	  thousand	  =mes	  respect	  the	  ques=oner	  

•  Be	  prepared:	  you	  know	  the	  standard	  ques=ons	  so	  you	  
should	  have	  a	  prepared	  approach	  to	  these	  

•  If	  you	  don’t	  know	  the	  answer	  say	  so.	  

33	  
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Final	  thoughts	  

•  Details	  are	  important,	  but	  if	  you	  don’t	  try	  to	  step	  
back	  and	  see	  the	  big	  picture	  you	  can	  waste	  a	  lot	  of	  
=me	  on	  the	  wrong	  details	  

•  Opportuni=es	  abound:	  will	  you	  recognize	  them?	  	  Will	  
you	  follow	  up	  on	  them?	  	  Or	  will	  you	  just	  let	  them	  
pass	  by?	  

•  Ideas	  are	  cheap	  –	  Selec=on	  of	  good	  ones	  and	  follow	  
through	  on	  them	  is	  what	  counts.	  
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•  Commifee:	  	  A	  cul-‐de-‐sac	  to	  which	  ideas	  are	  lured	  and	  then	  quietly	  
strangled.	  	  -‐-‐	  John	  A.	  Lincoln	  

•  Man	  will	  occasionally	  stumble	  over	  the	  truth	  but	  most	  of	  the	  =me	  
he	  will	  pick	  himself	  up	  and	  con=nue	  on.	  -‐-‐	  W.	  S.	  Churchill	  

•  Don't	  worry	  about	  people	  stealing	  your	  ideas.	  	  If	  your	  ideas	  are	  
any	  good,	  you'll	  have	  to	  ram	  them	  down	  people's	  throats.	  –	  
unknown	  

•  A	  complex	  system	  that	  works	  is	  invariably	  found	  to	  have	  evolved	  
from	  a	  simple	  system	  that	  worked	  ...A	  complex	  system	  designed	  
from	  scratch	  never	  works	  and	  cannot	  be	  patched	  up	  to	  make	  it	  
work.	  You	  have	  to	  start	  over,	  beginning	  with	  a	  working	  simple	  
system.	  	  -‐-‐	  Grady	  Booch	  
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