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CHEMISTRY OF THE OUTER PLANETS 

INTRODUCTION: 

This cooperative agreement is part of a continuing 

collaboration between the Planetary Biology Branch of NASA Ames 

Research Center and S.U.N.Y. at Stony Brook on the chemistry of 

the outer planets, in particular that which is occuring or may 

have occured in the past in the atmospheres of Jupiter, Saturn, 

and Saturn's satellite Titan. Past work has included study of 

hot-atom chemistry in the Jovian atmosphere, production of 

laboratory synthesized materials as candidates for Titan 

aerosols, and comparison of infrared spectra of natural and 

commercially prepared compounds with observations of the outer 

planets and their satellites. Under this cooperative agreement, 

these studies have been continued, but with the planning now 

underway for sending a probe to Titan to analyze its atmosphere, 

the emphasis of the past (and future) research has been on the 

chemistry of Titan's atmosphere. This mission, now referred to 

as the Cassini mission, is planned to be launched in 1994 for 

arrival at Titan by 2002,  and will carry instruments that will, 

among other things, analyze the chemical composition of the 

gaseous and aerosol components of the atmosphere. In order to 

prepare for this mission, as much information as possible about 

the nature of Titan's atmosphere must be obtained in order to 

intelligently design the instruments to be carried on the probe. 

Most of what is known about the composition and structure of 

Titan's atmosphere was obtained by the two Voyager spacecraft, 

along with observations from ground-based telescopes. The 

vertical structure of the atmosphere, as currently envisioned, is 
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shown i n  F igure  1. I n  t h e  upper atmosphere,  above about  2 0 0  km, 

a n  u l t r a v i o l e t  a b s o r b i n g  haze l a y e r  h a s  been  o b s e r v e d .  The 

c o m p o s i t i o n  of t h i s  h a z e  i s  n o t  known, b u t  t h e  g a s  p h a s e  i s  

dominated by n i t r o g e n  (-97%,) w i t h  s m a l l  amounts of methane ( 4 3 % )  

and hydrogen  ( ~ 0 . 2 % . )  O t h e r  s p e c i e s  t h a t  h a v e  been  d e t e c t e d  ( i n  

t r a c e  a m o u n t s )  i n c l u d e  t h e  h y d r o c a r b o n s  e t h a n e ,  p r o p a n e ,  

a c e t y l e n e ,  d i a c e t y l e n e ,  and m e t h y l a c e t y l e n e ,  t h e  n i t r i l e s  

hydrogen  c y a n i d e ,  c y a n o a c e t y l e n e ,  and cyanogen,  and t w o  oxygen 

con ta in ing  compounds, carbon d iox ide  and carbon monoxide (Hunten, 

e ta l . ,  1984.)  All of t h e s e  s p e c i e s  e x i s t  above  T i t a n ' s v i s i b l e  

r e d - o r a n g e  c l o u d  deck ,  l o c a t e d  a b o u t  1 6 0  km above  t h e  s u r f a c e .  

B e l o w  t h i s  c l o u d  l a y e r  l i t t l e  i s  known a b o u t  t h e  a t m o s p h e r e ,  

excep t  t h a t  t h e  s u r f a c e  pressure  and t empera tu re  a r e  1.6 bar and 

9 4 ' K ,  r e s p e c t i v e l y  ( H u n t e n ,  e t  a l . ,  1 9 8 4 . )  B e c a u s e  t h e  

t empera tu re  of t h e  atmosphere drops below t h e  l i q u i f i c a t i o n  p o i n t  

of methane  a t  a b o u t  4 5  km ( s e e  F i g u r e  1,) a methane  c l o u d  l a y e r  

i s  b e l i e v e d  t o  e x i s t  t h e r e ,  b u t  t h i s  h a s  n o t  y e t  been  o b s e r v e d .  

From s imple  r a i n o u t  of spec ie s  produced i n  t h e  upper atmosphere,  

t h e  r e g i o n  below t h e  v i s i b l e  c l o u d s  s h o u l d  c o n t a i n  a t  l e a s t  a l l  

of t h e  compounds l i s t e d  above, and ,  i f  o t h e r  t y p e s  of c h e m i s t r y  

are occur ing  there (Borucki, McKay and Whitten,  1984,) many o t h e r  

o r g a n i c  compounds may a l s o  be fo rmed ,  p e r h a p s  t o  fo rm a e r o s o l s  

chemica l ly  more complex t h a n  l i q u i d  methane d r o p l e t s .  

The p r e s e n t  p l a n s  f o r  t he  C a s s i n i  mi s s ion  c a l l  f o r  t h e  T i t a n  

p r o b e  t o  become s u b s o n i c  a n d  i t s  i n s t r u m e n t s  t o  be  d e p l o y e d  a t  

about  2 0 0  km above t h e  surface.  Consequently, a l l  measurements 

of t h e  c h e m i c a l  composi t ion of t h e  atmosphere w i l l  be conf ined  t o  
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t h e  r e g i o n  be low t h e  v i s i b l e  c l o u d s .  I n  o r d e r  t o  l e a r n  a b o u t  

what  compounds m i g h t  be  found i n  t h i s  r e g i o n ,  e x p e r i m e n t s  have  

been car r ied  o u t  t o  d e t e r m i n e  t h e  n a t u r e  of  t h e  g a s e o u s  ( a n d  

aerosol) s p e c i e s  t h a t  are formed when a model T i t a n  atmosphere i s  

sub jec t ed  t o  e lectr ical  d ischarges ,  a p rocess  proposed t o  occur  

i n  t h e  lower atmosphere (Borucki, McKay and Whit ten,  1984.) 

PRODUCTION OF GAS PHASE S P E C I E S :  

U s i n g  a s p a r k  f a c i l i t y ,  c o n s i s t i n g  of t w o  a l u m i n u m  

e l e c t r o d e s  enc losed  i n  a r ec t angu la r  chamber of 1 3  l i t e r  volume, 

a s e t  of p r e l i m i n a r y  e x p e r i m e n t s  h a s  been  c a r r i e d  o u t  on a 

m i x t u r e  (96.8% N 2 ,  3.0% C H 4 ,  0 . 2 %  H 2 )  m o d e l i n g  t h e  a t m o s p h e r e  of 

Ti tan .  This  mixture  was subjected,  i n  f i v e  s e p a r a t e  exper iments ,  

t o  v a r i o u s  numbers of sparks .  These f i v e  c e n t i m e t e r  long  spa rks  

averaged 362 j o u l e s  each, r e s u l t i n g  i n  energy d e n s i t i e s  of about  

l o 4  j o u l e s / m e t e r ,  a p p o x i m a t i n g  t h a t  of  t e r r e s t r i a l  l i g h t n i n g .  

Samples of t h e  mixtures  before  and a f t e r  each s e t  of spa rks  w e r e  

t a k e n  and a n a l y s e d  f o r  hydroca rbons  and  hydrogen  c y a n i d e .  The 

y i e l d s  of t h e  v a r i o u s  p r o d u c t s  were d e t e r m i n e d  and compared t o  

y i e l d s  p r e d i c t e d  by a s imple  high-temperature  e q u i l i b r i u m  shock 

m o d e 1 , i n  o r d e r  t o e v e n t u a l l y r e f i n e  t h e  model  a s  a p r e d i c t o r  for 

l i g h t n i n g  produced s p e c i e s  i n  p l a n e t a r y  atmospheres.  

The y i e l d s  of C 2 H 6 8  C 2 H 4 ,  C 2 H 2 ,  C 3 H 8  and  HCN t h a t  w e r e  

d e t e r m i n e d  f rom t h e  e x p e r i m e n t s  a r e  shown i n  F i g u r e  2. The 

d o m i n a n t  p r o d u c t s ,  r e g a r d l e s s  of t h e  number of s p a r k s ,  w e r e  

a c e t y l e n e  a n d  h y d r o g e n  c y a n i d e .  The y i e l d  o f  C 2 H 2  ( i n  

molecules / jou le)  w a s  found t o  be t h e  s a m e  ( t o  w i t h i n  expe r imen ta l  

error) f o r  a l l  numbers of sparks ,  i n d i c a t i n g  t h a t  t h i s  s p e c i e s  i s  
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a p r i m a r y  p r o d u c t  of  t h e  l i g h t n i n g  g e n e r a t e d  shock.  S i m i l a r  

behavior  w i t h  spark  number, b u t  w i t h  l o w e r  y i e l d s ,  w a s  observed 

f o r  C 2 H 6 ,  C 2 H 4  and C3H8. H C N ,  however ,  w a s  found t o  i n c r e a s e  

m a r k e d l y  w i t h  t h e  number of s p a r k s .  T h i s  s u g g e s t s  t h a t  i n  

a d d i t i o n  t o  d i r e c t  fo rma t ion  of HCN, an i n t e r m e d i a t e  s p e c i e s  i s  

f o r m e d t h a t l e a d s t o t h e  f o r m a t i o n o f  HCN. F u r t h e r  work n e e d s t o  

be done i n  o r d e r  t o  f u r t h e r  understand t h i s  p rocess .  

Comparison of t h e  experimental  y i e l d s  w i t h  t h o s e  p r e d i c t e d  

by t h e  model are shown i n  Figure 3. The t h e o r e t i c a l  c a l c u l a t i o n s  

w e r e  done by C.P. McKay of the  S o l a r  System Exp lo ra t ion  Branch a t  

A m e s .  The r a t h e r  good agreement between model and experiment  f o r  

HCN and C2H2 i s  r e a d i l y  apparent ,  b u t  t h e  agreement f o r  C2H4 and 

C 2 H 6  i s  p o o r ,  a t  b e s t ,  and becomes i n c r e a s i n g l y  w o r s e  w i t h  

g r e a t e r  complexi ty  of t h e  product (no c a l c u l a t i o n s  have y e t  been 

done f o r  C3H8.1 These  r e s u l t s  s u g g e s t ,  f o r  e t h a n e  and  p r o p a n e ,  

t h a t  t h e i r  f o r m a t i o n  may be  due t o  s e c o n d a r y  p r o c e s s e s ,  s u c h  as  

p h o t o l y s i s .  Work w i l l  c o n t i n u e  t o  s tudy  t h i s  hypothes is .  

THE NATURE OF THE AEROSOL MATERIAL: 

Us ing  t h e  s a m e  m i x t u r e  t h a t  w a s  u s e d  i n  t h e  s p a r k  e x p e r i -  

ments d i scussed  above, s o l i d / l i q u i d  m a t e r i a l s  were produced from 

laser de tona ted  shocks. Shocks produced from nanosecond p u l s e s  

of  a v e r y  h i g h  e n e r g y  1 . 0 4 , ~ m  l aser  a r e  b e i n g  i n v e s t i g a t e d  a t  

A m e s  a s  e l e c t r o d e l e s s  models  f o r  l i g h t n i n g  ( B o r u c k i  and McKay, 

. 1985.)  T h i s  method w a s  chosen  h e r e  due  t o  t h e  g r e a t e r  ease i n  

p r o d u c i n g  t h e  amounts  of m a t e r i a l  r e q u i r e d  f o r  a n a l y s i s .  The 

a n a l y s i s  of t h e  waxy reddish-brown mater ia l  w a s  done by p y r o l y t i c  
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g a s  c h r o m a t o g r a p h y .  The s y s t e m  u s e d  i n  t h i s  s t u d y  i s  

s c h e m a t i c a l l y  shown i n  Figure 4. Small  amounts of t h e  material  

w e r e  i n t r o d u c e d  i n t o  a n  e v a c u a t e d  f u r n a c e  a t  room t e m p e r a t u r e .  

The m a t e r i a l  w a s  t h e n  stepwise h e a t e d  u n d e r  vacuum, a l l o w e d  t o  

e q u i l i b r a t e  f o r  t h r e e  minutes  a t  each t empera tu re ,  and samples  of 

t h e  headspace gases  w e r e  taken. The t empera tu res  chosen f o r  t h i s  

s t u d y  w e r e  2 0 6 C ,  25OCC, 450'C and  70OoC. A n a l y s e s  of  t h e  g a s e s  

were c a r r i e d  o u t  by i n j e c t i n g  known amoun t s  o f  t h e  gas ,  u s i n g  a 

Va lco  l o o p  s a m p l i n g  v a l v e ,  o n t o  a cus tom p r e p a r e d  P o r a p a k - l i k e  

column a t  105'C and d e t e c t i n g  t h e  components w i t h  a meta-s tab le  

i o n i z a t i o n  d e t e c t o r .  

F e w  p r o d u c t s  w e r e  obse rved  u n t i l  t h e  t e m p e r a t u r e  of t h e  

sample w a s  raised t o  450'C. A t  t h i s  tempera ture ,  over  20  s p e c i e s  

were found, as shown i n  Figure 5. O f  t h e s e  20 compounds, e leven  

have  been i d e n t i f i e d  by compar ison  of t h e i r  r e t e n t i o n  t i m e s  t o  

those  of known compounds. These s p e c i e s  are l i s t e d  i n  t h e  Figure,  

and i n c l u d e  h y d r o c a r b o n s  up t o  b u t a n e  and s e v e r a l  n i t r i l e s ,  a t  

l e a s t  HCN and CH3CN. The s l i g h t  hump n e a r  t h e  end of  t h e  

chromatogram has t h e  same r e t e n t i o n  t i m e  as benzene, which could 

be an  impor t an t  f i n d i n g  i n  l i g h t  of t h e  d e t e c t i o n  of t h e  molecule  

i n  t h e  J o v i a n  a t m o s p h e r e .  F u r t h e r  w o r k  t o  d e t e r m i n e  t h e  

i d e n t i t i e s  of t h e  r e m a i n i n g  p e a k s  and i f  m o r e  complex p r o d u c t s  

a r e  formed w i l l  be done. 

CONCLUSIONS: 

I t  i s  c lear  f rom t h e  e x p e r i m e n t s  t h a t  a v a r i e t y  of  complex 

o r g a n i c  m o l e c u l e s  c a n  be  produced by l i g h t n i n g  i n  a T i t a n - l i k e  

g a s  m i x t u r e .  The d o m i n a n t  p r o d u c t s  w e r e  f ound  t o  be  a c e t y l e n e  
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and hydrogen cyanide, with smaller amounts of many other species. 

Any aerosol produced by lightning initiated processes will 

consist of a complex mixture of organic compounds, many of which 

should be easily identified by pyrolytic GC. Work will continue 

to expand the data base of molecules produced by lightning and 

other processes in order to assist in the design of appropriate 

analytical instruments for the upcoming Saturn/Titan mission and 

any other planetary probes. 
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Figure  4 

SCHEMATIC OF SYSTEM USED FOR PYROLYSIS AND ANALYSIS OF 
MODEL TITAN AEROSOLS 
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Figure 5 
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