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- 9  Equilibrium Studies 

PROGRESS REPORT 1965-66 

NASA Contract No. 21-003-002 

It i s  evident t h a t  equilibrium processes have played a l a rge  r o l e  i n  
t he  determination of compounds present i n  planetary atmospheres, meteorites,  

geological deposits and i n  the  or igin of l i f e .  

be computed over broad ranges of conditions. 

The e f f e c t s  of equilibrium should 

We have almost completed preparation of a monograph on our survey of 

t h e  major compounds present i n  an idea l  gas for  a l l  proportions of C ,  H, 0, and 

N and t r a c e  quant i t ies  of S,  P and C1. 

and r e s u l t s  f o r  over 300 compounds of biochemical i n t e r e s t .  These systems have 

been very in t e re s t ing  t o  astronomers, pa r t i cu la r ly  with regard t o  planetary at- 

mospheres, t o  space s c i e n t i s t s  because of t he  questions of remote measurements 

on p lane ts  and t h e  chemical hallmarks of l i f e  on other planets ,  t o  me teo r i t i c i s t s ,  

pa r t i cu la r ly  Anders’ group a t  Chicago, who have suggested equilibrium processes 

t o  account f o r  carbonaceous compounds i n  meteorites,  and t o  geobiochemists as 

Abelson and Blumer, in te res ted  i n  the s t a b i l i t y  of b io logica l  compounds over 

geological e ras  and i n  equilibrium processes i n  carbon metamorphosis on ear th .  

This monograph describes t h e  methods used 

We have submitted f o r  publication a paper e n t i t l e d  “Thermodynamic 

Equi l ibr ia  i n  Planetary Atmospheres,” E. R .  Lippincott ,  R.  V. Eck, M. 0. Dayhoff, 

and C .  Sagan. 

I’ 

Abstract. The thermodynamic equizibriwn composition of aZZ possible 
combinations of the eZements C,H,O, and N a t  reasonubze average press- 
ures and temperatures have been caZcuZated for the atmospheres of Earth, 
Venus, Mars and Jupiter. 
compound concentrations are Zocated and discussed. 

A l l  regions consistent with the observed 

The constituents of the terrestrial atmosphere are i n  approximate 
thermodynamic equiZibriwn i n  spite of the continual addition of trace 
organic campounds from bioZogicaZ act iv i ty ,  lightning, radiation and 
vutcaniem. 
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The atmosphere o f  Venus seems l ike ly  t o  be i n  thermodynamic equi- 
Zibriwn. 
abundances of CH4, NH3 and CO are  a l l  inconsistent with the possibil i ty 
of elementaz carbon or hydrocarbons i n  contact with the atmosphere, 
either on the surface or as clouds. 
evoZved from an originuZ gas mixture much more reducing than the present, 
two processes must have occurred: the loss o f  hydrogen to  space and 
the loss of  02, most probably by e f f ic ien t  reaction with a consider- 
abZe Zayer of reduced eurface materiaZs. In addition, Venus must 
b e  begun i t s  evoZutionary history with a (C/O) ahndance r a t w  
- 0.5, a value consistent with several cosmic abundance estimates. 

I t  then foZZows that the measured upper l imits  on the 

If the Cytherian atmosphere 

The evidence for Mars is not inconsistent with thermodynamic 
equilibrium. 
t i e s  of free 02 exis t .  The equiZibriwn abundance of aZl oxides of 
nitrogen i s  extremely Zow even if computed with a considerabZe ex- 
cess of 02. 

For Mars and Venus there i s  no molecuZar species with a large 
predicted equiZibrium abundance and spectroscopicaZZy accessibZe 
absorption features which has not been aZready identif ied.  

not contain significant amounts of any compound not observed. 
ever, a t  high temperatures such as wouZd be produced by lightning 
discharges, HCN, aromatics, and a variety o f  nitrogen compounds 
wuZd be expected. 

The computations do not indicate whether smaZZ quanti- 

Under equiZibriwn conditions a t  Zow temperatures Jupiter could 
How- 

These could contribute t o  the colors observed. 

We have a l s o  submitted for publ ica t ion  t h e  paper "Thermodynamic Equi- 

l ib r ium i n  t h e  Origin of Organic Matter" by R .  V.  Eck, E. R.  Lippincot t ,  M. 0. 

Dayhoff, and Y. T. Pratt. This included a preliminary repor t  confirming t h e  

experimental evidence f o r  equilibrium processes i n  a gas plasma. Calculations 

were made under t h e  conditions of  t h e  hea t  catalysed reac t ions  of Studier ,  

xayatsu and Anders, and of our plasma experiments. 

Abstract .  TheoreticaZ and experimentai! support i s  presented for 
the hypothesis that organic compounds occurring i n  carbonaceous 
chondrites may have formed under equilibriwn or near equilibrium con- 
dit ions.  
temperatures between 300' and 1000' K and pressures of 

The equilibrium distributions of organic compounds a t  
t o  50 
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abospheres for  the C-H-0 system have been computed. 
tures and low pressures aromatic compounds may form even i n  the 
presence of excess hydrogen. 
compounds possible a t  1000° K when N,  S, and CI are added t o  the sys- 
tem have also been determined. 
ed i n  which those few compounds which form with most d i f f i cu l t y  are 
excluded from the computations. 
i n  the interpretation of certain experimental data. In preZiminury 
experiments it has been found t ha t  gases, converted t o  the plasma state 
by high energy radio frequency discharge, yield product mixtures which 
are i n  qualitative agreement w i th  those predicted. 

A t  high tempera- 

Equilibriwn concentrations of numerous 

A limited equilibrium method i s  employ- 

This approach i s  shown t o  be useful 

The computer program t o  determine thermodynamic equilibrium i n  multi- 

phase systems has been wri t ten and checked out.  We have used it t o  determine 

t h e  graphi te  phase boundaries f o r  OUT survey monograph i n  preparation. 

Biopolymer Studies 

W e  have searched among t h e  proteins  of l i v ing  organisms i n  t h e  hope 

of f inding r e l i c s  of pr imit ive s t ructures  preserved by t h e  strong conservatism 

of na tura l  select ion.  

present very ear ly  i n  evolution, even before a genetic code evolved. 

s t ruc tu re  may w e l l  preserve r e l i c s  of t h e  era of t h e  evolution of t he  genetic 

code. Science will soon publish our paper on t h i s  subject ,  "Evolution of t h e  

S t ruc ture  of Ferredoxin Based on Surviving Rel ics  of Primitive Amino Acid Se- 

quences," by R .  V .  Eck and M. 0. Dayhoff. 

Ferredoxin i s  l i k e l y  t o  have evolved from a prototype 

I ts  

Abstract. The present-day structure of ferredoxin, uLth i t s  simple, 
inorgmic active s i t e  and i t s  functions basic t o  photon-energy u t i l i -  
zation, suggests the incorporation of i t s  prototype into metabolism 
very early during biochemical evolution, even before complex proteins 
and the complete modern genetic code mis ted .  The information i n  the 
amino acid sequence of ferredoxin enables us t o  reconstruct i t s  evolu- 
tionary history. 
ma3 b e  contained only eight o f  the simplest amino acids. 
shorter ancestor i n  turn developed from a repeating sequence of the 

I t  has evolved by doublCng a shorter protein, which 
?'his 

_ -  



F 

. 
1 -  

- -  
I .  

amino acids alunine, aspartic acid or proline, serine, and gZycine. 
The living rel ics  of t h i s  primordial structure persist  today because 
of a conservative principle i n  evolutionary biochemistry: 
selection inhibits with extreme severity an3 change i n  a well-adupted 
system on which several other essential components depend. Many such 
intricate details of the earliest stages of l i f e  must s t i l l  survive, 
amitiq detection and elucidation. 

Natural 

Since our l as t  progress repor t ,  t a l k s  were given a s  follows: 

NASA Bioscience Subcommittee of t h e  Space Science Steering Committee 
meeting S ta t e  College, Pennsylvania, Apri l  1965, "Thermodynamic and 
Biochemical Studies of the Origin of Li fe ' '  by M. 0. Dayhoff, E. R.  
Lippincott ,  and R .  V. Eck. 

18 th  Annual Conference on Engineering i n  Medicine and Biology, Phila- 
delphia , Pennsylvania , November 1965 , "Predictions of t h e  Compositions 
of t h e  Atmospheres of t h e  Planets" by R. V. Eck. 

Meeting of t h e  Biophysical Society, Boston, Massachusetts, February 
1966, 2 papers, "Thermodynamic Equilibrium on t h e  Prebiological Earth" 
by M. 0. Dayhoff 

and 

t e i n  Sequence and Structure," R .  V.  Eck. 
Protein Sequences Treated as Mathematical Puzzles: An A t l a s  of Pro- I 1  

Manuscripts S u b i t t e d  f o r  Publication 

Thermodynamic Equi l ibr ia  i n  Planetary Atmospheres," E. R .  Lippincott , 11 

R .  V. Eck, M. 0. Dayhoff, and C .  Sagan, submitted 1965. 

Thermodynamic Equilibrium i n  the  Origin of Organic Matter," R .  V. Eck, I 1  

E. R .  Lippincott, M. 0. Dayhoff, and Y.  T.  Pratt, submitted 1966. 

Evolution of t h e  Structure  of Ferredoxin Based on Surviving Rel ics  of 
Pr imit ive Amino Acid Sequences," R .  V.  Eck and M. 0. Dayhoff, i n  press ,  
Science , 1966. 

11 
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BIOGRAPHICAL SKETCH 

Margaret Oakley Dayhoff 

  ate of Bir th :  
Married: 2 Children. 

Place of Bir th :  

U.S. Ci t izen;  Female. 

Chronology: 

1960-present: Senior Research S c i e n t i s t ,  Head, Department of Chemical Biology, 
National Biomedical Research Foundation. 

1957-1959: Post-doctoral research fel lowship,  Universi ty of Maryland. 

1948-1951: Research Assis tant ,  Rockefeller I n s t i t u t e  f o r  Medical Research. 

1947-1948 : Watson I .B ,M. Computing Laboratory Fellowship. 

Education : 

New York Universi ty,  B.A. magna cum laude with honors; 1945, Mathematics. 
Columbia Universi ty,  M .A. ; 1946, Chemistry. 
Columbia Universi ty,  Ph.D. ; 1948, Quantum Chemistry. 

Professional  Soc ie t i es :  

Fellow of t he  American Association f o r  t h e  Advancement of Science 

American Chemical Society 

Association f o r  Computing Machinery 

Biophysical Society 

New York Academy of Science 

Society f o r  Computer Science i n  Biology and Medicine, Secretary 

Honors : 

Phi Beta Kappa 

Sigma X i  
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P u b l i c a t i o n s  : 

"Automatic Scanning of X-ray D i f f r a c t i o n  F i lms  i n t o  t h e  Core Memory of a 

and Bio loqy ,  Vol. 7, p. 165, 1965. 

I C  
- High Speed Computer", Proc.  of 1 8 t h  Ann. Conf, on Enq inee r inq  i n  Medicine 

"Evolu t ion  of t h e  S t r u c t u r e  of Fe r redox in  Based on R e l i c s  of P r i m i t i v e  Amino 
Acid Sequences" w i t h  R. V. Eck, Sc ience ,  1966 ( i n  P r e s s ) ,  

I 

. 

"Thermodynamic E q u i l i b r i u m  i n  t h e  Or ig in  of Organic  Mat te r"  w i t h  R. V.  Eck, 
E. R. L i p p i n c o t t ,  and Y. T. P r a t t ,  (Submit ted f o r  p u b l i c a t i o n )  

"Thermodynamic k q u i l i b r i a  i n  P l a n e t a r y  Atmospheres" w i t h  E. R. L i p p i n c o t t ,  
R. V. Eck,  a n d  C. Sagan. (Submit ted f o r  p u b l i c a t i o n )  

A t l a s  of P r o t e i n  Sequence and S t r u c t u r e  1965, w i t h  R. V. Eck, M. A. Chang, and 
M. Sochard,  N a t i o n a l  Biomedical  Research Foundat ion .  

"Computer Aids t o  P r o t e i n  Sequence Determinat ion",  J. of Theor.  B i o l , ,  Vol. 8, 
pp* 97-112, 1965. 

"Thermodynamic E q u i l i b r i a  i n  P r e b i o l o g i c a l  Atmospheres" w i t h  E. R. L i p p i n c o t t  
anu R, V. Eck, Sc ience ,  Vol. 146, No. 3650, pp. 1461-1464, Dec. 11, 1964. 

"Computer Sea rch  f o r  A c t i v e  S i t e  Conf igura t ion" ,  J. of A m e r .  Chem. SOC., Vol. 86, 
ppo 2295-2297, 1964- 

"Thermodynamic E q u i l i b r i a  i n  P r e b i o l o g i c a l  Atmospheres 
Proc.  of 1 7 t h  Ann. Conf. on Engineer ing  i n  Medicine and Bioloqy,  p. 58, 1964. 

Program CHEM-EQUILIBRIUM" 

"Simula t ion  of C e l l u l a r  P r o c e s s e s ,  Program CELSIM" w i t h  F. Heinmets,  Proc.  of 
1 6 t h  Ann. Conf. on Enq inee r inq  i n  Medicine and Bio loqy ,  Vol. 5, p. 54, 1963. 

"A Contour-Map Program f o r  X-ray Crys ta l lography" ,  Comm. of ACM, Vol. 6, No. 10, 
pp. 620-6229 Octo 1963. 

"Del ta  F u n c t i o n  Model of Chemical Bi rd ing"  w i t h  E. R. L i p p i n c o t t ,  'Advance i n  
Molecu la r  Spec t roscopy ' ,  Pergamon P r e s s ,  1962, 

"Comproteinr 
M. 0. Dayhoff,  R. S. Ledley ,  Proc .  of F a l l  J o i n t  Computer Conference ,  Vol. 9, 

A Computer Program t o  Aid Pr imary  P r o t e i n  S t r u c t u r e  Determina t ion"  

pp, 262-274, 1962. 

"The Use of Computers i n  P r o t e i n  Biochemistry"  w i t h  R. S. Ledley ,  Digest  of t h e  
1 5 t h  Ann. Conf. on Enq inee r inq  i n  Medicine and B io loqy ,  Vol. 4,  p. 34, 1962. 

"Del ta  F u n c t i o n  Model of Chemical Binding" w i t h  E. R. L i p p i n c o t t ,  Spec. Acta ,  
Vol. 16, 807, 1960. 

"The Apparent  and P a r t i a l  Molal Volumes of Po ta s s ium I o d i d e  and of I o d i n e  i n  
Methanol  a t  25OC from D e n s i t y  Measurements" w i t h  D, A. MacInnes, J, Am. Chem, 
2 . 9  V o l e  75, p. 5219, 1953. 



Dayhot f 

P u b l i c a t i o n s :  

uThe P a r t i a l  S p e c i f i c  Volumes, i n  Aqueous S o l u t i o n  of Three  P r o t e i n s "  w i t h  
G. E, Per lman and D. A ,  MacInnes, J. Am, Chem, SOC., Vole  74, p. 2515, 1952. 

._ 
- 

"The P a r t i a l  Molal Volumes of Ma1 and I o d i n e  i n  Aqueous So lu t ion"  w i t h  D, A. 
MacInnes, J, Am. Chem. Soc., V o l ,  74, p. 1917, 1952, 

*A Study  of Iod ide - Iod ine  S o l u t i o n s  w i t h  t h e  EMF Cen t r i fuge"  wi th  I), A. Mac I n n e s  
J. Chem. Phys., Vol. 20, p e  1034, 1952. 

"A Magnet ic  F l o a t  Method f o r  Determining t h e  D e n s i t i e s  of S o l u t i o n s "  w i t h  D e  A. 
MacInnes and Be R. Ray, Rev, S c i . .  I n s t , ,  Vol. 22, p. 642, 1951. 

"Punched Card C a l c u l a t l o n  of Resonance Energies" ,  Ph,D. T h e s i s ,  Columbia 
U n i v e r s i t y ,  w i t h  G. E. Kimbal l ,  J, Chem. Phys., No. 17, p. 706, 1949. 
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Richard V.  Eck 

Bate of Bir th :  . Place of B i r th :  
B.S. Ci t izen;  

Chronology: 

March 1965-present : Head, Department of Biology, National Biomedical Research 
Foundat ion. 

Sept . 1963-present : Senior Research S c i e n t i s t ,  National Biomedical Research 
Foundation. 

1954-1963: Biologis t ,  National Cancer I n s t i t u t e .  Developed severa l  animal experi- 
mental models of complications of cancer surgery, along with mathematical methods 
f o r  i n t e r p r e t i n g  them. Collaborated with surgeons i n  t h e  use of these  methods, 
and advised them on experimental design,  e t c .  Worked with immunogenetics and t i s s u e  
t r ansp lan ta t ion .  Did theoretical-mathematical work on t h e  nature  of t h e  genet ic  code. 

1943-1946: Army of t h e  United S t a t e s ,  highest  rank F i r s t  Lieutenant. 

Education : 

. I l l i n o i s  I n s t i t u t e  of Technology, 1938-1941, Chemical Engineering. 
- Universi ty of Maryland, 1941-1943, B.S. Agr icul tura l  Chemistry. 

West Virginia  Universi ty,  1943-1944, ( A .  s .T .P. ) Mechanical Engineering. 
Universi ty of Maryland Graduate School, 1946-1950. Approx. 100 hours of graduate 

courses i n  p lan t  pathology, botany, biochemistry, s t a t i s t i c s ,  experimental 
design. Taught labora tory  courses i n  Elementary Botany, Plant  Pathology, and 
Virology. Research on a semi-micro chemical method of assaying tobacco mosaic 
v i r u s  i n  small samples of l e a f  t i s s u e .  

Publicat ions : 

"Wound Seeding a s  a Cause of Fa i lu re  i n  Surgical  Therapy of Cancer" with A. W.  
Hilberg, M.D. ,  R .  R .  Smith, M.D. ,  and o the rs ,  Proc. Third Nat. Canc. Conf., 568-571, 
1957 0 

"Local Chemotherapy of Experimentally Tumor-Seeded Wounds" with A.  G .  Ship, M.D., 
and R .  R .  Smith, M . D . ,  Cancer, 11, 687-695, 1958. 

" Inh ib i t  ion of Local Tumor Implantat ion with Triethylenethiophosphoramide ( TSPA ) " 
with W. M.  Kramer, M . D . ,  and R .  R .  Smith, M.D. ,  Cancer, 11, 999-1002, 1958. 

"Prevention of Experimental Lung Metastases with Triethylenethiophosphoramide 
( T ~ ~ O T E P A ) "  with W. M. Kramer, M.D. ,  and R .  R .  Smith, M.D. ,  Surg.,  Gyn. Obst. ,  106, 
427-434, 1958. 

" ~ n  Experimental Study of t h e  Effect  of  I r r a d i a t i o n  on t h e  Dissemination of Cancer" 
with P. D .  Olch, M . D . ,  and R .  R .  Smith, M.D. ,  Canc. Res., 19 ,  464-467, 1959. 

"An Experimental Study of t h e  Effect  of External  I r r a d i a t i o n  on a 'Primary' Tumor 
and I t s  Distant  Metastases" with P. D ,  Oil@$, M.D., and R .  R .  Smith, M.D. ,  Cancer, 
12 ,  23-26, 1959. 
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"Non-Randomness i n  Amino-Acid tA l l e l e s ' " ,  Nature ,  Vol.  191, pp. 1284-1285, 
1961 . 

I "  
1 .  "A S i m p l i f i e d  S t r a t e g y  f o r  Sequence A n a l y s i s  of Large P ro te ins" ,  Nature ,  
I V o l o  193, ppo 241-243, 19620 

"The P r o t e i n  Cryptogramr I, Non-Random Occurrence of Amino Acid 'Alleles '" ,  
J. Theore t .  Biol . ,  VolO 2, ppo 139-151, 1962. 

"Genet ic  Coder Emergence of a Symmetr ical  P a t t e r n " ,  Sc ience ,  Vol. 140, 
pp. 477-i+81, 1963. 

"Cryptogrammic D e t e c t i o n  of a P a t t e r n  i n  Amino Acid 'Alleles';  I ts  Use i n  
T r a c i n g  t h e  E v o l u t i o n  of P r o t e i n s " ,  P roc ,  of t h e  1 7 t h  Ann. Conf, on Enq inee r inq  
i n  Medicine and Bio loqy ,  Vole 6, pp. 115, 1964. 

"Thermodynamic E q u i l i b r i a  i n  P r e b i o l o g i c a l  Atmospheres", w i t h  M. 0. Qayhoff and 
E. R. L i p p i n c o t t ,  Sc i ence ,  Vol. 146, No. 3650, pp. 1461-1464, Dec. 11, 1964. 

" P r e d i c t i o n s  of  t h e  Composi t ions of t h e  Atmospheres of t h e  P l a n e t s n ,  Proc. of 
t h e  1 8 t h  Ann. Conf. on Enq inee r inQ i n  Medicine & B W  , Vol. 7, p. 185, 1965. 

"Evo lu t ion  of t h e  S t r u c t u r e  of F e r r e d o x i n  Based on R e l i c s  of  P r i m i t i v e  Amino 
Acid Sequences", w i t h  M. 0. Dayhoff,  S c i e n c e ,  1966 ( i n  p r e s s ) .  

"Thermodynamic E q u i l i b r i u m  i n  t h e  O r i g i n  of Organic  Matter",  with E. R. L i p p i n c o t t ,  
M. 0. Dayhoff ,  and Ye To P r a t t  ( submi t t ed  f o r  p u b l i c a t i o n ) .  

"Thermodynamic E q u i l i b r i a  I n  P l a n e t a r y  Atmospheres", w i t h  E. R. L i p p i n c o t t ,  
M. 0. Dayhoff,  and C. Sagan ( submi t t ed  f o r  p u b l i c a t i o n ) .  

A t l a s  .of P r o t e i n  Seauence and S t r u c t u r e  1961, with M. 0. Dayhoff ,  M. A. Chang, 
and M. R. Sochard ,  N a t i o n a l  Biomedical Research  Foundat ion.  



ELLIS R ,  LIPPINCOTT 

P r o f e s s o r  

'I ,  P e r s o n a l  Data  

Date o f  B i r t h  - 
P l a c e  o f  B i r t h  
M a r i t a l  S t a t u s  - R i t a  C ,  C l i f t o n ,  August 1 4 ,  1948 - 
C h i l d r e n  - Melan ie ,  J e n n i f e r ,  \tie6dy, Robin jnd  H o l l y  

I Educa t ion  

B , A ,  i n  Chemis t ry ,  Earlham C o l l e g e ,  1943 
M , A ,  i n  C h e m i s t r y ,  Johns  Hopkins U n i v e r s i t y ,  1944 
Ph,D, i n  Chemis t ry ,  Johns  Hopkins I J n i v e r s i t y ,  1947 

(With Minors i n  P h y s i c s  and Mathemat ics )  
P o s t d o c t o r a l  Research  A s s o c i a t e ,  M a s s a c h u s e t t s  I n s t i t u t e  o f  

Technology,  June  1 9 4 7 - J u l y  1948 

111, 

A ,  I n s t r u c t o r  i n  Chemis t ry ,  Loyola C o l l e g e ,  B a l t i m o r e ,  1947 
I n s t r u c t o r  i n  Chemis t ry ,  U n i v e r s i t y  o f  C o n n e c t i c u t ,  1948-51 
A s s o c i a t e  P r o f e s s o r  i n  Chemis t ry ,  Kansas S t a t e  C o l l e g e ,  

1951-55 
P r o f e s s o r  o f  Chemis t ry ,  U n i v e r s i t y  o f  Maryland,  1955 t o  p r e s e n t  
L e c t u r e r  i n  I n f r a r e d  S p e c t r o s c o p y  (two-week summer c o u r s e )  

M a s s a c h u s e t t s  I n s t i t u t e  o f  Technology,  1953 t o  p r e s e n t  

B ,  Courses  Taught :  

Genera l  Chemis t ry ,  Underg radua te  P h y s i c a l  Chemis t ry ,  Graduate  
P h y s i c a l  Chemis t ry ,  Molecu la r  S t r u c t u r e ,  Quantum Chemis t ry ,  
I n f r a r e d  and Raman S p e c t r o s c o p y ,  Atomic and Molecu la r  S p e c t r a ,  
S t a t i s t i c a l  Mechanics 

C ,  Resea rch  I n t e r e s t s :  

P h y s i c a l  Chemis t ry ,  Quantum Chemis t ry ,  B i o p h y s i c s ,  High P r e s -  
s u r e  O p t i c s ,  M o l e c u l a r  S p e c t r a  and S t r u c t u r e ,  I n f r a r e d  and 
Raman S p e c t r o s c o p y ,  Hydrogen Bonding, P o t e n t i a l  Energy Func- 
t i o n s  and A p p l i c a t i o n s  o f  s p e c t r a l  S t u d i e s  t o  B i o c h e m i s t r y  

D ,  Resea rch  and E d u c a t i o n a l  A c t i v i t i e s :  

Program D i r e c t o r  f o r  P u b l i c  H e a l t h  S e r v i c e  P h y s i c a l  Chemis t ry  
T r a i n i n g  Program 

Resea rch  D i r e c t o r  o f  30 Ph,D, and M,S, c a n d i d a t e s  f o r  which 
d e g r e e s  have been g r a n t e d  

P r i n c i p a l  I n v e s t i g a t o r  f o r  s e v e r a l  r e s e a r c h  g r a n t s  o v e r  t h e  
p a s t  s i x t e e n  y e a r s  t o t a l l i n g  more t h a n  one m i l l i o n  d o l l a r s  
i n  r e s e a r c h  and t r a i n i n g  funds  w i t h  t h e  f o l l o w i n g  a g e n c i e s :  



( l< a t i on a 1 S c i e n ce F oun da t i on 
o f  Ordnance R e s e a r c h ,  O f f i c e  o f  Naval R e s e a r c h ,  Kansas  S t a t e  
Bureau of  G e n e r a l  Resea rch  , U n i v e r s i t y  o f  Xary land  Resea rch  
Board ,  Resea rch  C o r p o r a t i o n ,  P u b l i c  I iealth R e s e a r c h ,  P u b l i c  
H e a l t h  T r a i n i n g ,  Advanced Research  P r o j e c t s  Agency (Depar tment  
o f  Defense )  , North  A t l a n t i c  T r e a t y  O r g a n i z a t i o n  and N a t i o n a l  
A e r o n a u t i c a l  Space A d m i n i s t r a t i o n ,  e t c , )  These  f u n d s  were  u s e d  
f o r  b a s i c  r e s e a r c h  and t h e  f i n a n c i a l  s u p p o r t  o f  s t u d e n t s  work ing  
f o r  advanced d e g r e e s ,  

A t  om i c En e r gy C omm i s s i on ,  0 f f i c e 

E x p e r i e n c e  o t h e r  t h a n  m e r  E d u c a t i o n  _ -  

V a r i o u s  p a r t - t i m e  and summer i n d u s t r i a l  employments p r i o r  t o  t h e  

C o n s u l t a n t  t o  N a t i o n a l  Bureau of  S t a n d a r d s  and o t h e r  gove rnmen ta l  
g r a n t i n g  o f  t h e  Ph,D,  d e g r e e  i n  1947 

and i n d u s t r i a l  o r g a n i z a t i o n s  

P u b l i c a t i o n s , O t h e r  C r e a t i v e  Work 

A u t h o r  o r  co-aut .hor  of  a p p r o x n a a t e l y  1 2 0  p u b l i c a t i o n s  which i n c l u d e  
t e c h n i c a l  p a p e r s ,  book r e v i e w s ,  p a t e n t s ,  c o n t r i b u t i o n s  t o  t e c h n i c a l  
b o o k s  and e d i t o r  o f  book e n t i t l e d  " P r o c e e d i n g s  o f  t h e  Xth C o l l o -  
quium S p e c t r o s c o p i c u m  I n t e r n a t i o n a l e "  

P r o f  e ss i o n a l  Act i v i  t i es  
c . ., 

A ,  Nembership i n  p r o f e s s i o n a l  o r g a n i z a t i o n s  : 

American Chemical  S o c i e t y  
American P h y s i c a l  S o c i e t y  
Fa raday  S o c i e t y  
C o b l e n t z  S o c i e t y  
P h i l o s o p h i c a l  S o c i e t y  o f  lv'ashinpton 
\ i a s h i n g t o n  Academy o f  S c i e n c e  
S o c i e t y  f o r  A p p l i e d  S p e c t r o s c o p y  
American S o c i e t y  f o r  T e s t i n g  and k l a t e r i a l s  

B ,  Approx ima te ly  60 t e c h n i c a l  o r  e d u c a t i o n a l  p a p e r s  have  been  p r e -  
s e n t e d  t o  n a t i o n a l  and i n t e r n a t i o n a l  s c i e n t i f i c  g r o u p s ,  I n -  
v i t e d  l e c t u r e  s e r i e s  and p a p e r s  have  been  p r e s e n t e d  b e f o r e :  

N a t i o n a l  Academy o f  S c i e n c e ,  1956 
I n t e r n a t i o n a l  Symposium on "Hydrogen Bonding,"  L j u b l j a n a ,  

European  S p e c t r o s c o p i c  Conference  , F r e i b u r g ,  W *  Germany, 1957 

Gordon R e s e a r c h  C o n f e r e n c e s ,  1956 ,  1957 ,  1962 and 1964 
American Chemical  S o c i e t y ,  1957 ,  1959 ,  1962 and 1964 
P i t t s b u r g h  S p e c t r o s c o p i c  S o c i e t y ,  1958 and 1963  
P h i l o s o p h i c a l  S o c i e t y  a f  h 'ash ington ,  1958 
X n t i o n a l  S c i e n c e  Foundat ion  C o l l e g e  T e a c h e r s  I n s t i t u t e  L e c t u r e  

S e r i e s ,  U n i v e r s i t y  o f  North C a r o l i n a ,  1959 
I n  a d d i t i o n ,  i n v i t e d  l e c t u r e s  have been  g i v e n  t o  s e v e r a l  Un ive r -  

s i t y ,  i n d u s t r i a l  , governmental  g r o u p s ,  e t c .  P o p u l a r  l e c t u r e s  
have been  g i v e n  t o  h i g h  s c h o o l  g r o u p s ,  

Y u g o s l a v i a ,  1957 

and Bologna ,  I t a l y ,  1961 
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E ,  Dur ing  1965 ,  i n v i t e d  p a p e r s  were p r e s e n t e d  b e f o r e  s e v e r a l  s t a t e  
c o l l e g e s  and u n i v e r s i t i e s ,  t h e  American Chemical  S o c i e t y  a t  i t s  
f a l l  m e e t i n g  i n  A t l a n t i c  C i t y ,  N e w  J e r s e y ;  The Naval  Xesearch  
L a b o r a t o r y ;  t h e  N a t i o n a l  Bureau of S t a n d a r d s ,  e t c ,  A l s o ,  p a p e r s  
were c o n t r i b u t e d  t o  t h e  8 t h  Euro?,ean Congres s  on 31olecular  
S p e c t r o s c o p y  i n  Copenhagen, Denmark; a n d  t h e  X I 1  e I n t e r n a t i o n a l  
S p e c t r o s c o p y  Colloquium a t  t h e  l ! n i v e r s i t y  o f  E x e t e r  i n  London, 
England .  

VII,  Honors Rece ived :  

V i s i t i n g  S c i e n t i s t ,  D i v i s i o n  o f  Chemical  E d u c a t i o n ,  American Chem- 

Chairman - Gordon R e s e a r c h  Confe rence  on I n f r a r e d  S p e c t r o s c o p y  

Chairman - Symposium on Recent  Developments  i n  R e s e a r c h  Methods,  

Program Chairman - Xth Colloquium Spect roscopicurn  I n t e r n a t i o n a l e  

i c a l  S o c i e t y  (1963-1966) .  

(1964)  e 

N a t i o n a l  I n s t i t u t e s  o f  H e a l t h  ( 1 9 6 2 ) .  

(1962)  

Program Chairman - S p r i n g  Raman I n s t i t u t e  and F o u r t h  Annual ldorkshop 
(1966)  

V I I I ,  Honorary  S o c i e t i e s :  

Lps i 1 on. 
P h i  i3eta Kappa, Sigma X i ,  Alpha C h i  Sigma,  Gamma Alpha ,  and P i  mu 

A d v i s o r y  E d i t o r  f o r  t h e  s c i e n t i f i c  j o u r n a l  " S p e c t r o c h i m i c a  Acta". 

IX. Awards Rece ived :  

1, The 1964 H i l l e b r a n d  Award c i t e d  P r o f e s s o r  L i p p i n c o t t  f o r  " H i s  
i n v e s t i g a t i o n s  i n  i n f r a r e d  anc! Raman s p e c t r o s c o p y ,  p a r t i c u l a r l y  
i n  t h e  d e t e r m i n a t i o n  o f  m o l e c u l a r  s t r u c t u r e s  and t h e  bond p rop-  
e r t i e s  o f  m o l e c u l e s  and h i s  i n s i g h t  i n  d e t e r m i n i n g  c o r r e l a t i o n s  
among m o l e c u l a r  bond p r o p e r t i e s ;  f o r  h i s  c o n t r i b u t i o n s  t o  p i o n e e r -  
i n g  work i n  s p e c t r a  a t  v e r y  h i g h  p r e s s u r e ,  and h i s  c o n t r i b u t i o n s  
t o  s p e c t r o s c o p i c  t e c h n i q u e s ,  e s p e c i a l l y  t h e  deve lopment  of  new 
Raman l i g h t  s o u r c e s  e 

11 

2 ,  The C e r t i f i c a t e  o f  Award p r e s e n t e d  by t h e  Depar tment  o f  Commerce, 
N a t i o n a l  Bureau o f  S t a n d a r d s ,  i n  1964 was " i n  r e c o g n i t i o n  and 
a p p r e c i a t i o n  o f  d i s t i n g u i s h e d  s e r v i c e  i n  t h e  p e r f o r m a n c e  o f  o f f i -  
c i a l  d u t i e s  .I1 
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P u b l i c a t i o n s  from J a n u a r y  1 ,  1962:  

i ,  "Hydrogen Bonding i n  t h e  Calcium P h o s p h a t e s , "  J.M. S tu tman ,  A,S. 

-2 " L a t t i c e  F r e q u e n c i e s  and R o t a t i o n a l  B a r r i e r s  f o r  I n o r g a n i c  Carbo-  
. n a t e s  and N i t r a t e s , "  R , A .  S c h r o e d e r ,  C , E ,  Keir and E , R .  L i p p i n c o t t ,  

J .  Chem, Phys . ,  36, 2803 (1962) ,  

3 .  "La t t i ce  F r e q u e n c i e s  and R o t a t i o n a l  B a r r i e r s  f o r  I n o r g a n i c  Carbo-  
n a t e s  and N i t r a t e s  f rom Low Tempera ture  I n f r a r e d  S p e c t r o s c o p y , "  
K.A, S c h r o e d e r ,  C , E .  Weir and E , K .  L i p p i n c o t t ,  J.  R e s e a r c h  Nat ,  Bur ,  
S t d s . ,  e, 4 0 7  (1962) .  

D ,  S t e e l e ,  E , R ,  L i p p i n c o t t  and J , T c  V a n d e r s l i c e ,  Rev. Mod. P h y s , ,  
.__ 3 4 ,  239 (1962) .  

5 ,  "The V i b r a t i o n a l  S p e c t r a  and Geometr ic  C o n f i g u r a t i o n  of  c i s - 1 , 3 , 5 -  
H c x a t r i e n e , "  E , R ,  L i p p i n c o t t  and T a E e  Kenney, J ,  Am. Chem. S o c , ,  - 8 4 ,  3641 ( 1 9 6 2 ) ,  

P o s n e r  and E , R .  L i p p i n c o t t ,  N a t u r e ,  193, 368 (1962) .  

4 .  "Comparat ive S tudy  of E m p i r i c a l  I n t e r n u c l e a r  P o t e n t i a l  Func t i c r l s  ," 

. 

6 ,  "Complex Format ion  of  Monomeric Amides w i t h  L i th ium P e r c h l o r a t e  ," 
A . F ,  D i o r i o ,  E . R .  L i p p i n c o t t  and L .  Mandelkern ,  N a t u r e ,  - 194, 1296 
( 1 9 6 2 )  , 

7 .  "Wave F u n c t i o n s  f o r  Anharmonic O s c i l l a t o r s  by P e r t u r b a t i o n  Methods," 
A,M. Shorb ,  R.  S c h r o e d e r  and E , R .  L i p p i n c o t t ,  J ,  Chem, Phys . ,  32, 
1 0 4 3  ( 1 9 6 2 ) ,  

8 .  " D e l t a  F u n c t i o n  Model o f  Chemical B i n d i n g , "  E , R ,  L i p p i n c o t t  and 
M,O.  Dayhoff , "Advances i n  M o l e c u l a r  Spec t roscopy"  Pergamon Press 
(1962)  e 

9 ,  "Polymorphism i n  F i b r o u s  P o l y p e p t i d e s :  T r a n s f o r m a t i o n  i n  N a t u r a l l y  
o c c u r r i n g  K e r a t i n , "  A . F .  D i o r i o ,  L ,  blandelkern and E . R .  L i p p i n c o t t ,  
J .  Phys .  Chem., - 6 6 ,  2096 (1962) .  

1 0 ,  " O p t i c a l  S t u d i e s  a t  High P r e s s u r e s  Using  Diamond A n v i l s , "  C ,E .  Weir, 
A *  Van Va lkenburg ,  and E.R.  L i p p i n c o t t ,  Nodern Very High P r e s s u r e  
T e h c n i q u e s ,  B u t t e r w o r t h ,  I n c , ,  Washington ,  U , C ,  ( 1 9 6 2 ) .  

11 "High I n t e n s i t y  E l e c t r o d e l e s s  S o u r c e s  f o r  Ranan S p e c t r o s c o p y , "  F,X, 
P o w e l l ,  0 ,  F l e t c h e r  and E . R ,  L i p p i n c o t t ,  Rev. S c i ,  I n s t r u .  - 34,  36 
(1963)  . 

1 2 .  T h e  L i m i t a t i o n s  and Advantages o f  I n f r a r e d  S p e c t r o s c o p y  i n  P a t e n t  

1 3 .  " C a l c u l a t i o n s  o f  H i g h e r - O r d e r  S p e c t r o s c o p i c  P a r a m e t e r s  Us ing  

P rob lems , "  E l l i s  R .  L i p p i n c o t t ,  J ,  P a t .  O f f i c e  Soc. -* 45 380 ( 1 9 6 3 ) ,  

E m p i r i c a l  P o t e n t i a l  F u n c t i o n s , "  J,M, S tu tman ,  E , R ,  L i p p i n c o t t ,  and 
11, S t e e l e ,  J ,  Chem, P h y s . ,  39, 564 ( 1 9 6 3 ) ,  

C r e i g h t o n  and E.R,  L i p p i n c o t t ,  J. Chem. SOC. ,  983, 5 1 3 4  (1963) .  
1 4 ,  "Ranan S p e c t r a  and S o l v e n t - E x t r a c t i o n s  o f  Cuprous H a l i d e s , "  J .A .  



1 5  "The V i b r a t i o n a l  S p e c t r a  and 2. lolecular  C o n f i g u r a t i o n  o f  Diphenyl  
E t h e r , "  J , E .  Katpn ,  W * R .  F e a i r h e l l e r ,  J r 9  and L O R e  L i p p i n c o t t ,  J. 

- >!ol. S p e c t r o s c o p y ,  - 13, 7 2  (1964) .  

- and A. Van Va lkenburg ,  S c i e n c e ,  1 4 4 ,  968 (19641, 
1 6 ,  " O p t i c a l  S t u d i e s  a t  High P r e s s u r e s , "  L , S ,  What ley ,  E . R .  L i p p i n c o t t  
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1 7  " P r e s s u r e  D i s t r i b u t i o n  Measurements i n  F ixed  -Anv i l  High-  P r e s s u r e  
Cel l s , "  E.K.  L i p p i n c o t t  and H . C ,  Duecker ,  S c i e n c e ,  1 4 4 ,  1119 (1964) .  - 

18.  "Assembly and Pe r fo rmance  o f  a Double Beam N i c r o s c o p e  S p e c t r o p h o -  
t o m e t e r  f rom Commercial I n s t r u n e n t s "  H , C ,  Duecker and E . R .  L i p p i n c o t t ,  
Kev. S c i e n t i f i c  I n s t r u m e n t s ,  35, 1108 ,  ( 1 9 6 4 ) c  

and  E , R ,  L i p p i n c o t t ,  Spec t roch im,  A c t a ,  _. 2 0 ,  1327 (1964) .  

and  J.M. S tu tman ,  J .  Phys.  Chem,, 6 8 ,  2926 (1964) ,  

c e n t  Hydrogen Atoms on t h e  Hydrogen-Bond P r o p e r t i e s  ,If E . R ,  L i p p i n c o t t  
and  A,S. Rao, J. Chem. Phys . ,  2, 3006 ( 1 9 6 4 ) ,  

G, N a g a r a j a n  and E . K .  L i p p i n c o t t ,  J, Chep, Phys ,  4 2 ,  1809 (1965) .  

- 
19.  "The M o l e c u l a r  S p e c t r a  of  t h e  T h i o t r i t h i a z y l  C a t i o n , "  R.T. B a i l e y  

2 0 .  " P o l a r i z a b i l i t i e s  f rom D e l t a - F u n c t i o n  P o t e n t i a l s , "  E.R.  L i p p i n c o t t  
- 

2 1 .  "Nuc lea r  Magne t i c  Resonance S t u d i e s  Conce rn ing  t h e  E f f e c t  o f  Adja-  

2 2 .  " S h r i n k a g e s  o f  t h e  I n t e r n u c l e a r  D i s t a n c e s  by  F l c l e c u l a r  V i b r a t i o n s  ,'I 

23. "Thermodynamic E q u i l i b r i a  i n  P r e b i o l o g i c a l  Atmospheres" ,  F?,O. Dayhof f ,  
E . K ,  L i p p i n c o t t  and K . V .  E c k ,  S c i e n c e ,  1 4 6  1461 (1964) .  

2 4 .  "blean Ampl i tudes  o f  V i b r a t i o n ,  Thermodynamic F u n c t i o n s ,  M o l e c u l a r  
P o l a r i z a b i l i t y  and A b s o l u t e  Raman I n t e n s i t i e s  o f  cg' Modes i n  Car- 
bon S u b n i t r i d e " ,  G.  N a g a r a j a n ,  E , R ,  L i p p i n c o t t  and J.M. S tu tman ,  
Z .  N a t u r f o r s c h u n g  G, 786 (1964) .  

Duecker  and E.R.  L i p p i n c o t t ,  S c i e n c e ,  1 4 6 ,  1295 (1964) .  

- 
-' 

25. " P r e s s u r e - I n d u c e d  T r a p p i n g  Phenomenon i n  S i l v e r  I o d i d e " ,  H.C. 
- 

26, "hiean Ampl i tudes  o f  V i b r a t i o n  and B a s t i a n s e n - M o r i n o  S h r i n k a g e  E f f e c t s  
i n  some L i n e a r  Symmet r i ca l  Four Atomic b lo l ecu le s , "  G .  N a g a r a j a n  and  
E.K.  L i p p i n c o t t ,  J. Chim. Phys ique ,  - 62 (1965) ,  

L i p p i n c o t t ,  S p e c t r o c h i m .  A c t a .  Z l ,  389 (1965)  
2 7 ,  "The V i b r a t i o n a l  Spec t rum o f  D i m e t h y l f e r r o c e n e  ,'I R . T .  B a i l e y  and  E.R. 

28. "Raman Spec t rum o f  Azulene" K , T ,  B a i l e y  and E , R .  L i p p i n c o t t ,  J.  Chem. 
Phys.  - 4 2 ,  1 1 2 1  (1965) .  

29,  "The V i b r a t i o n a l  S p e c t r a  o f  Penta-Deutero-Chlorobenzene ,Ir T.R. Nanney, 

3 0 ,  "hlean Ampl i tudes  o f  V i b r a t i o n ,  B a s t i a n s e n = h l o r i n o  S h r i n k a g e  Ef fec t ,  

K . T .  B a i l e y  and  E , R .  L i p p i n c o t t .  S p e c t r o c h i m ,  Acta 2 1  1495 (1965) .  

Thermodynamic F l l n c t i o n s  and Molecu la r  P o l a r ; . a b i l i  + i p s  of  Sulfur 
T r i o x i d e , "  E.R.  L i p p i n c o t t ,  G ,  N a g a r a j a n  and J.M. Stu tman,  J. Phys .  
Chem., - 6 9 ,  2017, (1965) .  

P h y s i c s ,  E d i t e d  by K .  Besancon, R e i n h o l d  P u b l i s h e r s  (3965) .  

-' 

31. "Spec t roscopy1 ' ,  E . K .  L i p p i n c o t t  and L,S ,  N h a t l e y ,  E n c y c l o p e d i a  o f  
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3 2 ,  " I n f r a r e d  A b s o r p t i o n  Spec t rum and F e r r o e l e c t r i c  B e h a v i o r  o f  Sodium 
T r i h y d r o s e l e n i t e , "  R.K. Khanna, J , C ,  Dec ius  and E 3 R s  L i p p i n c o t t .  J ,  
Chem. Phys.  43,  2974 (1965) .  

3 3 .  "The V i b r a t i o n a l  S p e c t r a  and S t r u c t u r e  o f  C y c l o o c t a t e t r a e n e  I r o n  
T r i c a r b o n y l , "  K.T,  B a i l e y ,  E.K. L i p p i n c o t t  a n d  D.  S t e e l e .  J ,  Am. 
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THERWDYNAMIC EQUILIBKtA IN PLANEXARY A'IPDSPHEZES* 

E l l i s  R. Lippincott ,  Richard V.  Eck, Margaret 0.  Dayhoff and Carl Sagan 

Abst m c t  

From present information on the composition, pressures,  and temperatuEs 
of planetary atmcspheres, w e  have calculated the expected themdynamic equi- 
librium composition of the atmospheres of the  Earth, Venus, Mars, and Jupiter, 
Departures from thermodynamic equilibrium must be a t t r i b u t e d  to spec ia l  mech- 
anisms, including, on the Earth, biological  ac t iv i ty .  The m j o r  const i tuents  
of the terrestrial atmosphere a r e  found t o  be i n  approximate thermodynamic equi- 
librium; while many minor consti tuents have abundances exceeding t h e i r  equilibrium 
values, there i s  a marked tendency f o r  equilibrium t o  be restored. 
that the  atmosphere of Venus is i n  thermodynamic equilibrium, while that of 
J u p i t e r  i s  not.  
s i s t e n t  with thermodynamic equilibrium. 
molecular species with a large predicted equilibrium abundance and spectro- 
scopical ly  accessible absorption features  which has not been already ident i f ied .  
The predicted equilibrium abundances of oxides of nitrogen are extremely low 
on a l l  planets .  
CH4, 9, and CO are a l l  inconsis tent  with the poss ib i l i t y  of elemental carbon 

or  organic molecules i n  contact with t h e  atmosphere of Venus e i t h e r  on t h e  
surface o r  a s  clouds. The poss ib i l i t y  of small quant i t ies  of oxygen on mrs 
i s  not excluded. We suggest that t h e  colored materials a t  t h e  Jovian clouds 
a r e  organic molecules, produced by non-equilibrium processes i n  a reducing 
environment. 

It appears 

The evidence f o r  Mars i s  less conclusive, although not  incon- 
For none of these planets  i s  the= a 

The lneasured upper limits on the abundances of Cytherean 

If t h e  Cytherean atmosphere evolv%d from an or ig ina l  gas mixture  much 
more reducing than t h e  present mixture, two processes a r e  r e q u i r e d t o  achieve 
t h e  unique contemporary composition: 
e f f i c i e n t  react ion of atmospheric oxygen with reduced surface materials.  
addition, Venus must have begun i ts  evolutionary history with a [C/O] abundance 
r a t i o  I 0.5; a value consistent w i t h  several cosmic abundance estimates. 

t h e  loss of hydrogen t o  space, and the  
I n  

* 
T h i s  work was supported in p a r t  by NASA Contract No. 21-003-002 with the 
Nat ional  Biomedical Research Foundation, 8600 16th S t r ee t ,  S i l v e r  Spring, 
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Ellis R. Lippincott, Richard V. Eck, Margaret 0. Dayhoff and C a r l  Sagan 

1. Introduction 

It is not  known how closely the gross chemical composition of planetary 

atmospheres i s  approximated by themdynamic equilibrium of the const i tuents .  

In the upper reaches of planetary atmospheres, where the o p t i c a l  depth a t  
u l t r a v i o l e t  frequencies is  small, re la t ive  molecular abundance may be dominated 

by photodissociation and recombination. 

which are shielded f r o m  photodissociating u l t r av io l e t  radiat ion,  a c loser  approx- 

I 

In the lower portions of the atmospheres, 

I imation t o  themdynamic equilibrium can be expected. Especially where surface 
temperatilres a re  high o r  when ca t a lys t s  such as water are present,  there w i l l  

be a s t rong tendency f o r  the  degradation of molecules t o  the lowest energy 

state. 

of spec i f i c  compounds -- mechanisms such a s  u l t r a v i o l e t  rad ia t ion  o r  l ightning 

-- the  themdynamic equilibrium d i s t r ibu t ion  of reaction products should be 

Even in the presence of spec ia l  mechanisms which favor the  production 

I 
- a usefu l  f i r s t - o r d e r  approximation. Since the equilibrium state is  independent 

of p a r t i c u l a r  react ion mechanisms and reaction r a t e s ,  and since the computations 

of equilibrium states are qui te  straightforward, s tudies  of thennodynamic 

equilibrium chemistry would appear pref iquis i te  t o  considerations of non- 

equilibrium processes. 

~ 

One of' t.hi. earl5est. emrnF1eS ~f a f ' ~ ~ $ t . f 1 L L  arg-v~t. frm t3~zcdpmi~: 

equilibrium i n  planetary atmospheres was provided by W i l d t  (1937), who pointed 

out  that the absence of detectable amounts of higher hydrocarbons, both satu-  

r a t ed  and unsaturated, in the atmospheres of the Jovian planets was an argument 

f o r  the  presence of a great  excess of molecular hydrogen, a gas which had not  

been detected a t  t h a t  time. Further indi rec t  evidence f o r  the presence of low- 

mass cons t i tuents  in the Jovian atmosphere was provided by observations of the 

occul ta t ion  of 0 Arietus, by Barn and Code (1953); but not u n t i l  f a i r l y  



- recently were the quadrupole lines of I$ observed d i rec t ly  in the photographic 

infrared (Kiess, Corliss, and Kiess, 1960). 
large abundance of carbon dioxide on Venus that substant ia l  quantit ies of 

CH4, 9, €$, N20, and other oxides of nitrogen would not be expected on that 

planet. 

i n  the Martian atmosphere was s e t  by Sagan, Hanst and Young (1965) i n  a discus- 

sion of combined photochemical and thermodynamic equi l ibr ia .  

Urey (1952), w h i l e  performing thermodynamic equilibrium calculations i n  a 

planetary atmospheres context, stressed the possibi l i ty  of s ignif icant  depar- 

tures from thermodynamic equilibrium. 

~ 1 Urey (1959) has argued from the 

A very low upper U n i t  on the allowed abundance of oxides of nitrogen 

W i l d t  (1937) and 

~ 

Some more recent studies have suggested t h a t  thermodynamic equilibrium 

calculations may, under cer ta in  circumstances, be a useful approximation t o  

r ea l i t y .  Themodynamic equilibrium calculations by Dayhoff, Lippincott, and 

Eck (1964) f o r  the relative abundances of a large number of compounds of 

biological interest have been performed under a wide var ie ty  of assumed con- 

dl;.tions of temperature, pressure, and elemental composition. These machine 

computations have revealed a possible mchanism f o r  the abiological formation 

of polycyclic aromatic hydrocarbons (asphaltic tars) and have shown the exis t -  

ence of an oxidation threshold where free oxygen appears and a t  which a l l  but 

the simplest organic compounds disappear. 

have recently cal led at tent ion t o  a remarkable agreement between the d is t r ib-  

ution of organic compounds observed i n  the carbonaceous cwndri tes ,  and as we 

predicted from thermodynamic equilibrium calculations in the range of elemental 

abundances where asphaltic tars are  expected. 

t o  extend themodynamic equilibrium calculations t o  planetary atmospheres. 

Studier, Hayatsu, and Anders (1965) 

This success has encouraged us 

2. Methods of Calculation 

Our computational procedures have been described previously (Dayhoff, 

Lippincott, and Eck, 1964) following a well-known method (White, Johnson, and 

Dantzig, 1958) which minimizes the f r ee  energy of the system, simultaneously 

sa t i s fy ing  the equilibrium constants of a l l  possible reactions. The calcula- 

t ions  w e r e  performed on an I I M  7 0 9  computer. 

-2 - 
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- -  A t  themdynamic equilibrium, the dis t r ibut ion of molecular species is 

. independent of the specific reaction pathways by which equilibrium is attained. 

The mlecular  balance depends upon the relat ive elemental abundances, presswe, 

temperature, and the standard free energies of formation of the compounds. 

A l l  compounds present i n  s ignif icant  concentrations must be included i n  order 
t o  arr ive a t  the correct molecular distribution. Fortunately, there are only 

a small number of these major compounds; they are simple in  structure and w e l l -  

known t o  chemists. For a r e a l  system t o  approach equilibrium, there need be 

only one reversible reaction pathway which leads f r o m  the m j o r  constituents 

t o  the other compounds. 

I n  our computations on planetary atmospheres, we explored the en t i r e  

range of possible re la t ive atomic campositions using a large number of molecular 

species in order t o  locate any specific ranges of atomic abundances which would 

be simultaneously compatible with a l l  the exis t ing estimtes of molecular 

abundances or  t h e i r  upper limits. The  resul ts  are presented in ternary diagrams 

which cover a l l  possible proportions of the elements C, H, and 0 .  Compounds 

of nitrogen can a l so  be represented as a projection on t h i s  diagram. 

astronomical observation of a specific re la t ive abundance f o r  a given molecular 

species w i l l ,  in general, define a l ine  on the terAzary diagram. An  upper o r  

The 

lower concentration limit w i l l  exclude a cer ta in  area.  

several  such constraints may operate i n  a mutually inconsistent manner, so that 

no point on the diagram simultaneously sa t i s f i e s  a l l  observations. 

case, we would conclude tha t  thermodynamic equilibrium i s  not a t ta ined i n  t h i s  

atmosphere. On the other hand, if the application of several such constraints 

can be performed i n  a consistent manner, yielding a region of the ternary 

diagram simultaneously compatible with a l l  constraints, we might tentat ively 

conclude t h a t  thermodynamic equilibrium is a useTui f i rs t  a p p r ~ x k z . t ~ a i ~  t~ the 
atmosphere i n  question. Each point i n  the allowed region of the diagram would 

then correspond t o  a possible 'elemental composition i n  the planetary atmosphere. 

The calculations would place some upper and lower l i m i t s  on the  allowable 

r e l a t ive  abundances of other possible constituents of the atmosphere. 

The application of 

I n  such a 

-3 - 



- .  
3 .  Observational Uncertainties 

- .  

I - -  
The i n i t i a l  conditions f o r  these computations are based upon the resu l t s  

I of astronomical spectroscopy. 

abundances from such observations. The conversion of equivalent widths t o  

absolute abundances requires careful  laboratory calibrations.  Intercomparisons 

of abundances derived f o r  the same molecule a t  different wavelengths must allow 

fo r  the possibi l i ty  that the effect ive reflecting atmospheric l eve l  is a func- 

t ion  of wavelength. Existing observational discrepancies on, f o r  example, the 

abundance of water vapor i n  the atmosphere of Venus (see, e.g., the discussion 

by Sagan and Kellogg, 1963) underscore the uncertainties of such reductions. 

Intercomparisons of the relat ive abundances of different  molecular species i s  

even more uncertain. Determinations of absolute abundances i s  complicated by 

the poss ib i l i ty  of multiple scat ter ing (see Chamberlain, 1962; 1965). Obser- 

vations of very weak l ines  of a given molecular species may r e fe r  t o  substant ia l  

depths i n  the planetary atmosphere, where u l t rav io le t  photodissociation i s  not 

a dominant process. 

alone, where the relative dis t r ibut ion of molecular species may be far f r o m  

that predicted by thennodynamic equilibrium. However, the species must be 

derivable from some compounds present extensively i n  the atmosphere. 

It i s  not a tr ivial  matter t o  derive re la t ive  

~ 

Observations of strong l ines  may refer t o  high a l t i tudes  

I 

I -  

Bearing these cautions i n  mind, we now proceed t o  a discussion of them- 

dynamic equilibrium in the atmospheres of the planets Earth, Venus, Mars, and 

Jupi te r .  

dependent on the exact values of the adopted mixing rat ios  of minor constituents; 

and variations in  these mixing ra t ios  even by several orders of magnitude w i l l  

leave most of the resul ts  unchanged. Thus, despite the uncertainties i n  the 

observational material ,  it w i l l  nevertheless be possible t o  draw c m z l i ~ s l o a s  

of some significance. 

In general, the conclusions we w i l l  draw w i l l  not be sensit ively 

-4- 



4. The Earth 
I -  

- _  
A s  a test of OUT computation procedun?s, w e  first consider thermodynamic 

I .  

equilibrium i n  the t e r r e s t r i a l  atmosphere. In  addition t o  i t s  major components, 

the atmosphere of the Earth contains a variety of compounds of diverse origins:  

methane and smaller amounts of other hydrocarbons from natural  gas, petroleum. 

and asphalt; sulfur  dioxide, hydrogen sulfide, carbon monoxide and nitrogen 

oxides from vulcanism; terpenes and other vo la t i le  organics f r o m  vegetation; 

methane, N20, and hydrogen sulfide f r o m  the metabolic processes of microorgan- 

isms; ozone and nitrogen oxides from lightning and so lar  radiation, e t c .  

Table 1 shows the amounts of some of these compounds which have been detected 

i n  the open air .  

With the re la t ive atomic composition and physical parameters implied by 

Table 1 we have calculated the chemical composition which the Earth's atmosphere 

should have in  thermodynamic equilibrium. The resul ts  a re  displayed in Table 2. 

W e  see that the relat ive abundances of major constituents in the t e r r e s t r i a l  

atmosphere are completely compatible with thermodynamic equilibrium. The  minor 

constituents, however, cannot ex i s t  a t  thermodynamic equilibrium i n  the presence 

of excess oxygen. 

C02, and any sulfur as S O  Since the= is no reason t o  think that less oxi- 

dized materials are  presently accumulating i n  the atmosphere, they must be i n  

approximate dynamic equilibrium, being removed o r  destroyed as f a s t  as  they 

are being added. 

def ini te  tendency f o r  the Earth's atmosphere to  approach thermodynamic equi- 

librium. 

par t ic les  and droplets suspended i n  the a i r .  This consti tutes a specific 

example or' our genemi coiiteiitioii tkt, m e n  3 the presence of special  mech- 

anisms which favor the production of certain specific compounds, the overal l  

tendency w i l l  be f o r  a planetary atmosphere t o  approach thermodynamic equilib- 

rium. If the major components of the atmosphere were methane, hydrogen, water, 

and nitrogen (or ammonia) instead of the present composition, the de ta i l s  of 

. the radiation-coupled reactions would be different ,  but the overa l l  trend t o  

It is not obvious a t  w h a t  

- A t  equilibrium, any carbon in the atmosphere would occur as 

3'  

That  i s ,  even a t  the prevailing low temperatures there i s  a 

Such r-eactions are  no doubt catalyzed by solar radiation and by dust 

thermodynamic equilibrium would s t i l l  be present. 
_ -  
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relative rates unstable prebiologicalcompounds such as amino acids would be 

produced by nonequilibrium processes and degraded by the environment and by 

t h e i r  interaction with each other. 

The observation of complex, very energetic compounds such as  terpenes 

i n  the contemporary atmosphere of the Earth would lead an ex t ra - te r res t r ia l  

observer t o  suspect the existence of l i f e  here. The lack of any obvious simple 

mechanism t o  form terpenes, either by thermodynamic equilibrium a t  some plau- 

s ib le  combination of elemental composition, temperature, and pressure, o r  by 

photochemical reactions o r  other physical processes, would indicate the presence 

of biological ac t iv i ty  on the Earth -- even in the absence of any other signs 

of l i f e .  Even the presence i n  the observed large amounts of much simpler, 

but highly reduced, compounds such as 

would be suggestive of l i f e  on Earth. 

5 .  Venus 

The adopted ini t ia l  atmospheric 

constructed f r o m  the references there 

the values adopted f o r  [CO,] , [€$O], * 

methane in  our oxidizing atmosphere 

composition of Venus i s  given in Table 3, 
given. Some comments should be made on 

and CCO].  he 5% volume mixing r a t io  of 

carbon dioxide adopted in our  analysis is a f a i r l y  conventional one, derived 

from Spinrad's (1962a) observations, and dependent upon the assumption that 

the near infrared CO bands are  forrned by single scattering. Chamberlain 

(1965) has recently shown that the introduction of multiple scat ter ing might 

reduce the  CO 

reduction factor  i s  a t  the present time unlmown. 

fac tors  for multiple scat ter ing w i l l  be applicable t o  a3l other abundances and 

abundance upper ijmits of Tabk 3, m d  re la t ive  abundances of a l l  minor const i t -  

uents should be approximately those of Table 3 ,  whether single o r  multiple 

sca t te r ing  i s  assumed. The relative abundance of the major atmospheric const i t -  

uents -- probably N2, with some admixture of noble gases -- would then vary 

from 95% t o  larger  values. 

our conclusions . 

2 

mixing r a t i o  by as much as an order of magnitude. The precise 

However, similar correction 
2 

Such variations have no significant effects  on 

* 
In  the following discussion square brackets denote volume mixing rat ios .  
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Reported observations of water vapor i n  the spectrum of Venus have been 

made by D o U f u s  (1964) and by Bottem 

values of the  water vapor mixing r a t i o  depend on the  scattering mechanism and 

the t o t a l  atmospheric pressure a t  the effective l eve l  of band formation. The 

Plummer, and Strong (1964). The derived 

6 
range of derived mixing r a t i o  values shown in Table 3 i s  consistent (Sagan and 
Kellogg, 1963; Chamberlain, 1965) w i t h  a previous upper abundance l i m i t  on 

wa%er vapor established by Spinrad (1962b). 
observed by infrared spectroscopy i s  primarily i n  the region of the clouds. 

Since there is now f a i r l y  convincing evidence that the clouds are condensed 

water (Bottema, Plmmer, Stong, and Zander, 1964; Sagan and Pollack, l965), 
it is in general invalid t o  assume that the water vapor mixing r a t i o  in the 

v ic in i ty  of the clouds applies t o  the lower Cytherean atmosphere. 

of condensed water in the clouds required t o  explain the near infrared ref lec-  

t i on  spectrum of Bottema, Pl-r, Strong, and Zander (1964), and a l so  t o  ex- 

plain  the millimeter attenuation of the surface therm1 microwave emission, is 

However, the water  vapor which i s  

The amount 

1 gm em-' or less 
observed pressures and temperatures must have volume mixing r a t io s  of water 

vapor in  their luwer reaches of a few tines 10 (Sagan and Pollack, 1965). 
T& water vapor mixing r a t i o  may therefore range from a few time 

v ic in i ty  of the clouds and above, t o  a few tims 
surface. 

convective atmospheres which can lnaintain such clouds a t  the 

-4 

in the 

near the Cytherean 

The quantit ies of carbon monoxide in the spectrum of Venus o b s e m d  by 

Moroz (l965), if related t o  a 1 atm pressure level near the cloudtops, give a 

v o l m  mixing r a t i o  - 3.0 . H m v e r ,  CO is a principal  carbon dioxide photo- 

dissociat ion p r d u c t ,  and amounts of carbon monoxide almost comparable t o  

those reported by Moroz may ar i se  from photodissociation (Moroz, 1965; Shimiu, 1963). 
If the observed carbon monoxide abundance is s ignif icant ly  in excess of %hat, 
expected from photochemical equilibrium, then a CO mixing r a t io  of 10 

extended down t o  the lower Cytherean atmosphere. W, on the other band, the 

observed carbon monoxide is due principaUy t o  photochemical processes, then 

the carbon monoxide abundance in the l m r  C y t h e r e a n  atmsphere will be substan- 

t ia= less. 

-6 

I '  

-6 
may be 
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We adopt a Venus surface temperature of 70O0K, and a surface pressure of 
50 atm (Sagan, 1N2; Pollack and Sagan, 1965) . Moderately large departures 

from these values w i l l  not a l t e r  our conclusions significantly. 

the calculations performed a t  such pressures and t e m p e r a t u x e s  should, because 

of the relative pressure and t e m p e r a t u r e  insensitivity of the reaction thresh- 

olds and because of atmospheric convection, be applicable t o  a major fraction 

of the t o t a l  mass of the Cytherean atmosphere. 

In particular, 

A C-H-O ternary diagram i s  presented i n  Figure 1. The corners of the 
I triangle represent pure carbon, pure hydrogen, and pure omgen. The positions 
I 

of pure carbon dioxide and pure water are also indicated. 

the C02 and %O points is  an axidation threshold, which divides the diagram 
into an upper, reducing,portian in which sizeable numbers of dlfferent species 

of organic molecules may be expected a t  thermodynamic equilibri- and a lower, 

oxidizing,portion, in which such molecules are unstable, and i n  which free 
oxygen exists. Also indicated i n  Figure 1 i s  the asphaltic tar  threshold. 

Above th i s  line, polycyclic aromstic hydrocarbons occur a t  thermodynamic 

equilibrium (in the absence of a mechanism t o  form graphite); b e l o w  it, they 
are excluded. 

The line connecting 

I 

The amnonia upper abundance limlt of 4 X rest r ic ts  the atmosphere 

Tin a t  thermodynamic equilibrium t o  tbe region below the l ine markd 
Figure 1. This line l i e s  in the reducing region of the diapam, slightly 

above the oxidation threshold, and curves away from the carbon dioxide point, 

a s  i l lustrated.  This one spectroscopic upper limit therefore excludes most 

of the reducing portion of the ternary diagram. 
varies so rapidly in the region of the i l lustrated line that th width of this 

E i e  ~e.p~=esejits se-;erzl o-rs n-P mqpitude i n  concentration -- an example of 

the insensitivity of these calculations t o  exact relative abundances. 

The concentration of ammonia 
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We 
. yields a 

reached, 

next consider the upper abundance l i m i t  on methane. 
curve which closely follows the C-0 edge u n t i l  the C02 point is 

whereupon it swings away and follows the oxidation threshold. 

This concentration 

The 

C84 curve i s  even more constraining than the 9 curve, and excludes almost the 

en t i re  reducing portion of the diagram. 

We now consider the constraints imposed by tk water vapor mlxing ra t io .  

Figure 1 shows a l ine  f o r  [%O] = 

diagram, l ies very close t o  the C-0 edge. The curves f o r  m i x i n g  ra t ios  aa 

order of magnitude larger would l i e  very close t o  tk curve shown. 

searches f o r  methane, ammonia, and water have res t r ic ted  the equilibrium 

chemistry of the Cytherean atmosphere t o  a very narrow region of the ternary 

diagram, hugging the C-0 edge throughout the oxidizing region, and extending 

very s l igh t ly  into the reducing region. 

which, i n  the oxidizing region of the  

Thus, the 

I n  Figure 2, w h e r e  the Venus ternary diagram has been magnified 100 times, 
-6 t h e  line corresponding t o  a carbon monoxide volume miXing r a t i o  of [CO] = 10 

is indicated. Since par t  of the observed carbon mnoxide may be due t o  C02 

photodissociation, the f rac t ion  of carbon monoxide relevant for thennodynamic 

equilibrium calculations will be sowwhat  less than 10 . ’I% observations 

therefore further r e s t r i c t  t h e  ternary diagram t o  the area below the  line 

[COl = lod. We see that this l ine  closely paral le ls  the oxidation threshold. 

As with the 5 and CH4 l ines ,  the width of the [CO]  = lod l ine  actual ly  cor- 

responds t o  many orders of magnitude i n  the mixing ra t io .  

this l i ne  corresponds t o  the oxygen upper abundance limit, 8 X 

observations ea-. es tab l i sh  any detectable amount (> 10 

atmosphere, the amount of O2 must be extremely small. 

[O,] 2 8 x 
C”ytherea,n [CO] ~2 [ G  1 restr5c-t the thermodynamic equilibrium composition t o  

the thickness of the thick s lan t  l i ne  i n  Figures 1 and 2. 

-6 

The lower side of 

E 
of CO in  the hwer -16) 

Conversely, if 

then [CO] s 4 Y A t  any rate the  upper limits on 

2‘ 

I n  Figure 2 i s  displayed a l ine  above which a sol id  phase of graphite 

The composition of the atmosphere i s  c lear ly  incampatible with 

Similarly, 

might form. 

so l id  carbon in equilibrium i n  the atmosphere or on the surface. 

any equilibrium accumulation of polycyclic a rma t i c s ,  or any other hydrocarbons, 

i s  forbidden, a conclusion reached f o r  a much smaller array of cmpounds by 

-9- 



M u e l l e r  (1964). 
region excluded 

The asphalt threshold seen in Figure 1 l i e s  w e l l  into tbe 

by the unsuccessful searches fo r  CH4 and N . T h i s  conclusion s 
is  separately confinned by the CO upper abundance limits, and is independent 

of the quantity of water present. 

t o  so= models of the Venus atmosphere which invoke hydrocarbon clouds (&plan, 

1963). The absence of polycyclic aromatic hydrocarbons f r o m  the surface is  
consistent both with passive observations of the microwave phase effect  and 

with active radar observations of Venus (Pollack and Sagan, 1965) . 

T h i s  exclusion of bydrocarbons is  relevant 

Table 4 shows tbe chemical composition of the atmsphere of Venus,at 

two extremes of CO and O2 concentration,predicted from thermodynamic equi- 

librium. 

then there may be as mch as [02] = 8 X we emphasize again that any 

error in the relative abundance of nitrogen would cause negligible deviation 

i n  the relative abundance of carbon compounds, and indeed, would have very 
little effect on the calculated ammonia abundance. A slnaller amount of 

nitrogen would only ma;lre the ammonia concentration a less severe restriction 

on the actual composition (cf . Figure 1) . 
bottom of the table would be formed if' O.OOOl$ s u l f u r  were added t o  tk 

atmosphere. 

If the measured value of CO depends entirely on photodissociation, 

The constituents shown a t  the 

Formalde@de was once suspected i n  the atmosphere of Venus ( W i l d t ,  1940) 
but a t  thermodynamic equilibrium with the detected amounts of water and the 

observational upper l i m i t  on methane, the concentration of formaldehyde would 

be negligible. 

are hown,  howe-r, t o  produce formaldehyde (Sagan and M i l l e r ,  1960). 

Non-equilibrium reactions in  simulated Cytherean atmospheres 

c 
L 

We IIW explore som other consequences of the foregoing abundances. 
-6 Possible atmospheric compositions are limited t o  a segment of the [CO] = 10 

curve near h%0] = 10 The canposition of Venus is 

then specified by a sement of one thick line in  the ternary diagram, near the 

C02 composition point, and slightly on the reducing side of the oxidation 

threshold. This. conclusion i s  consistent with a l l  abundance determinations 

and upper limits. 

-4 , as shown in Figure 2. 

The fac t  that  none of the observations are m u t u a l l y  
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-inconsistent suggests tbt the atmospbere of Venus is, on the whole, close to 
.that predicted by thermodynamic equiubrium. 

I n  th i s  case some remsrks can be made on the original composition and 

subsequent evolution of the Cytheman atmosphere. 

siderations, it is clear that the atmosphere must originaUy have had a compo- 
sit ion putting it in tbe extreme right-hand corner of the ternary diagram 

(cf . ~igure 3) . w chemical evolution of t,be atmosphere occurs initially 

through the escape of atomic bydmgen from the Cytherean exosphere. 

of significant quantities of carbon or oxygen fm Venus during geological 

t im seems quite unUkely (see, e.g., Sagan, 1966) . Any dl f feEnt ia1  escape 

i s  correspondhgly un3ikely. 

of Venus evolves depends then on the i n i t i a l  

The cosmic [C/O] abundance ra t io  has been assigned a value of 0.20 by Suess 
and Urey (1956), w h i l e  Cameron (159) has suggested a value of 0.44 and more 
recently (l963), 0.67. 
ceed along the lines endin@; a t  a or p ( ~ i g ~ r e  3), in a region where free 

oxygen exists. 

From cosmic abundance con- 

Escape 

The track almg which the atmospheric composition 
carbon-to-oqgen abundance ratio. 

For a rat io  of 0.20 or 0.44, the evolution would pro- 

- For an initial [C/O] r a t i o  of 0.67, the evolutionary track 

ends a t  y, in the reducing portion of the diagram. 

phere of Venus appears t o  have a [C/O] ratio that differs from that  of C02 

between 0.2 and 0.7, t h e  probability that the present ra t io  would be as close 
t o  C02 as it appears t o  be, through no o t b r  process but the loss of hydrogen, 
would then be about 4 X loo5. Ebwever, if  oxygen 

were also depleted from the atmosphere, then over a wide range of initial 

[C/O] ratios tb atmosphere would finaUy settle a t  the co2 point. 
seems unlikely that  cnrygen has escaped from Venus, the depletion of atmospheric 

oxygen must be a.i;tri'iJu-i;ed t o  ckinicd. i-ezcti.c~s, a& the sl~rPace material of 
Venus, initiaUy Ileduchg, must now be partially cxidized. An independent 
a r m n t  f o r  the presence of extensive oxygen sinks on the surface of Venus 

has been offered by Sagan (1966), in an attempt t o  explain tbe differential  

abundance of water on Venus and on Earth by differential  rates of hydrogen 
escape. 

The actual present a-tmos- 

- by a factor of or less. ZP t k  initial atmosphere had a C/O ratio anywhere 

This seems quite uumly. 

Since it 
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Typical evolutionary tracks would then have resembled those i l lustrated 

by the arrows in Figure 3. 
away from the hydrogen corner of the ternary diagram un t i l  it intersects the 

oxidation threshold. 

surface material and the evolutionary track turns abruptly upward, following 

the oxidation threshold toward the C02 point. 

Due to loss of bydrogen, the atmosphere evolves 

- 

As soon as free oxygen is  produced, it combines with 

E the i n i t i a l  [C/O] ra t io  were 0.44, the init ial  evolutionary track dw 

t o  the loss  of hydrogen would twice intersect the graphite threshold (cf . 
Figure 3 ) .  
Venus in which graphite might be present. However, the activation energy fo r  

the formation of graphite i s  so great tha t  it would very likely never precip- 

i t a t e  directly. 

intersected the oxidation threshold., whereupon it would turn and proceed 

towards the C02 point. 

There would then be an interlude in tk evolutionary history of 

Such a track would follow the line marked H+3 un t i l  it 

B’ the i n i t i a l  [C/O] r a t i o  were 0.67, the evolutionary track would 

- fol law the line marked H-y in Figwx 3 .  This line intersects the graphite 

threshold once, 8nd never crosses the oxidation t b s h o l d .  The atmosphere 

would then always remain in the reducing portion of the diagrain. 

end a t  the C02 point, SORE mechanism must exist for  the removal of carbon 

from the atmosphere. 

of polycyclic aromatics would be expected. 

atmosphere were possible -- for example, by the precipitation of graphite or 
other organic material -- the atmosphere would then evolve along the graphite 

line i n  Figure 2 .  

composition point, in conflict with the spectroscopic observations. 

In order t o  

- 
The asphalt threshold i s  not intersected, so no formation 

If the removal of carbon f r o m  the 

The composition would end significantly above the actual 

Thus, it i s  probable that Venus began i t s  evolutionary history with a 

[C/O] abundance ratio S 0.5 and that  i t s  evolutionary track in the ternary 

diagram was directed towards the C02 point by the simultaneous loss of hydrogen 
t o  space and oxygen t o  the surface. 
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Because of the l o w  temperature and relative u l t rav io le t  transparency of 
the Martian atmosphere, the appl icabi l i ty  of thermodynamic equilibrium calcu- 

lations should be more limited than i n  the case of Venus. The character of the 

equilibrium state i s  nevertheless of interest. 
and a surface pressure of 50 mb was asmmed f o r  the Martian atm0sphel.e (&plan, 

Munch, and Spinrad, 1964; Banst and Swan, l s 5 ) .  
of the calculations t o  the pEc i se  values of pmssures and temperatures apply 

again t o  t h i s  case and a surPace pressure of 10 mb would not appreciably a l t e r  

the results. The a s s m d  atmospheric cmposition i s  sham i n  Table 5 .  The 

atmosphere is  assumed t o  be approximately 

gases. 

oxygen, nitrogen, and hydrogen. 

a t  the present time. I t s  value is tied closely t o  the value of the  absolute 

surface pressure (Kaplan, Munch, and Spinrad, 1964; Hanst and Swan, 1965; 
Chamberlain and Hunten, 1965). 
of suggested values a t  the t i m e  of writing. 
absolute value of the C02 mixing r a t i o  is not c r i t i c a l  in computations of the 

relative values of the mixing ra t ios  of minor constituents. 

A surface t e m p e r a t u r e  of 2h°K 

O u r  remarks on the insensi t ivi ty  

molecular nitrogen and noble 

The remainder of the  atmosphere is expected t o  be cmpounds of carbon, 

The anticipated C02 mixing r a t i o  i s  not h o r n  

The values of Table 5 correspond t o  the rasge 

As in the case of Venus, the 

The ammonia upper abundance l i m i t  excludes the highly reducing portion 

of the ternary diagram, as sham i n  Figure 4. 
mixing r a t i o  imposes a more  s ignif icant  boundary condition, r e s t r i c t i n g t h e  

range of possible atmospheric compositions essent ia l ly  t o  the portion below the 

oxidation thresholli, with the exception of a small section of the reducing par t  

of the diagram along the C-0 axis. Tbe carbon monoxide upper l i m i t  places no 

new c o n s t r a b t  sa the 4Aapm;  the upper limits on oxygen and ozone eliminate 

a region near the oxygen corner of the ternary diagram. The estimate f o r  the 

abundance of water vapor in the Martian atmosphere places the equilibrium com- 

posit ion along a curve which crosses the oxidation threshold not f a r  f r o m  the 

The upper l i m i t  on the methane 

C02 composition point, quite analogous t o  the s i tuat ion f o r  Venus. 

quickly enters  the region forbidden by the methane abundance upper 

This l i ne  
limits. 



- .  

The composition of the Martian atmosphere is  therefore res t r ic ted  t o  the so l id  
~ - portion of the water  line of Figure 4, encompassing a small region of the oxidi- 

zing par t  of the diagram, and a very smax segment, near C02, i n  the reducing 

region. 

It has been suggested that various oxides of nitrogen are  produced by non- 

equilibrium processes i n  the atmosphere of Mars, and t h a t  these oxides of ni t ro-  

gen play a major role in the t o t a l  chemistry of the atmosphere and surface of 

Mars (Kiess, Karrer, and Kiess, 1960; 1963) . 
calculations of the equilibrium abundance of various compounds i n  the b r t i a n  

atmosphere a t  Even i n  the favorable case 

w h e r e  oxygen is present as a major constituent, we see t h a t  the  resul t ing 

abundances of the oxides of nitrogen are extraordinarily small. 

sions are consistent with those of Sagan, Ha,nst, and Young (l965), who used a 

much smaller array of equilibrium reactions than are implicit ly included here 

and considered 

The present results place the equilibrium upper l i m i t  on NO several orders 
of lnegnitude below the previous calculated values (Sagan, Htmst, and Young, 

1964); and below the most recent observational upper Umits (Marshall, 1964) 
by the s a m  factor .  

I n  Table 6, we present SOE 

representative points in Figure 4. 

These conclu- 

a l so  photochemical production and breakdown of these oxides. 

2 

Further conclusions on the nature of the Wrtian atmosphere i n  themo- 

dynamic equilibrium could be drawn if rel iable  estimates were performed of the 

abundances of such molecules as CO, CH4, H$, SO5, o r  02. 

do not demonstrrzte thermodynamic equilibrium. 

of Venus, the escape of hydroen, plus the depletion of atmospheric oxygen 

(here, e i t h e r  by reaction with the  crust  or 5j; esczpe from the planetary 

exosphere) 

approximately along the oxidation threshold. The present infomation i s  con- 

s i s t e n t  with a snntll proportion of molecular oxygen i n  the atmosphere, although 

the atmosphere could a l so  be s l igh t ly  reducing. 

librium abundance of organic molecules on the Martian surface depends in par t  

The l imited data 
I available are consistent with the existence of thermodynamic equilibrium, but 
I 

As in the case of the atmosphere 

could have l ed  t o  an evolutionary t rack i n  the ternary diagram 
I 

The poss ib i l i ty  of an equi- 



on this question of which side of the oxidation threshold the t o t a l  atmospheric 

composition lies. 
surface also depends 

atmosphere i s  transparent i n  the near ultraviolet (see Sagan and KeUgg, 1963) . 
The long-tern s tabi l i ty  of organic molecules on the Martian 

on th rate of u l t rav io le t  photodissociation, if t he  

7. Jupiter 

The assumed composition of the Javian atmosphere i s  sham in Table 7. 
Because there i s  no way for water t o  escape frw. Jupiter, it must be present 

i n  significant mounts below the visible clouds. A t  the clouds it is forzen 

out because of' the l o w  temperatures. 

5 0  mixing rat io  below the clouds i s  camparable t o  that of mtbane and ammnia. 

I n  the clouds it is fixed by the vapor pressure of ice. 
equilibrium calculations were carried out for two sets of p ~ s s u m s  and temper- 
atures -- i n  the f i rs t  case, for a pressure of l a t m  and a temperature of 

200"K, corresponding approximately t o  the region of the clouds (Spinrad and 

Trafton, 1s2; Owen, 1965); and in th second case, for a pressure of lo00 atm 
and a temperature of 350°K. 
thesized water droplet clouds, predicted by G a l l e t  (1963; see a l so  W i l d t ,  

Smith, Salpeter, and Cameron, 1963) . 
constituents of the Jovian atmosphere a t  thermodynamic equilibrium are presented 

i n  Table 8. The addition of loa sulfur, would give tb other constituents 

shown. As first pointed out by Wildt (1937), the large excess of molecular 
hydrogen works t o  greatly reduce the concentration of even simple orgmic 
molecules a t  thennodynamic equilibrium. EssentiaUy a l l  carbon is present as 

methane, a l l  oqgen as water, and a l l  nitrogen as ammonia. The t o t a l  atmos- 

pheric composition gives a point very near the H corner of the ternary diagram. 

We have arbitrari ly assumed that  the 

The thermodynamic 

c 

This point corresponaS t o  the level of tbe hypo- 
* 

The concentrations of the major resulting 

?n* me reh-LLw dxmihnce of molecular nitrogen increases fairly rapidly with 

temperature, but even a t  350"K, it is s t i l l  a very minor atmospheric constituent. 

.. 
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Despite the extremely l o w  computed mixing ra t ios  of even the simplest 

organic molecules, there is  nevertheless reason t o  believe that orgmic 

~. molecules may be present in the atmosphere of Jupiter.  
t r a s t ing  colors of the bands, belts, and spots -- particularly,  the Great 

Red Spot -- surely betoken Sliffereaces inmolecular composition in the v ic in i ty  

of the Jovian clouds. 

expc ted  i n  this region, due t o  micrometeoritic infall, it seem unlikely that 
such materials are di f fe ren t ia l ly  distributed over the Jovian clouds; a more 

reasonable source of chromophores would appear t o  arise from the mjor 
atmospheric constituents, and therefore, be organic materials (see e.g., Urey, 

1952; Sagan, 1963). Experiments attempting t o  sjmulate the Jovian atmspbere, 
i n  which a mixtm of tk m j o r  gases i s  supplied with energy from a corona 

discharge, have succeeded in producing such simple organic molecules as 

E N ,  CHJCN, C 2 4 ,  C2Hk, and C2€g (Sagan and Miller, 1960) . T h e i r  interaction 

products may be brightly colored. Indeed, in experiments relevant t o  tk o r i g i n  

of l i f e  on Earth, mixtures of materials which are i n  e f fec t  simulated Jovian 
environments have been subjec ted to  a wide array of energy sources, and organic 

molecules have been consistently produced in high yield, provided only that 

The bright and con- 

While some small concentration of minerals may be 

- the  over-all conditions were reducing (see, e.g., Fox, 1965). Electr ic  ais- 
- charges and solar ul t rav io le t  l ight -- both t o  be expected i n  the vicini ty  of 

the Jovian clouds -- w i l l  lead t o  the production of organic molecules i n  
abundances far greater than those expected from thennodynamic equilibrium 

considerations . 
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I -  
l -  

ADOPTED CHB9cAL COMPOSITION AND PHYSICAL P- OF TEE 
T E m  AIIWSPEERE (VOIUME MIXING RATIOS AKE DISPMYED) 

0.2095 O2 

0 3 

H2 

m2 

*2 

0.7808 

5 x to 2 x 10 -8 

N2° 5 10-7 

NE5 
s02 

-8 1.7 x lo 

-6 l x l o  

cH4 

A 

He 

me 

Pressulx 
Temperature 

1 x 
-6 5.2 x io 

1.8 x 10-5 

1.0 atm 
280CK 

(References: Allen 1963; Hutchinson 1954) 
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N2 

O 2  

A 

H2O 

c02 

54 
BN4 
N02 

m 

s02 

0 -78 
0 021 

0.01 

1.0 10-3 

3.33 x loA 
a 1 x 10 

5.1 x 10’’) 

6.2 x lOoU 

2.9 1 0 ~ ~ 7  

4.1 x lo-* 

8.6 x 

I 3.8 x 

0 zone 6.6 x 

N2° 

%s 
co 

&r 
=2 

cH4 

C$SH 

COS 

Benzene 

Formic acid 

m 

9 
Fomldehyde 

Methenol 

0 

Q 

0 

0 

0 ,  

0 

0 

0 

0 

0 

0 

0 

0 

* 
A mixing ratio of zero is  aa abbreviation f o r  a value < . 
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ADOF'J!ED CHEMu=AL COMPOSITION OF THE CYTHEFEAN ATMJSPHERE 

(VOm MMING RATIOS ARE DISPIAYED) 

c2H4 

c2% 

-6 <1x10 

< 4 Y 10'7 

< 4 1.0'7 

- 5 x loo2 
-6 " 1 x 1 0  

< 3 x lo-7 

Pressure 
T e m p e r a t u r e  

- 50 atm 
700k 

(References: Kuiper 1952; Spinrad 1962~3, 196211; Sinrad and Richardson, 
1965; Bottems, Plunrmer, and Stron 1964; Dollfus 1964; Sagan and 
Pollack 1965) 
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Compound 

O2 

c02 

H2O 

N2 

I12 
NS 

co 

" 
NO 

N02 

N2° 

m03 
O3 
Me thane 

Ethane 

Formic Acid 

Formaldehyde 

Methanol 

Acetic Acid 
Methyl Amine 

Acetylene 

Benzene 
Asphalt 

s02 

s03 

0 

0 

7 x loa6 
0 

0 

0 
0 

0 

0 

0 

2 x lo-7 

8 x lom7 
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Reducing Limit 

1 x xr25 
l X l O d  

5 x loa 
1 x 10-5 



- - COmpOLmd. 

COS 

C q S H  

%s04 

TABTE 4 (Cont.) 

oxidizing Limit 

0 

0 
0 

2 x d - 7  

Reducing Limit 

[O,] = 8 X lo-' are shown. The bypothesized s a u r  mixing ratio of 
lod has a negligible effect except on compounds containing sulfur. 
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, 
! -  
I .  - 5  

4 
B2O 

-6 < 1.3 x io 

-10-5 

- 0.9 N2 

I -  

N02 

N2° 

5 
s02 

cos 

*2 

cH4 

c2% 

'2=4 

EIQ 

Pressure 
T e m p e r a t m  

< 3 x 10-7 

< 5 x 10-3 

< 5 x 10-5 

< 1 x lo-7 

e 5 x 10-5 

- 1 x lo-1 
e 5 x 10-5 

< 3 x 10-5 

< 1 x 10-5 

=4 e2xl.O 

-4 <3x10 

- 0.05 a-hn 
2b°K 

(References: =plan, Munch, and Spinrad 1964; Owen and Kuiper 1964; 
Hanst a.nd Swan 1965; Chamberlain a.nd Hunten 1965; Marshall 1965) 



N2 

co 
O2 

H2O 

cH4 

c2% 

% 
'6% 

Hem 

EOOH 
C$COOH 

C$OH 

9 
m03 
N02 

No 

N2°4 

N2O 

N03 

N2°5 

Oxidizing C a s e  S l i g h t l y  Reducing 
Case - 

0 .%2 0-90 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 010 

3 x 10-3 

1 x 10-5 

0 

1 x lo4 
5 x 

0 

0 

0 

0 

0 

0 

0 

0 
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N2°3 

w3 

s02 

%s 
( C 9 2 S O  

cs2 

%s04 

E N  

cos 

C&,SH 

Oxidizing Case 

6 x lo'32 

0 
-6 1 x 10 

6 loa 

0 

0 

0 

0 

0 

8 x 

Slightly Reduein& 
C a s e  - 

0 

3 x lo'* 
8 x 

4 x l0-l9 

* 
Two extreme systems, one with [O,] = 0, the other with [021 = 0.09 -- 
corresponding t o  the point P in Figure 4 -- are displayed. 
highly oxidizing conditions favor the presence of oxides of nitrogen, 
but even then their pEdicted equilibrium abundances are miniscule. 

The m o r e  

-30- 



H2 
4 O  
N02 

N% 

cH4 

c2% 

"*% 
c2H2 

He 
Ne 

Pressure 

Temperature 

ADOPTED C l B M I U  COMPOSITION OF TBE JOVWV ATM;)SPHEXE 

(VOUTME MIXING RATIOS ARE DBPIAYED) 

0.36 
0.03 

1 atm 
200°K 

o .36 
0.03 

1000 a t m  

350°K 

(References: Kuiper 1952; Spinrad and Tra f t cm 1963; Owen 1965) 

-31- 



I - -  

TEEl44ODYNAMIC EQUIIZBRIUM C ( X I E ' O S ~ I 0 ~  OF T€E MAJOR CONSTZTLENTS OF THE JOVIAN 

ATXEPHEZE, COMPUTED m M  TEE EUB@XWU COMPOSITION OF TABLE 7" 

52 
He 

High 

o -60 

0.36 

0 -03 
5 x 1.0-3 

2 x lo-4 
-4 1 x 10 

-6 1 x 10 

-23 3 x 10 

6 x io-= 
2 x lo-28 

2 x 10-3~ 

0 

0 

0 

0 

0 

0 

0 

0 

* -6 For the sulfur compounds, addition of [SI = 10 was assumed. 
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THERM0DYNA:IIC EQUILIBRIUM I N  THE O R I G I N  OF ORGANIC MATTER 

R , V ,  Eck,  E , R ,  L i p p i n c o t t ,  M,O, Dayhoff and Y , T .  P r a t t  

ABSTRACT 

T h e o r e t i c a l  and e x p e r i m e n t a l  s u p p o r t  i s  p r e s e n t e d  f o r  t h e  h y p o t h e s i s  

t h a t  o r g a n i c  compounds o c c u r r i n g  i n  c a r b o n a c e o u s  c h o n d r i t e s  may have  

formed u n d e r  e q u i l i b r i u m  o r  n e a r  e q u i l i b r i u m  c o n d i t i o n s ,  The e q u i l i b r i u m  

d i s t r i b u t i o n s  o f  o r g a n i c  compounds a t  t e m p e r a t u r e s  be tween 300 and 1000 K 

and p r e s s u r e s  o f  t o  50 a tmosphe res  f o r  t h e  C-H-0 system have  been  

computed,  A t  h i g h  t e m p e r a t u r e s  and low p r e s s u r e s  a r o m a t i c  compounds 

may form e v e n  i n  t h e  p r e s e n c e  o f  excess hydrogen ,  E q u i l i b r i u m  concen-  

- t r a t i o n s  of numerous compounds p o s s i b l e  a t  1 0 0 0  K when N,S, and C 1  a r e  

- added  t o  t h e  s y s t e m  have  a l s o  been  d e t e r m i n e d ,  A l i m i t e d  e q u i l i b r i u m  

method i s  employed i n  which  t h o s e  few compounds which form w i t h  most  d i f -  

f i c u l t y  a r e  e x c l u d e d  f rom t h e  c o m p u t a t i o n s ,  T h i s  approach  i s  shown t o  

b e  u s e f u l  i n  t h e  i n t e r p r e t a t i o n  of  c e r t a i n  e x p e r i m e n t a l  d a t a ,  I n  p r e -  

l i m i n a r y  e x p e r i m e n t s  i t  h a s  been  found t h a t  gases ,  c o n v e r t e d  t o  t h e  

p l a sma  s t a t e  by h i g h  e n e r g y  r a d i o  f r e q u e n c y  d i s c h a r g e ,  y i e l d  p r o d u c t  

m i x t u r e s  wh ich  a r e  i n  q u a l i t a t i v e  agreement  w i t h  t h o s e  p r e d i c t e d .  
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A major  c l u e  t o  t h e  o r i g i n  o f  o r g a n i c  compounds found i n  some 

. m e t e o r i t e s  (1-6) i s  t h e  d i s t r i b u t i o n  o f  m o l e c u l a r  s p e c i e s  p r e s e n t ,  

S t u d i e r ,  Haya t su  and Anders  ( l )  have a n a l y z e d  a number of c a r b o n a c e o u s  

- c h o n d r i t e s  w i t h  t h e  a i d  o f  mass s p e c t r o m e t r y  and t h e i r  r e s u l t s  have  

l e d  them t o  t h e  i n t e r e s t i n g  h y p o t h e s i s  t h a t  t h e  f o r m a t i o n  of  o r g a n i c  

compounds may o c c u r  u n d e r  e q u i l i b r i u m  o r  n e a r  e q u i l i b r i u m  c o n d i t i o n s  

i n  s o l a r  n e b u l a e ,  They p o i n t  o u t  t h a t  n e i t h e r  M i l l e r - U r e y  r e a c t i o n s  

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

o f  compounds, p a r t i c u l a r l y  t h e  p r e p o n d e r a n c e  o f  a r o m a t i c  h y d r o c a r -  

bons  a n d  t h e  h i g h  m e t h a n e - t o - e t h a n e  r a t i o s ,  T h e i r  d a t a  d i d  a g r e e  

r a t h e r  w e l l ,  however ,  w i t h  a d i s t r i b u t i o n  c a l c u l a t e d  by Dayhof f ,  

L i p p i n c o t t  and f o r  c o n d i t i o n s  of  thermodynamic e q u i l i b r i u m  f o r  

a C - H - 0 - N  i d e a l  g a s  s y s t e m  a t  500 K and 1 atm. 

Urey and  L e w i s ( 8 ) ,  on t h e  o t h e r  hand ,  have  e x p r e s s e d  t h e  v iew 

- t h a t  t h e  o r g a n i c  compounds d e t e c t e d  by  S t u d i e r  e t  a l ,  and o t h e r  i n -  

v e s t i g a t o r s  c o u l d  n o t  form u n d e r  t h e  c o n d i t i o n s  p r e s e n t  i n  s o l a r  

n e b u l a e ,  b u t  c o u l d  o n l y  have  been  p roduced  by  h i g h - e n e r g y  r a d i a t i o n  o r ,  

i n  some i n s t a n c e s ,  by l i v i n g  o r g a n i s m s ,  

I n  a s u b s e q u e n t  p a p e r ,  S t u d i e r .  Haya t su  and Anders  ('1 r e p o r t e d  

e x p e r i m e n t a l  s u p p o r t  f o r t h e  e q u i l i b r i u m  t h e o r y  by  i d e n t i f i c a t i o n  o f  p r o d -  

u c t s  formed f rom t h e  r e a c t i o n  of  c a r b o n  monoxide and  hydrogen  u s i n g  

m e t e o r i t i c  m a t e r i a l ,  i n o r g a n i c  compounds or  h e a t  a l o n e  as-. c a t a l y s t s .  

I n  o u r  p r e v i o u s  p a p e r ( 7 )  w e  p r e s e n t e d  t h e  c a l c u l a t e d  d i s t r i b u t i o n  

of e l e m e n t s  among o v e r  100 compounds a t  one a tmosphe re  p r e s s u r e  and 

500 K .  A t  some C - H - 0  e l e m e n t a l  p r o p o r t i o n s  t h e  f o r m a t i o n  o f  g r a p h i t e  

was e x c l u d e d  b e c a u s e  o f  t h e  h i g h  a c t i v a t i o n  e n e r g y  o f  a l l  r e a c t i o n s  

- _  f o r m i n g  i t ,  The p r e s e n t  r e p o r t  d e s c r i b e s  c a l c u l a t i o n s  o f  thermodynamic 

e q u i l i b r i a  i n  C - H - 0  s y s t e m s  a t  t e m p e r a t u r e s  f rom 300 and  1000 K and 
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p r e s s u r e s  f rom , 0 = 6  t o  5 0  a t m o s p h e r e s ,  A d d i t i o n a l  c a l c u l a t i o n s  i n -  

~ c l u d i n g  t h e  e L c  , s n t s  M,S and C -  a t  lOQa i< are  r e p o f t e d ,  These  cam- 

p u t a t i o n s  s u p p o r t  t h e  t h e o r y  of  S t u d i e r  e t  a l ( l )  P r e l i m i n a r y  

- e x p e r i m e n t s  on e q u i l ; b r i a  p roduced  i n  a p lasma d i s c h a r g e  s y s t e m  a r e  

a l s o  , p r e s e n t e d ,  

I n  t h e  g e n e r a l  t e r n a r y  d iagram ( F i g ,  1) t h e  main c h a r a c t e r i s t i c s  

o f  i d e a l  g a s  s y s t e m s  c o n t a i n i n g  a l l  p r o p o r t i o n s  o f  t h e  e l e m e n t s  C ,  H ,  

and  0 a re  shown, There  a r e  two pronounced t h r e s h o l d s  a t  which con-  

c e n t r a t i o n s  o f  many compounds change a b r u p t l y  by many o r d e r s  o f  magni- 

t u d e ,  The f i r s t  i s  t h e  o x i d i z i n g  t h r e s h o l d  a l o n g  t h e  C02-H20 l i n e ,  

below which f r e e  O2 a p p e a r s  and a l i  o r g a n i c  compounds a r e  o x i d i z e d ;  

above  t h i s  l i n e  t r a c e s  of  many o r g a n i c s  a p p e a r  i n  a d d i t i o n  t o  C 0 2 ,  C O D  

H 2 0  and CHq0 

c o n c e n t r a t i o n s  o f  benzene  and polynuclear a r o m a t i c s  a p p e a r ,  The 

p o s i t i o n  of  t h i s  l i n e  v a r i e s  w i r h  t e m p e r a t u r e  and p r e s s u r e ,  i n  c o n t r a s t  

t o  t h e  o x i d i z i n g  t h r e s h o l d  which r ema ins  e s s e n t i a l l y  unchanged.  The re  

i s  a weak hydrogen  t h r e s h o l d  a l o n g  t h e  1 7 H 4 = H 2 0  l i n e  which a p p e a r s  a t  

low t e m p e r a t u r e s .  The c u r v e d  l i n e  r e p r e s e n t s  a p h a s e  boundary  above 

which s o l i d  g r a p h i t e  would p r e c i p i t a t e  i n  a c o m p l e t e  e q u i l i b r i u m .  

The second  i s  t h e  " a s p h a l t "  t h r e s h o l d  above which l a r g e  

The p o s i t i o n s  o f  t h e  g r a p h i t e  p h a s e  boundary  a t  v a r i o u s  t empera -  

t u r e s  a n d  p r e s s u r e s  a r e  shown i n  F i g u r e  2 ,  I n  a d d i t i o n  t o  t h e  d a t a  

i l l u s t r a t e d ,  i t  may b e  n o t e d  t h a t  a t  5 0 0  K and atm and  a t  700 K 

a t  b o t h  l o G 6  and l o L 3  atm t h i s  l i n e  e n d s  n e a r  t h e  H c o r n e r .  

C o n v e n t i o n a l  e q u i l i b r i u m  computa t ions  c o n s i d e r  a v e r y  l i m i t e d  

number cf  compoundsp u s u a l l y  i n  s i n g l e ,  r e v e r s i b l e  r e a c t i o n s .  The 

bala:::e o f  c h e m i c a l  s p e c i e s  i s  computed f o r  t h i s  e x t r e m e l y  l i m i t e d  

- .  s y s t e m  as i f  no  o t h e r  r e a c t i o n s  were o c c u r r i n g  a t  t h e  same t i m e .  O r -  

g a n i c  c h e m i s t s  know t h a t  t h i s  i s  f r e q u e n t l y  h i g h l y  u n r e a l i s t i c ;  s u c h  



a s i m p l i f i c a t i o n  i s  j u s t i f i e d  by n e c e s s i t y  b e c a u s e  more cornnlex s y s -  

tems c o u l d  n u t  be c o n s i d e r e d  i n  d e t a i l ,  The method o f  thermodynamic 

e q u i l i b r i u m ,  which becomes f e a s i b l e  w i t h  t h e  u s e  o f  a h i g h - s p e e d  

- d i g i t a l  compute r ,  makes p o s s i b l e  t h e  s i m u l t a n e o u s  c a l c u l a t i o n  o f  

r e a c t i o n s  among a l a r g e  number of compounds, However, i n  c a s e s  where 

time becomes i m p o r t a n t ,  c o m p l e t e  e q u i l i b r i u m  may be  an u n r e a l i s t i c  

i d e a l ,  With r a p i d  q u e n c h i n g ,  o r  a t  t e m p e r a t u r e s  a t  which many r e a c t i o n s  

r e q u i r e  a p p r e c i a b l e  l e n g t h s  of  t ime t o  approach  e q u i l i b r i u m ,  some 

r e a c t i o n s  may o c c u r  o n l y  t o  a n e g l i g i b l e  e x t e n t ,  I f  t h e  a c t i v a t i o n  

e n e r g y  i s  h i g h ,  and t h e  t e m p e r a t u r e  i s  s u f f i c i e n t l y  low,  c e r t a i n  reac-  

t i o n  p r o d u c t s  may b e  e s s e n t i a l l y  " f o r b i d d e n " ,  I f  a p a r t i c u l a r  compound 

i s  t h e  end  p r o d u c t  o f  a l o n g  s e r i e s  o f  r e a c t i o n s ,  o r  i f  one o f  i t s  

e s s e n t i a l  i n t e r m e d i a t e s  o c c u r s  on ly  i n  v e r y  s m a l l  p r o p o r t i o n s ,  t h e  

r e s t  o f  t h e  s y s t e m  may have  r eached  a m e t a s t a b l e  e q u i l i b r i u m  a f t e r  a 

c e r t a i n  t ime,  w h i l e  t h e  p a r t i c u l a r  compound i s  s t i l l  p r e s e n t  o n l y  i n  

v e r y  small  amounts ,  

As a way o f  s i m u l a t i n g  s u c h  c o n d i t i o n s  f o r  p u r p o s e s  o f  c o m p u t a t i o n ,  

we u s e  a method o f  l i m i t e d  e q u i l i b r i u m ,  i n  which a l l  compounds o f  

s i g n i f i c a n t  c o n c e n t r a t i o n  a r e  i n c l u d e d  e x c e p t  t h e  f e w  which a re  s p e c i f i c  

a l l y  e x c l u d e d ,  I n  t h e s e  c a l c u l a t i o n s ,  t h e  r a t e  o f  p r o d u c t i o n  o f  e a c h  

compound i s  assumed t o  b e  e i t h e r  r a p i d  enough f o r  e q u i l i b r i u m  t o  be  

a p p r o x i m a t e d ,  o r  n e g l i g i b l e  ( z e r o ) .  R e s u l t s  computed by t h i s  method 

a re  i n  r e a s o n a b l e  ag reemen t  w i t h  c e r t a i n  e x p e r i m e n t a l  r e s u l t s  (91 ,  

A c c o r d i n g  t o  a f o r m a l l y  s t r i c t  d e f i n i t i o n  o f  thermodynamic e q u i l i -  

b r i u m ,  g r a p h i t e  must be  i n c l u d e d  as  a ma jo r  c o n s t i t u e n t  o f  t h e  s y s -  

tem ( 8 ,  l o#  l a )  , However, a t  sone t e m p e r a t u r e s ,  t h e r e  a r e  r e a s o n s  t o  

e x c l u d e  g r a p h i t e  f rom t h e  computa t ion  and t o  u s e  t h e  method o f  l i m i t e d  

e q u i l i b r i u m ,  GraDhi t e  i s  t h e  end p r o d u c t  o f  t h e  D o l v m e r i z a t i o n  o f  
I ,  
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h i g h e r  a r o m a t i c  compounds, a r e l a t i v e l y  s low s e q u e n c e  o f  r e a c t i o n s ,  

' A t  t e m p e r a t u r e s  below a b o u t  1000 K ,  i t  a p p a r e n t l y  c a n n o t  form d i r e c t l y  

f rom methane and o t h e r  s i m p l e  o r g a n i c s ,  b e c a u s e  t h e  a c t i v a t i o n  e n e r g y  

o f  s u c h  r e a c t i o n s  would b e  t o o  h i g h ,  A t  modera te  t e m p e r a t u r e s ,  

t h e r e f o r e ,  a m e t a s t a b l e  e q u i l i b r i u m  o f  a l l  o t h e r  compounds c o u l d  b e  

a p p r o a c h e d  b e f o r e  s i g n i f i c a n t  amounts o f  g r a p h i t e  c o u l d  b e  p roduced .  

The e l e m e n t a l  p r o p o r t i o n s  r e p r e s e n t e d  by t h e  r e g i o n  above t h e  g r a p h i t e  

l i n e  i n  t h e  t r i a n g u l a r  d i ag ram t h e r e f o r e  g i v e  e x p e r i m e n t a l l y  a t t a i n a b l e  

g a s = p h a s e  c o m p o s i t i o n s ,  The e x c l u s i o n  o f  g r a p h i t e  p e r m i t s  t h e s e  com- 

p o s i t i o n s  t o  be  s t u d i e d ,  and t h e  " a s p h a l t  r e g i o n "  t o  b e  i n v e s t i g a t e d .  

I f  w e  had  f e l t  o b l i g e d  t o  a d h e r e  t o  t h e  s t r i c t  d e f i n i t i o n  o f  " e q u i l i -  

br ium",  t h e s e  s t u d i e s  c o u l d  n o t  have been c a r r i e d  o u t ,  I n  t h e  f o l l o w -  

i n g  c o m p u t a t i o n s ,  g r a p h i t e  h a s  been e x c l u d e d ,  

I n  F i g u r e  3 a re  shown b o u n d a r i e s  above which t h e  benzene  c o n c e n t r a -  

t i o n  i s  g r e a t e r  t h a n  mole f r a c t i o n ,  a n  amount r e a d i l y  measured 

e x p e r i m e n t a l l y ,  A t  h i g h  t e m p e r a t u r e s  and low p r e s s u r e s  benzene  (and 

a s p h a l t )  a p p e a r  even  i n  an  a tmosphe re  c o n t a i n i n g  a l a r g e  e x c e s s  of  

f r e e  hydrogen  - -  a r e s u l t  c o n s i s t e n t  w i t h  t h e  e x p e r i m e n t a l  f i n d i n g s  o f  

S t u d i e r  e t  d 9 ) ,  Such c o n d i t i o n s  may have  e x i s t e d  i n  s o l a r  n e b u l a e ( l ) ,  

Two m u t u a l l y  r e i n f o r c i n g  f a c t o r s  l e a d  t o  t h i s  e f f e c t ,  F i r s t ,  methane 

becomes less s t a b l e  w i t h  i n c r e a s i n g  t e m p e r a t u r e ,  and s e c o n d ,  t h e  

e q u a t i o n  

6 CHq e 9 112 + CgHg 

s h i f t s  t o w a r d  t h e  r i g h t  as t h e  p r e s s u r e  d e c r e a s e s o  Benzene becomes 

m e a s u r a b l e  o n l y  i n  r e g i o n s  where s o l i d  g r a p h i t e  would b e  s t a b l e  i f  i t  

had  b e e n  i n c l u d e d  i n  t h e  e q u i l i b r i u m .  . 
With g r a p h i t e  f o r m a t i o n  e x c l u d e d ,  t h e  c o n c e n t r a t i o n s  o f  t h e  o t h e r  

c o n s t i t u e n t s  change  g r a d u a l l y  i n  t h e  ne ighborhood  o f  t h e  g r a p h i t e  
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l i n e ;  i t  i s  n o t  a d e f i n i t e  t h r e s h o l d ,  Above t h e  g r a p h i t e  l i n e  t h e r e  

. a r e  r e g i o n s  a L ~ r e  t h e  computed benzene  c o n c e n t r a t i o n  would become 

v e r y  h i g h  i f  benzene  were t h e  o n l y  a r o m a t i c  i n c l u d e d  i n  t h e  e q u i l i -  

b r ium,  When h i g h e r  m o l e c u l a r  we igh t  a r o m a t i c s  a r e  i n c l u d e d  a l s o ,  t h e y  

become more i m p o r t a n t  t h a n  benzene  - -  t h e  l a r g e s t  p o l y n u c l e a r  a r o m a t i c s  

becoming t h e  most  i m p o r t a n t ,  o f t e n  s o  c o n c e n t r a t e d  t h a t  t h e y  would 

p r e c i p i t a t e ,  However, s i n c e  t h e  l a r g e  m o l e c u l e s  must b u i l d  up from 

t h e  smal l  o n e s ,  t h e  k i n e t i c s  o f  a g i v e n  s i t u a t i o n  d i c t a t e s  how f a r  

t h i s  p o l y m e r i z a t i o n  w i l l  b e  a b l e  t o  go i n  t h e  a v a i l a b l e  time. We 

have  a p p r o x i m a t e d  t h e  c o n d e n s a t i o n  o f  p o l y n u c l e a r  a r o m a t i c s  by i n -  

c l u d i n g  i n  o u r  s y s t e m  b e n z e n e ,  n a p h t h a l e n e ,  and a m i x t u r e  w e  c a l l  

" a s p h a l t " ,  which i s  a c o m p o s i t e  of  1 0 0  i s o m e r s  h a v i n g  s i x  benzene  

r i n g s  w i t h  t h e  m o l e c u l a r  f o r m u l a  C22H12 .  The f r e e  e n e r g y  of t h i s  

c o m p o s i t e  i s  e x t r a p o l a t e d  f.rom t h a t  o f  benzene  and  n a p h t h a l e n e  by  t h e  

- method of  group c o n t r i b u t i o n s ( 1 2 ) .  The p o s i t i o n  o f  t h e  a s p h a l t  t h r e s -  

h o l d ,  where a r o m a t i c s  b u i l d  up s h a r p l y ,  i s  i n s e n s i t i v e  t o  t h e  e x a c t  

f o r m u l a s  and f r e e  e n e r g i e s  of t h e  a r o m a t i c s  i n c l u d e d  i n  t h e  e q u i l i b r i a .  

The t h r e s h o l d  i s  s h a r p e r  a t  lower  t e m p e r a t u r e s  and a t  h i g h e r  p r e s s u r e s .  

F i g u r e  4 shows l i n e s  above  which t h e  a s p h a l t  c o n c e n t r a t i o n  i s  g r e a t e r  

t h a n  l o e 6  mole f r a c t i o n  f o r  v a r i o u s  c o n d i t i o n s  o f  t e m p e r a t u r e  and 

p r e s s u r e o  A s p h a l t  may form a t  a l l  t e m p e r a t u r e s  and p r e s s u r e s  i n v e s t i -  

g a t e d .  A t  h i g h  t e m p e r a t u r e  and low p r e s s u r e  i t  i s  s t a b l e  even  where 

excess H2 i s  p r e s e n t ,  

I n  t h e  s t u d y  o f  m e t e o r i t e s  and g e o l o g i c a l  d e p o s i t s ,  t h e  e l e m e n t s  

N ,  S ,  a n d  C1 a r e  a l s o  i m p o r t a n t ,  The a d d i t i o n  o f  an amount o f  N 

. -  e q u a l  t o  t h a t  o f  C p r o d u c e s  very l i t t l e  change  i n  t h e  sys t em.  blolec- 

u l a r  n i t r o g e n  r ema ins  p r i n c i p a l l y  as  N 2  fo rming  o n l y  t r a c e s  o f  o r g a n i c s  

a n d  o x i d e s ,  a small amount o f  NH3 i n  t h e  p r e s e n c e  o f  e x c e s s  H2, and a 

l i t t l e  HCN i n  t h e  a s p h a l t  r e g i o n ,  Fo rma t ion  o f  H C N  i s  p a r t i c u l a r l y  

. .  



- 6 -  

f a v o r e d  by  low p r e s s u r e .  

T a b l e  I shows t h e  mole f r a c t i o n  abundances  o f  v a r i o u s  compounds 

o f  i n t e r e s t  a t  a t e m p e r a t u r e  o f  1000 K and p r e s s u r e s  o f  1 and 

- atm, The mola r  abundances  o f  t h e  new e l e m e n t s  r e l a t i v e  t o  c a r b o n  

were [ N ]  = [ c ] ,  [SI  = ,0001  x [C] ,  and  [ C I ]  = , 0 0 0 1  x [ C ] ,  3lole 

f r a c t i o n s  o f  c o n s t i t u e n t s  a t  t h e  p o i n t s  1, 2 ,  3 and 4,'whose e l e m e n t a l  

c o m p o s i t i o n s  are  shown i n  F i g ,  1 a r e  t a b u l a t e d  i n  T a b l e  I ,  P o i n t  1 

i s  chosen  below t h e  g r a p h i t e  phase  boundary  and r e p r e s e n t s  a s t r i c t ,  

a l l - i n c l u s i v e  e q u i l i b r i u m ,  A t  t h e  o t h e r  t h r e e  p o i n t s ,  s o l i d  g r a p h i t e  

f o r m a t i o n  i s  f o r b i d d e n .  I t  may be s e e n  from t h e  t a b l e  t h a t  a s p h a l t  

f o r m a t i o n  i s  e n c o u r a g e d  by  low p r e s s u r e ,  s o  t h a t  i t  forms r e a d i l y  

even  i n  a s y s t e m  w i t h  a l a r g e  e x c e s s  o f  H2., 

t h e  d e c o m p o s i t i o n  of CH4, C02, and N H 3 ,  

Low p r e s s u r e  a l s o  f a v o r s  

I n  t h e  a s p h a l t  r e g i o n  HCN and a c e t y l e n e  c o n c e n t r a t i o n s  b u i l d  up ,  

as wel l  as t h o s e  o f  a r o m a t i c s ,  P y r i d i n e ,  t h e  most s t a b l e  o f  t h e  

n i t r o g e n - c o n t a i n i n g  a r o m a t i c s  i s  a lways  l e s s  c o n c e n t r a t e d  t h a n  benzene  

b y  s e v e r a l  o r d e r s  o f  magni tude .  

The p r i n c i p a l  compound c o n t a i n i n g  c h l o r i n e  i s  H C 1 ,  Chloromethane ,  

t h e  most  s t a b l e  c h l o r i n a t e d  hydroca rbon ,  i s  c o n s i d e r a b l y  l ess  s t a b l e .  

The most  i m p o r t a n t  s u l p h u r  compound i s  H2S e x c e p t  a t  low p r e s s u r e  

G e n e r a l l y ,  o r g a n i c  i n  t h e  a s p h a l t  r e g i o n  where  CS2 is  most i m p o r t a n t .  

s u l p h u r  compounds a r e  much more s t a b l e  t h a n  t h e i r  oxygen a n a l o g s .  

Carbon d i s u l p h i . d e ,  m e t h a n e t h i o l ,  b e n z e n e t h i o l  , and t h i o p h e n e  a re  among 

t h e  most  s t a b l e  s u l p h u r - c o n t a i n i n g  o r g a n i c s a  

The e t h a n e - m e t h a n e  r a t i o  i s  o f  some i n t e r e s t  s i n c e  t h i s  r a t i o  

was f o u n d  t o  b e  l o m 3  o r  l ess  i n  some c a r b o n a c e o u s  c h o n d r i t e s ,  I t  

. _  i s  smal le r  t h a n  t h a t  o b s e r v e d  i n  f o s s i l  f u e l s  o r  i n  p h o t o a c t i v a t e d  

T h i s  r a t i o  was computed p o 1 yme r i z a t i o n s  o r  c r a c k  i n  g p r o  ce s s e s ( l l 0  

t o  b e  l ess  t h a n  f o r  a l l  p o i n t s  i l l u s t r a t e d  i n  T a b l e  I ,  
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I n  t h e  F i s c h e r - T r o p s c h  s y n t h e s i s  o f  h y d r o c a r b o n s ,  t h e  t e m p e r a -  

~ t u r e  c a n  be  k e p t  low enough s o  t h a t  benzene  d o e s  n o t  form r e a d i l y ,  

p re sumab ly  b e c a u s e  t h e  a c t i v a t i o n  e n e r g i e s  of a1 1 r e a c t i o n s  l e a d -  

i n g  t o  i t  a r e  t o o  h i g h .  I n  a c c o r d a n c e  w i t h  t h e  method o f  l i m i t e d  

e q u i l i b r i u m ,  w e  have  t h e r e f o r e  made c o m p u t a t i o n s  i n  an o t h e r w i s e  

a l l - i n c l u s i v e  s y s t e m  f rom which g r a p h i t e ,  b e n z e n e ,  and a l l  a r o m a t i c  

compounds a r e  d e l e t e d ,  T h i s  l e a d s  t o  t h e  f o r m a t i o n  o f  h i g h  y i e l d s  

o f  a l i p h a t i c  compounds. A compar ison  of  s y s t e m s  w i t h  and w i t h o u t  

a r o m a t i c s  i s  shown i n  T a b l e  11, When a r o m a t i c s  a r e  o m i t t e d ,  c y c l o -  

p e n t a n e  and  c y c l o h e x a n e  a re  i m p o r t a n t .  The l a r g e r  a l i p h a t i c  h y d r o -  

c a r b o n s  a re  much more c o n c e n t r a t e d  i n  t h i s  c a s e  t h a n  when benzene  

i s  p r e s e n t  - -  t h e  h i g h e r  homolog mole f r a c t i o n s  d e c r e a s i n g  by  a 

f a c t o r  o f  t e n  f o r  e a c h  a d d i t i o n a l  c a r b o n  i n  t h e  c h a i n .  Hydrocarbons  

w i t h  one d o u b l e  bond a re  s l i g h t l y  less  s t a b l e  t h a n  s a t u r a t e d  ones .  

Those w i t h  a t r i p l e  bond a r e  c o n s i d e r a b l y  l e s s  s t a b l e .  The e t h a n e  

t o - m e t h a n e  r a t i o  i s  , 0 1 4 .  I n  t h e  e q u i l i b r i u m ,  t h e r e  i s  l i t t l e  d i f -  

f e r e n c e  i n  c o n c e n t r a t i o n  be tween normal  i s o m e r s  and b ranched  c h a i n s ,  

i n  c o n t r a s t  t o  t h e  p r e f e r e n c e  f o r  no rma l  i s o m e r s  o b s e r v e d  i n  t h e  

F i s c h e r - T r o p s c h  s y n t h e s i s .  O f  the oxygena ted  compounds, a c e t o n e ,  

a c e t i c  a c i d ,  k e t e n e ,  and  a c e t a l d e h y d e  a r e  most s t a b l e .  Acetone  i s  

a b o u t  as  c o n c e n t r a t e d  a s  o c t a n e .  Traces o f  l o n g  c h a i n  f a t t y  a c i d s  

a r e  a l s o  o b s e r v e d .  

When benzene  a n d  t h e  o t h e r  a r o m a t i c s  a r e  i n c l u d e d  i n  t h i s  e q u i l i -  

b r i u m ,  t h e y  a r e  t h e  most i m p o r t a n t  o r g a n i c s .  H i g h e r  homologs o f  a l l  

o t h e r  f ami l i e s  r a p i d l y  v a n i s h .  The e t h a n e - t o - m e t h a n e  r a t i o  i s  1 . 3 

l o m 3 ,  a n d  t h e  c o n c e n t r a t i o n s  o f  h i g h  homologs o f  t h e  s a t u r a t e d  h y d r o -  

- _  c a r b o n s  d e c r e a s e  by  a f a c t o r  of  300  f o r  e a c h  i n c r e m e n t  i n  t h e  number 

o f  c a r b o n  a toms,  Here e t h y l e n e  and a c e t y l e n e  a r e  much l e s s  s t a b l e  
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t h a n  e t h a n e ,  I f  t h e  t e m p e r a t u r e  i s  k e p t  s u f f i c i e n t l y  low, t h e s e  re- 

* s u l t s  a re  i n  q u a l i t a t i v e  ag reemen t  w i t h  t h e  e x p e r i m e n t a l  r e s u l t s  r e -  

. p o r t e d  by S t u d i e r  e t  a l ( ’ ) ,  i n  which a l i p h a t i c s  r a t h e r  t h a n  a r o m a t i c s  

. form.  We t a k e  t h i s  as e x p e r i m e n t a l  s u p p o r t  f o r  t h e  p r a c t i c a l  v a l u e  

o f  o u r  method o f  l i m i t e d  e q u i l i b r i u m ,  i n  which ,  u n d e r  a p p r o p r i a t e  

c o n d i t i o n s ,  s e l e c t e d  p r o d u c t s  a r e  e x c l u d e d  from a s y s t e m  o t h e r w i s e  a t  

e q u i l i b r i u m ,  

P r e l i m i n a r y  l a b o r a t o r y  e x p e r i m e n t s  which we have  u n d e r t a k e n  t o  

t e s t  t h e  above t h e o r e t i c a l  c o n c l u s i o n s  have  y i e l d e d  t h e  p r e d i c t e d  

r e s u l t s .  By means o f  a r a d i o - f r e q u e n c y  o s c i l l a t o r  and t h e  a u x i l i a r y  

i t  i s  p o s s i b l e  t o  , equ ipmen t  d e s c r i b e d  i n  p a r t  p r e v i o u s l y  ( 1 3 )  

g e n e r a t e  a p l a sma  c o n s i s t i n g  o f  r a d i c a l s ,  i o n s  and atoms from a l m o s t  

any  compound h a v i n g  s u f f i c i e n t  v a p o r  p r e s s u r e .  When t h e  e n e r g i z i n g  

r a d i o - f r e q u e n c y  power i s  t u r n e d  o f f ,  s u c h  a p lasma must  t e n d  toward  

a s t a t e  o f  e q u i l i b r i u m ,  a l t h o u g h  t h e  r a p i d  r a t e  o f  c o o l i n g  may p r e -  

v e n t  i t s  c o m p l e t e  a t t a i n m e n t .  By i n t r o d u c i n g  a v a r i e t y  o f  e l e m e n t a l  

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

e n t i r e  r a n g e  o f  t h e  C-H-0 t e r n a r y  d i ag ram shown i n  F i g u r e  1, a l o n g  

w i t h  t h e  e f f e c t s  o f  o t h e r  e l e m e n t s ,  on t h e  f i n a l  p r o d u c t s .  

I n i t i a l  r e s u l t s  w i t h  a s i m p l e  ca rbon-hydrogen  s y s t e m  i n d i c a t e  

t h e  p r e s e n c e  o f  t h e  a s p h a l t  b a r r i e r .  E x c i t a t i o n  o f  g a s e s  i n  which 

t h e  r a t i o  of  h y d r o g e n - t o - c a r b o n  i s  less t h a n  f o u r - t o - o n e  l e a d s  t o  

t h e  f o r m a t i o n  o f  t a r s  c o n s i s t i n g  p r i m a r i l y  o f  p o l y n u c l e a r  a r o m a t i c  

compounds. Among t h e s e ,  p y r e n e ,  co ronene  and c h r y s e n e  

P y r e n e  Coronene Chrysene  F l u o r a n  t h e n e  
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have been i d e n t i f i e d  s o  f a r ;  f l u o r a n t h e n e  i s  a l s o  a p p a r e n t l y  p r e s e n t .  

Only minute  t races  o f  e l e m e n t a l  carbon have been found.  I f  t h e  

hydrogen- to -ca rbon  r a t i o  i s  somewhat g r e a t e r  t h a n  f o u r - t o - o n e ,  t h e  

sys t em a p p e a r s  i n  t h e  r e d u c i n g  r eg ion  of t h e  t e r n a r y  d iagram and o n l y  

gaseous  p r o d u c t s  are  o b t a i n e d ,  A d e t a i l e d  r e p o r t  o f  t h i s  work i s  i n  

p r e p a r a t i o n .  

These  e x p e r i m e n t s  demonst ra te  t h e  p l a u s i b i l i t y  o f  o u r  assumpt ion  

of  t h e  i n a c c e s s i b i l i t y  o f  g r a p h i t e ,  even under  t h e  v i o l e n t  c o n d i t i o n s  

o f  plasma e x c i t a t i o n ,  as well  as i n  t h e  h e a t - c a t a l y z e d  r e a c t i o n s  

s t u d i e d  by S t u d i e r ,  Hayatsu  and Anders,  
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LEGENDS 

. F i g ,  1, Thermodynamic e q u i l i b r i a  i n  a t m o s p h e r e s  of  v a r y i n g  e l e m e n t a l  

p r o p o r t i o n s ,  The t e r n a r y  d iagram p r o v i d e s  a d i s p l a y  o f  s y s -  

tems o f  a l l  p o s s i b l e  r e l a t i v e  p r o p o r t i o n s  of  C ,  H ,  a n d  0 .  The 

p o i n t s  c o r r e s p o n d i n g  t o  p u r e  g a s e s  o f  t h e  ma jo r  compounds are  

i n d i c a t e d ,  and r e g i o n s  w h e r e - d i f f e r e n t  compounds a r e  i m p o r t a n t  

a re  shown, The s o l i d  c u r v e  i n d i c a t e s  t h e  phase  boundary  a l o n g  

which g r a p h i t e  becomes s t a b l e  a t  1 atm. and 500  K a  The 

a c t i v a t i o n  e n e r g y  f o r  t h i s  r e a c t i o n  i s  s o  h i g h  t h a t  u n d e r  many 

c o n d i t i o n s  i t  d o e s  n o t  o c c u r  and gaseous  e q u i l i b r i a  above t h i s  

l i n e  a r e  o b s e r v e d  e x p e r i m e n t a l l y ,  

e q u i l i b r i u m  f a v o r s  t h e  f o r m a t i o n  o f  l a r g e  p r o p o r t i o n s  o f  p o l y -  

c y c l i c  a r o m a t i c  compounds and a l esser  i n c r e a s e  i n  most o f  t h e  

o t h e r  f ami l i e s  o f  compounds. The  g r a p h i t e  and a s p h a l t  l i n e s  

are  a lways  p r e s e n t ,  b u t  t h e i r  p o s i t i o n s  v a r y  w i t h  t e m p e r a t u r e  

and  p r e s s u r e ,  The numbered a s t e r i s k s  i n d i c a t e  t h e  c o m p o s i t i o n s  

o f  t h e  e q u i l i b r i u m  d i s t r i b u t i o n s  shown i n  T a b l e  I b 

Above t h e  l i n e  CH4-C02, 

F i g .  2 ,  G r a p h i t e  p h a s e  b o u n d a r i e s ,  I n  an  a l l - i n c l u s i v e  e q u i l i b r i u m ,  

t h e  g a s  p h a s e  would n e v e r  have  a c o m p o s i t i o n  above  t h i s  p h a s e  

boundary ,  However, t h e  a c t i v a t i o n  e n e r g y  b a r r i e r  t o  g r a p h i t e  

f o r m a t i o n  i s  v e r y  h i g h  s o  t h a t  u n d e r  many c o n d i t i o n s  e q u i l i -  

b r ium may b e  a p p r o x i m a t e d  i n  m e t a s t a b l e  g a s e s  w i t h o u t  any 

g r a p h i t e  f o r m a t i o n .  A t  300" a l i q u i d  water p h a s e  forms  o v e r  

t h e  l o w e r  c e n t r a l  p o r t i o n  o f  t h e  f i g u r e ,  O u t s i d e  t h i s  r e g i o n ,  

t h e  g r a p h i t e  p h a s e  boundary i s  i n d i s t i n g u i s h a b l e  f rom t h e  

boundary  a t  SOO", 
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- Fig. 30 Curves where benzene concen t r a t ion  i s  mole f r a c t i o n .  
- .  Benzene i s  found a t  1000"  even i n  t h e  presence  o f  an excess  

o f  hydrogen. The curves for 50  atm, and 1 atm. a t  1000"  

a r e  i n d i s t i n g u i s h a b l e  except for a s l i g h t  divergence a t  t h e  

upper end. A t  300 K t h e  benzene c o n c e n t r a t i o n  i s  s l i g h t l y  

lower than  

elsewhere.  

I 

atm above the  C02-CH4 l i n e  and much lower 

- 6  
Fig. 4. Curves above which a s p h a l t  c o n c e n t r a t i o n  i s  g r e a t e r  than 1 0  

mole f r a c t i o n ,  Graphi te  has been omi t ted  from t h e s e  systems 

for k i n e t i c  r easons ,  A t  300" t h e  curves  for p r e s s u r e s  from 

t o  50 atm. a r e  very  c lose  t o g e t h e r ,  Asphal t  forms a t  a l l  

t empera tures  and p res su res  i n v e s t i g a t e d .  A t  high tempera ture  

and low p r e s s u r e  i t  i s  s t a b l e  even where excess  H2 i s  p r e s e n t .  
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EVOLUTION OF THE STRUCTURE OF FERREDOXIN 

BASED ON SURVIVING RELICS OF PRIMITIVE AMINO ACID SEQUENCES* 

Richard  V. Eck and Margaret  0. Dayhoff 

N a t i o n a l  Biomedical Research Foundat ion 
8600 1 6 t h  S t r e e t ,  S i l v e r  Spr ing ,  Maryland 20910 

NBR Repor t  No. 660101-20878 

A b s t r a c t .  The present -day  s t r u c t u r e  of f e r r e d o x i n ,  w i t h  i t s  s imple ,  

i n o r g a n i c  a c t i v e  s i t e  and i t s  f u n c t i o n s  b a s i c  t o  photon-energy u t i l i z a t i o n ,  

s u g g e s t s  t h e  i n c o r p o r a t i o n  of i t s  p r o t o t y p e  i n t o  metabol ism v e r y  e a r l y  d u r i n g  

b iochemica l  e v o l u t i o n ,  even b e f o r e  complex p r o t e i n s  and t h e  complete modern 

g e n e t i c  code e x i s t e d .  The i n f o r m a t i o n  i n  t h e  amino a c i d  sequence of f e r r e d o x i n  

e n a b l e s  u s  t o  r e c o n s t r u c t  i t s  e v o l u t i o n a r y  h i s t o r y .  I t  has  evolved by d o u b l i n g  

a s h o r t e r  p r o t e i n ,  which may have conta ined  o n l y  e i g h t  of t h e  s i m p l e s t  amino 

a c i d s .  T h i s  s h o r t e r  a n c e s t o r  i n  t u r n  developed from a r e p e a t i n g  sequence of 

t h e  amino a c i d s  a l a n i n e ,  a s p a r t i c  a c i d  o r  p r o l i n e ,  s e r i n e ,  and g l y c i n e .  The 

l i v i n g  r e l i c s  of t h i s  p r i m o r d i a l  s t r u c t u r e  p e r s i s t  t o d a y  because of a conserva-  

t i v e  p r i n c i p l e  i n  e v o l u t i o n a r y  b iochemis t ry :  N a t u r a l  s e l e c t i o n  i n h i b i t s  w i t h  

extreme s e v e r i t y  any chanqe i n  a wel l -adapted system on which s e v e r a l  o t h e r  

e s s e n t i a l  components depend. Many such i n t r i c a t e  d e t a i l s  of t h e  e a r l i e s t  s t a g e s  

of l i f e  must s t i l l  s u r v i v e ,  a w a i t i n g  d e t e c t i o n  and e l u c i d a t i o n .  

*This work was suppor ted  by NASA C o n t r a c t  No. 2 1 4 0 3 4 0 2  and N I H  G r a n t s  
No. GM-12168 and GM-08710 t o  t h e  Nat iona l  Biomedical Research Foundat ion.  



Many of t h e  concepts 

i n  biology are s t i l l  l i t t l e  

biochemistry i s  included i n  

composed of t h e  s t ruc tures ,  

of organic evolution which have long been known 

used i n  discussions of biochemistry. I n  nature ,  

biology. A n  organism i s  a functioning system 

organs, t i s sues ,  and organelles of c l a s s i c a l  

biology. It a l so  includes metabolites, macromolecules, enzyme aggregates, and 

biochemical feedback systems. 

become accessible.  Poten t ia l ly ,  a much grea te r  amount of information i s  avail-  

able  i n  biochemistry than i n  c l a s s i ca l  biology. 

According t o  evolutionary theory, each functioning system i n  an organism 

Fine biochemical d e t a i l s  have only recent ly  

is  subject  t o  occasional changes o r  mutations, but t h e  infrequency of these  mutations 

necess i ta tes  t h a t  they w i l l  almost a l w a y s  occur, and be selected f o r ,  one at  a 

t i m e .  

a disadvantage, i n  order t h a t  natural  se lec t ion  permit i t s  survival.  This con- 

s t r a i n t  has a very conservative effect .  If i t s  ecological niche s tays  t h e  same, 

a well-adapted organism strongly resists change. 

f o s s i l  s h e l l s  a t h i r d  of a b i l l i o n  years old. If i ts  niche changes, new functions 

evolve, but the most pr imit ive s t ructures  tend t o  remain unchanged, s ince these 

older  components have already come t o  be relied upon by several  l a te r  additions.  

Any change i n  a very old component, even though it might be advantageous i n  some 

w a y ,  would coincidental ly  d is turb  s o  many other  things t h a t  it would almost a l w a y s  

be extremely disadvantageous t o  t h e  organism. 

amino ac id  sequences of cytochrome-C from yeast  (1) and from horse (21, pos i t ion  

by pos i t ion .  

i den t i ca l .  

d i f ferences.  

Each change o r  addition must be an improvement, o r  at least not too severe 

Thus w e  f i nd  f a m i l i a r  looking 

For example, w e  can compare t h e  

I n  64 of t h e  104 posit ions the  amino acids i n  t h e  two chains are 

Between horse and human cytochrome-C ( 3 )  t he re  are only 12  amino acid 

- 2 -  



When we consider evolutinn retrospect ively,  t he  cons t ra in ts  are even 

more severe. One basic  evolutionary pr inciple  i s  t h a t  every l i v i n g  organism o r  

s t ruc ture  o r  function had ancestors which were very similar t o  i t s e l f ,  but 

simpler. 

a pa r t i cu la r  case the re  are generally only a f e w  p laus ib le  s l i g h t l y  simpler 

ancestors. 

w e  m u s t  bear i n  mind t h a t  - all of t h e  s t ruc tures  and functions of t h e  c e l l  may be 

simpler. 

ident ic  a1 . 

(This i s  t r u e  even i f  it had more complex immediate ancestors.) I n  

As we t r a c e  t h e  changes i n  a s t ruc ture  o r  function back through t i m e ,  

W e  are then dealing with components homologous t o  those seen today, not 

I n  t h e  study of ferredoxin reported here ,  w e  have taken a number of t h e  

evolutionary pr inc ip les  from biology and applied them t o  biochemistry. 

way w e  have found an astonishingly primitive pa t t e rn  s t i l l  embedded i n  t h e  molecular 

s t ruc tu re  of a l i v i n g  organism. 

I n  t h i s  

The amino acid sequence of ferredoxin from Clostridium pasteurianum, a 

nonphotosynthetic anaerobic bacterium, has been reported ( 4 ) .  

t o  have evolved a t  an earlier t i m e  than many others which have been studied. W e  

d r a w  th i s  inference from t h e  following considerations ( 5 ) .  

This protein seems 

1. Ferredoxin occurs i n  primitive anaerobic organisms, both photosynthetic 

and nonphotosynthetic. 

common ancestors of these.  

It must have been present i n  simpler organisms, t h e  ex t inc t  

2. 

FeS is a chemically simple type of ca ta lys t  and would have been readi ly  avai lable  

t o  t h e  most primitive organism. 

Ferredoxin contains i ron  and sulfur, bonded loosely t o  t h e  protein.  

3. The functions of ferredoxin are bas ic  t o  c e l l  chemistry: 

The reduction of ferredoxin i s  t h e  key photochemical event i n  

photosynthesis by chloroplasts.  A l l  t h e  energy i s  channeled through t h i s  

- 3  - 



compound t o  other ce l lu l a r  energy-storage mechanisms. 

Ferredoxin is t h e  most highly reducing s t ah le  compound so f a r  

found i n  the  c e l l ,  having a reducing poten t ia l  near t h a t  of molecular 

hydrogen. This suggests t h a t  its function m a y  have evolved a t  a very 

ear ly  time when the  ear th ' s  atmosphere w a s  s t i l l  strongly reducing. 

It reduces triphosphopyridine nucleotide (TPN), a ubiquitous 

reducing agent i n  the  c e l l .  Therefore, it may be even more primitive 

than T P N .  

It catalyzes adenosine triphosphate (ATP) formation by radia%ion. 

This indicates  i t s  possible relatedness t o  primitive energy t r ans fe r  

processes. 

It catalyzes the  synthesis of pyruvate from carbon dioxide and 

acetylcoenzyme-A. This indicates i t s  involvement with one of t he  simplest, 

most primitive synthetic processes 

of co*. 

It par t ic ipa tes  i n  nitrogen 

i n  intermediary metabolism, the f ixa t ion  

f ixat ion.  ( 6 )  

4. Ferredoxin contains an unusually high proportion of t he  smaller, more 

thermodynamically s tab le  amino acids , such as glycine , alanine , cysteine , ser ine  , 
and aspar t ic  acid. Their synthesis by autotrophic organisms requires only a 

s m a l l  number of endothermic s teps .  

5 .  Ferredoxin i s  smaller than most other enzymes, being only 55 amino 

acid links long. It appears t o  have some s o r t  of repeating s t ruc ture ,  so t h a t  

it m a y  once have been s t i l l  smaller. 

L e t  us now consider t he  amino acid sequence of ferredoxin. Applying the  

cons t ra in ts  imposed by the  principles of evolution, can we f ind  t races  of i t s  

ancestry? 

- 4 . -  



Figure 1 shows the reported sequence of ferredoxin ( 4 )  and s o w - d p u l a t i o n s  

with it. For the purposes of comparative studies l i k e  t h i s ,  a s ingle- le t ter  

- notation (7 )  i s  much more sui table  than the  usual three- le t ter  notation (row 1). 

If l inks 30 t o  55 (row 3)  are  placed under l inks 1 t o  29 (row 2 ) ,  it i s  evident 

t ha t  the number of coincidences (row 4) far exceeds tha t  which would be expected 

by chance (P  << 0.001). 

of the  nucleic acid which determines it. This corresponds t o  the process of 

chromosome duplication which has long been known t o  genet ic is ts .  Presumably the  

ancestral  sequence contained all those amino acid l inks which are common t o  both 

par ts .  Where the  links are different ,  probably one of the  two was present 

or iginal ly .  

It appears that  t h i s  protein has evolved by doubling . 

The ancestral  sequence of 29 l inks must i t s e l f  have had a simpler ancestor. 

An attempt w a s  made t o  discover t h i s  by the  same process, but no further regular i t ies  

could be found by superimposing quarters of the chain. 

Another kind of simplicity would be fo r  t h e  ancestor t o  have had fewer binds 

of amino acids. During the evolution of the genetic code there  must have been a 

time when the  genetic mechanism could discriminate fewer amino acids. 

conjecture t h a t  those which coincide i n  the two halves of t h e  ferredoxin sequence 

(glycine , cysteine , alanine , proline , valine , aspartic acid,  and glutamine) are 

survivors of t h i s  ear ly  stage. 

it i s  a l so  l i ke ly  t o  be a survivor of t he  e a r l i e r  stage. Therefore, we note 

wherever any of these 7 amino acids occur i n  the paired ferredoxin sequences 

(row 5 of Fig. 1). 

occur i n  a cycle of 3 and alanines occur i n  a cycle of 4. 

both pat terns  occurs at t h e  midpoint, position 15. None of the  other amino acids 

confirm a cycle of 3. 

Let us 

Perhaps when any of these occurs i n  e i ther  ha l f ,  

I n  t h i s  arr.angement, two regular patterns emerge. Cysteines 

A discontinuity i n  

However, t he  cycle of 4 i s  confirmed by glycine, prol ine,  

- 5 -  



aspart ic  acid,  and serine. 

a break a t  position 15) has been written i n  row 6. 

with t h i s  cycle i n  13 positions (row 7 ) ;  they disagree i n  only 4 positions 

(row 8). Altogether 17 occurrences of these 4 simple amino acids i n  the l iv ing  

ferredoxin chain agree with t h i s  cycle, and 5 disagree with it. Figure 2 shows 

the  reported sequence rewritten i n  groups of 4 for  d i rec t  comparison with the  

repeating pattern.  

A repeating sequence of 4 amino acids (with 

The combined halves agree 

The probabi l i t ies  involved i n  a pat tern of t h i s  kind are d i f f i c u l t  t o  

compute, because the  pat tern w a s  discovered rather than predicted. Some so r t  of 

pat tern can always be found i n  randomness, i f  it i s  examined i n  f ine  de ta i l .  In 

pr inciple ,  one should modify the  computed probability t o  r e f l ec t  all the  other 

pat terns  which would have been considered equally good i f  they had been discovered. 

This number i s  d i f f i c u l t  t o  determine, and must be somewhat arbi t rary.  

i n  t h i s  case it does not seem t o  be very large,  and the  number of coincidences 

s t i l l  seems beyond ordinary chance. 

pat tern of a cycle of 4. 

However, 

W e  consider it t o  be good evidence f o r  the  

Using a computer program, we have matched the sequence of ferredoxin 

against i t s e l f  i n  all combinations, and against the various possible cycles. 

result of t h i s  objective method i s  the same as we found by inspection. 

occur only i n  a cycle of 3. 

a cycle of 4;  and proline i n  3 places occupies the posit ion of aspar t ic  acid. 

This subs t i tu t ion  i s  reasonable stereochemically ,since the  two side-chains have 

a very s imilar  conformation, when aspartic acid folds in to  a hydrogen-bonded intra-  

molecular ring. 

and therefore seems l ike ly  t o  have evolved ea r l i e r .  

The 

Cysteines 

Alanine, aspar t ic  acid, ser ine,  and glycine agree with 

Aspartic acid i s  metabolically simpler t o  synthesize than proline 

- 6 -  



We w i l l  now use t h e s e  p a t t e r n s  and t h e  r u l e s  of e v o l u t i o n  t o  r e c o n s t r u c t  

t h e  h i s t o r y  of t h e  f e r r edox in  molecule. We f i r s t  cons ider  t h e  p r o s t h e t i c  group, 

o r  i no rgan ic  p a r t ,  i n  a p reb io log ica l  environment. Then s t a r t i n g  wi th  an 

extremely p r imi t ive  l i v i n g  system, we fo l low t h e  development of t h e  inc reas ing  

i n t r i c a c y  of t h e  p ro te in .  

A t  chemical equ i l ib r ium i n  an i d e a l  gas  mixture  of a reducing n a t u r e  a t  

s tandard  temperature  and p res su re ,  H2S, CH,, C02, H 2 0 ,  and N 2  predominate; NH, 

and organic  compounds occur i n  smal l  amounts (8) .  

i n  t h i s  gas.  Poss ib ly  l i f e  may have organized about such a s t a b l e  ino rgan ic  

c a t a l y s t  t h a t  could p a r t i c i p a t e  i n  captur ing  photons and i n  d i r e c t i n g  energy 

toward t h e  r educ t ion  and f i x a t i o n  of C02 and toward t h e  s y n t h e s i s  of pyrophosphate. 

I n  t h i s  p h o t o w a c t i v a t e d  system, o the r ,  l e s s - s t a b l e  c a t a l y s t s  may then  have been 

synthes ized ,  permi t t ing  t h e  development of more complex systems. 

A t  equ i l ib r ium,  FeS i s  s t a b l e  

Regard less  of how l i f e  o r i g i n a t e d ,  t h e r e  was a t  one time a v e r y  p r i m i t i v e  

organism, f a r  s impler  t han  any known t o  be l i v i n g  today. I t  was capable  of making 

and polymerizing some of t h e  s imples t  amino a c i d s  and nuc leo t ides .  

n u c l e i c  a c i d s  were made of on ly  two nucleo t ides ,  s impler  than  t h e  ones which 

Perhaps t h e  

occur  i n  t h e  p r e s e n t  g e n e t i c  mechanism. 

formed having u s e f u l  & t u c t u r a l  o r  c a t a l y t i c  func t ions ,  f o r  which n a t u r a l  

s e l e c t i o n  preserved  them. 

A v a r i e t y  of such polymers could be 

One sequence of twelve nuc leo t ides  doubled and redoubled i t s e l f ,  making 

a longe r ,  r e p e t i t i v e  chain.  

A t  about  t h e  same time, t h e  p r imi t ive  amino a c i d  polymerizing mechanism 

of t h e  c e l l  began t o  u t i l i z e  t h i s  nuc le i c  a c i d  cha in  a s  a templa te ;  it coded 

f o r  t h e  amino a c i d s  a l a n i n e ,  a s p a r t i c  ac id ,  s e r i n e ,  and g lyc ine .  I f  t h i s  

occu r red  when t h e  n u c l e o t i d e  cha in  was s t i l 1 , o n l y  twelve l i n k s  long, t h e  r e s u l t i n g  

p e p t i d e  would be A D S G,  a s  i n  Figure 3 ,  row 1. 

t 
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After t h e  nuc leo t ide  chain became longer ,  i t  coded f o r  a simple r epea t ing  

. pro te in ,  A D S G A D S G . . (row 2). This  p r o t e i n  had some advantageous, 

- perhaps s t r u c t u r a l ,  func t ion  i n  t h e  c e l l ,  un re l a t ed  t o  t h e  present  energy- t ransfer  

func t ion  of fe r redoxin .  

An a b e r r a t i o n  i n  t h e  nuc leo t ide  sequence produced a break i n  t h e  cyc le  

(row 2, under l ined)  . 
The synthes iz ing  a b i l i t i e s  of t h e  organism became more v e r s a t i l e  and more 

e f f i c i e n t .  The gene t i c  code became more complex, s o  t h a t  t h e  g e n e t i c  mechanism 

was a b l e  t o  inco rpora t e  o t h e r  amino ac ids .  Mutations occurred which modified and 

complicated t h e  p a r t i c u l a r  amino a c i d  sequence which w e  a r e  fol lowing (row 3 ) .  

Cyste ine  was among t h e s e  new amino ac ids  added t o  our sequence. The s u l f i d e  

bond of t h e  cys t e ine  l i n k  became a t tached  t o  i r o n  s u l f i d e .  The p r o t e i n  thus  co- 

opera ted  i n  t h e  photon-coupled c a t a l y t i c  func t ion ,  which it s t i l l  r e t a i n s ,  and 

became pro tofer redoxin .  

time, w e  assume t h a t  t h e  c e l l  was a l ready  using i r o n  s u l f i d e  a s  a c a t a l y s t ,  probably 

a t t ached  t o  c y s t e i n e  alone,  o r  t o  some pept ide  less s u i t a b l e  than  pro tofer redoxin .  

This  new at tachment  would merely have increased  t h e  e f f i c i e n c y  of t h i s  func t ion .  

On t h e  p r i n c i p l e  t h a t  evo lu t ion  proceeds one s t e p  a t  a 

Eventua l ly  f o u r  cys t e ines  were added by mutat ion,  and two i d e n t i c a l  cha ins  

combined t o  make an i n t r i c a t e  p ro te in - i ron - su l f ide  complex of g r e a t l y  inc reased  

e f f i c i e n c y .  I t  s t i l l  r e t a i n s  e s s e n t i a l l y  t h i s  s t r u c t u r e .  

The n u c l e i c  a c i d  doubled i n  length by a process  p r o t o t y p i c a l  of a chromoicme 

I n  t h e  three-dimensional a b e r r a t i o n ,  r e s u l t i n g  i n  a p r o t e i n  of 58 l i n k s  (row 4 ) .  

s t r u c t u r e ,  t h e  e f f e c t  of t h i s  change was t o  a t t a c h  t h e  two s h o r t e r  cha ins  end-to-end. 

They must a l r e a d y  have been i n  a conf igura t ion  which was only moderately d i s t u r b e d  

by t h i s  new c o n s t r a i n t .  The attachment was an improvement but  not a r a d i c a l  change. 

We p r e d i c t  t h a t  when t h e  three-dimensional s t r u c t u r e  of fe r redoxin  i s  worked ou t ,  

ev idence  w i l l  be found f o r  t h e  previous s t a g e ,  wi th  i t s  two i d e n t i c a l ,  cooperat ing,  

s h o r t e r  cha ins  

- 8 -  



The t h r e e  end l i n k s  may have been l o s t  a t  t h i s  time o r  l a t e r ,  t o  g ive  t h e  

I presen t  t o t a l  l ength  of 55 l i n k s .  
1 -  

Many func t ions  of t h e  c e l l  improved i n  e f f i c i e n c y  and complexity, evolving 

new c a p a b i l i t i e s .  The g e n e t i c  mechanism a l s o  evolved,-and became capable of 

i nco rpora t ing  a d d i t i o n a l  amino ac ids .  Mutations occurred and were s e l e c t e d ,  each 

one/made a s l i g h t  improvement i n  t h e  o v e r a l l  func t ion ,  u n t i l  t h e  p re sen t  sequence 
of which 

was produced (row 5 ) .  

By t h i s  t ime t h e r e  were many l i n e s  of descent  i n  t h e  phylogenet ic  t r e e ,  and 

d i f f e r e n t  spec ie s  must have produced d i f f e r e n t  muta t iona l  v a r i a t i o n s  on t h e  

e a r l i e r  sequences. I t  w i l l  be extremely i n t e r e s t i n g  t o  be ab le  t o  compare amino 

ac id  sequences of f e r r edox ins  from diverse  spec ie s ,  t o  d i scover  a t  what s t a g e  of 

t h i s  process  they  had a common ancestor .  Perhaps most o t h e r  spec ie s  have mutated 

much more, s o  t h a t  on ly  i n  such conservat ive p r i m i t i v e  organisms a s  Clos t r id ium 

o r  Chromatium w i l l  t h e r e  be such c l e a r  " l i v ing - fos s i l "  evidence of t h e  e a r l i e s t  

s t a g e s  of p r o t e i n  evolu t ion .  

A t  any of t h e  s t a g e s ,  a d d i t i o n a l  dup l i ca t ion  and s e p a r a t i o n  of t he  g e n e t i c  

m a t e r i a l  may have occurred,  followed by mutations.  This  would produce o the r  

p r o t e i n s ,  which today may have var ious  degrees  of r e l a t e d n e s s  t o  fe r redoxin .  How 

f a r  can we hope t o  t r a c e  t h i s  kind of r e l a t e d n e s s  before  t h e  evidence becomes s o  

b lu r red  by changes t h a t  t h e  s i m i l a r i t i e s  a r e  undetec tab le?  

J u s t  a s  t h e  s a l t  composition of our t i s s u e  f l u i d s  i s  supposed t o  r e p r e s e n t  

a s t a b i l i z e d  sample of anc ien t  sea w a t e r ,  s o  t h e  s imples t ,  me tabo l i ca l ly  most 

a n c i e n t  components of c e l l u l a r  metabolism preserve  some aspec t s  of t h e i r  o r i g i n a l  

environment. I n  modern organisms, p r imi t ive  r e a c t i o n s ,  such a s  those  involving 

g l u t a t h i o n e  o r  coenzyme-A opera te  under t h e i r  p r imordia l  reducing condi t ions ,  

i s o l a t e d  from t h e  ha r sh  ou te r  environment by l a t e r  adapta t ions .  Such anc ien t  



~* systems a r e  e x t r e m e l y  c o n s e r v a t i v e ,  because so many d i v e r s e  l a t e r  r e a c t i o n s  have 
I -  

I - -  become dependent  on them t h a t  t h e y  a r e  no l o n g e r  "free" t o  mutate .  A m u t a t i o n a l  
, 

. change which might  be b e n e f i c i a l  i n  one way, i n  a lmost  e v e r y  c a s e  would be a 

s t r o n g  d i s a d v a n t a g e  i n  many o t h e r  ways. N a t u r a l  s e l e c t i o n  would t h e r e f o r e  r e j e c t  

it. T h i s  c o n s e r v a t i v e -  p r i n c i p l e  e n a b l e s  u s  t o  comprehend why f e r r e d o x i n  from 

a l i v i n g  organism could  s t i l l  r e t a i n  d e t e c t a b l e  d e t a i l s  of i t s  a n c i e n t  o r i g i n .  

One of t h e  most i n t e r e s t i n g  i m p l i c a t i o n s  of t h i s  s t u d y ,  we f e e l ,  i s  t h a t  

i n  organisms s t i l l  l i v i n g  there e x i s t  b iochemica l  r e l i c s  of t h e  m i n u t e s t  d e t a i l s  

of t h e  o r i g i n  and e v o l u t i o n  of t h e  g e n e t i c  mechanism. Determina t ion  of  t h e  
v a r i o u s  

sequences of o t h e r  p r o t e i n s  and of n u c l e i c  a c i d s  f r o m / p r i m i t i v e  organisms should  

make p o s s i b l e  a much more d e t a i l e d  r e c o n s t r u c t i o n  of t h e s e  p r o c e s s e s  and events .  

- 10 - 
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F i g u r e  2: Evidence f o r  a c y c l e  of  f o u r  i n  f e r r e d o x i n .  The two h a l f  c h a i n s ,  rows 

2 and 3 i n  F ig .  1, a r e  w r i t t e n  i n  s u c c e s s i v e  groups of f o u r ,  w i t h  a break  a t  

p o s i t i o n s  15 - 44. 

second,  S i n  t h e  t h i r d ,  and G i n  t h e  f o u r t h .  Except ions a r e  u n d e r l i n e d .  T h i s  

good f i t  a p p e a r s  u n l i k e l y  t o  be due t o  chance, b u t  a numerical  e v a l u a t i o n  of 

t h e  p r o b a b i l i t y  would i n v o l v e  several a r b i t r a r y  assumptions.  

Alanine  (A)  occurs  mainly i n  t h e  f i r s t  column, D and P i n  t h e  

LEGENDS 

. F i g u r e  1. Evidence of t h e  p r i m i t i v e  a n c e s t r y  of f e r r e d o x i n .  A t  t h e  t o p  t h e  

- amino a c i d  sequence of f e r r e d o x i n  from C l o s t r i d i u m  pasteurianum i s  shown i n  con- 

v e n t i o n a l  n o t a t i o n  ( 4 ) .  

code (7), a n o t a t i o n  more s u i t a b l e  f o r  t h i s  t y p e  of s tudy .  

two h a l v e s  of t h e  c h a i n  compared by alignment.  Row 4: Twelve amino a c i d s  which 

a r e  i d e n t i c a l  i n  both  ha lves .  I f  t h e  sequences  were u n r e l a t e d ,  one would e x p e c t  

o n l y  two o r  t h r e e  such i d e n t i t i e s .  

c i d e n c e s  by chance i s  n e g l i g i b l e .  Row 5: The same seven s imple  amino a c i d s  found 

i n  row 4,  p l u s  s e r i n e ,  whenever t h e y  occur  i n  e i t h e r  chain.  Row 6: A simple 

r e p e a t i n g  sequence of f o u r  amino a c i d s  ( w i t h  a d i s c o n t i n u i t y  a t  p o s i t i o n  l 5 ) ,  from 

which row 5 appears  t o  be d e r i v e d .  Row 7: T h i r t e e n  amino a c i d s  from row 5 which 

conform t o  row 6. Row 8: 

p a t t e r n .  The chance p r o b a b i l i t y  of  t h i s  many c o i n c i d e n c e s  would be v e r y  smal l  i f  

t h e  p a t t e r n  i n  row 6 had been independent ly  given.  S i n c e  i t  was d e r i v e d  from t h i s  

s t u d y  i t s e l f ,  t h e  co inc idence  i s  l e s s  extreme,  b u t  s t i l l  seems t o  be good ev idence  

f o r  t h e  v a l i d i t y  of t h e  c y c l i c  p a t t e r n .  

Row 1: The sequence i s  t r a n s l a t e d  i n t o  a o n e - l e t t e r  

Rows 2 and 3: The 

The p r o b a b i l i t y  of f i n d i n g  t h i s  many co in-  

The 4 amino a c i d s  which do n o t  conform t o  t h e  c y c l i c  

F i g u r e  3 .  

d e t a i l s ) .  Row 1: O r i g i n a l l y ,  i n  an e x t r e m e l y  p r i m i t i v e  organism, a s h o r t  

Proposed o r i g i n  and e v o l u t i o n  of f e r r e d o x i n  (see t e x t  f o r  f u l l e r  
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sequence of f o u r  of t h e  s i m p l e s t  amino a c i d s  ( a l a n i n e ,  a s p a r t i c  a c i d ,  s e r i n e ,  

and g l y c i n e )  could  be produced. Row 2: T h i s  sequence lengthened  by doubl ing  

of t h e  g e n e t i c  m a t e r i a l ,  and one d i s c o n t i n u i t y  occurred  ( u n d e r l i n e d ) .  

g e n e t i c  code becoming more v e r s a t i l e ,  m u t a t i o n s  ( u n d e r l i n e d )  occurred ,  b u t  o n l y  

t o  r e l a t i v e l y  s imple  amino a c i d s  ( t h e  same f o u r ,  p l u s  c y s t e i n e ,  v a l i n e ,  p r o l i n e ,  

and g lu tamine)  . 
t h e  " a c t i v e  site" of t h e  r e s p i r a t o r y  f u n c t i o n  of t h i s  p r i m i t i v e  f e r r e d o x i n .  

T h i s  c o n f i g u r a t i o n  s t i l l  p e r s i s t s .  Row.4: By "chromosome" d u p l i c a t i o n ,  t h e  

whole c h a i n  doubled. Row 5: The p r e s e n t  more i n t r i c a t e  g e n e t i c  code having 

evolved ,  f u r t h e r  muta t ions  ( u n d e r l i n e d )  t o  more complex amino a c i d s ,  occur red .  

The l a s t  t h r e e  l i n k s  were d e l e t e d .  The r e s u l t  was t h e  p r e s e n t  sequence of f e r r e -  

doxin  from C. p a s t e u r i a n u m  ( 4 ) .  

Row 3 :  The 

I r o n  s u l f i d e  was a t t a c h e d  t o  t h e  c y s t e i n e s ,  which c o n s t i t u t e d  

- 13 - 
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THERMODYNAMIC AND BIOCHEMICAL STUDIES OF THE O R I G I N  OF LIFE 

by 
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R icha rd  V.  Eck 

N a t i o n a l  Biomedical Research Founda t ion  
8600 1 6 t h  S t r e e t ,  S i l v e r  S p r i n g ,  Md. 

The o r g a n i c  e v o l u t i o n  of l i v i n g  c e l l s  from n o w l i v i n g  compounds was a 

complex p r o c e s s  i n v o l v i n g  a sequence of systems of s u c c e s s i v e l y  h i g h e r  organ- 

i z a t i o n .  These "metabolons" a r e  no longe r  found l i v i n g  i n d e p e n d e n t l y ,  b u t  

t h e i r  n a t u r e  can be deduced from t h e  s t r u c t u r e  and f u n c t i o n  of t h e  o r g a n e l l e s ,  

macromolecules,  and chemica l s  of t h e  l i v i n g  c e l l s  t o d a y ,  and from a knowledge 

of t h e  n a t u r e  of t h e  e v o l u t i o n a r y  p rocess  and t h e  knowledge of which s t r u c t u r e s  

a r e  s imple .  Many of t h e s e  n e c e s s a r y  f a c t s  and p r o c e s s e s  a r e  p o o r l y  unde r s tood  

today .  

Simple S t r u c t u r e s  

I n  o r d e r  t o  i n v e s t i g a t e  which chemicals  a r e  "s imple,"  a broad s u r v e y  of 

t h e  most s t a b l e  m i x t u r e s  of compounds formed from c a r b o n ,  hydrogen, oxygen, 

n i t r o g e n ,  s u l f u r ,  phosphorus and c h l o r i n e ,  was conducted.  The c o n c e n t r a t i o n s  

of b i o l o g i c a l l y  i n t e r e s t i n g  compounds i n  an i d e a l  g a s  unde r  a l l  e l e m e n t a l  compo- 

s i t i o n s  and p l a u s i b l e  c o n d i t i o n s  of t empera tu re  and p r e s s u r e  was no ted .  

(Dayhoff ,  L i p p i n c o t t ,  and Eck ,  Sc i ence ,  Dec. 11, 1964.) These computat ions 

i n d i c a t e  t h a t  t h e r e  were v e r y  few molecules  of any complex i ty  i n  a n  e q u i l i b r i u m  

p r i m i t i v e  atmosphere.  The p r o b a b i l i t y  of a whole r e a c t i o n  c h a i n ,  such a s  t h o s e  

found i n  c e l l s ,  coming t o g e t h e r  from such an e x t r e m e l y  d i l u t e  m i x t u r e  i s  exceed- 

i n g l y  remote.  L i f e  must t h e r e f o r e  have evo lved  s t a r t i n g  a s  a n  o r g a n i z e d  f u n c t i o w  

i n g  sys t em of v e r y  s i m p l e  compounds. The t h i n g s  a v a i l a b l e  i n  major p r o p o r t i o n s  

i n  a r e d u c i n g  atmosphere a r e  ca rbon  d i o x i d e ,  w a t e r ,  methane, hydrogen, carbon 

monoxide, hydrogen s u l f i d e ,  n i t r o g e n ,  HC1, P,+O,, and p o s s i b l y  a " t a r "  phase  of 

p o l y a r o m a t i c  hydrocarbons.  Ammonia i s  p r e s e n t  i n  s m a l l  c o n c e n t r a t i o n  and o r g a n i c  

compounds such a s  t h i o m e t h a n o l ,  a c e t i c  a c i d ,  f o r m i c  a c i d ,  methanol  and e t h a n e  a r e  

v e r y  d i l u t e  ( abou t  mole percent).  Such b i o l o g i c a l l y  i n t e r e s t i n g  compounds 

a s  r i b o s e  and a d e n i n e  would be s o  d i l u t e  t h a t  there  would be  on ly  abou t  a m i l l i o n  

m o l e c u l e s  i n  t h e  whole e a r t h  i n  a gaseous e q u i l i b r i u m .  



. 
c. 

These r e s u l t s  l e a d  u s  t o  s e a r c h  f o r  some p r i m o r d i a l  a g g r e g a t i o n  of t h e  
I 

I -  s i m p l e  compounds which could u t i l i z e  r a d i a n t  ene rgy  f o r  metabolism. 

E v o l u t i o n a r v  P r o c e s s e s  and Complex S t r u c t u r e s  . 

On t h e  o t h e r  hand, s t a r t i n g  f r o m &  complex i ty  of p r e s e n t  l i v i n g  t h i n g s ,  

- a number of i n f e r e n c e s  can be made about  t h e  s t r u c t u r e  of v e r y  e a r l y  forms of 

l i f e ,  by a mathematical  a n a l y s i s  of t h e  e x p e r i m e n t a l  r e s u l t s  of t h e  s t u d i e s  of 

t h e  g e n e t i c  code and of p r o t e i n s .  I n  s p i t e  of t h e  b i l l i o n s  of y e a r s  t h a t  have 

passed ,  and t h e  tremendous i n c r e a s e  i n  complex i ty  of o r g a n i z a t i o n  of l i v i n g  

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

r e l a t i o n s h i p s  of t h e  components of n u c l e i c  a c i d s  and p r o t e i n s )  s imple  p a t t e r n s  

which a p p e a r  t o  be  s u r v i v i n g  t r a c e s  of a v e r y  p r i m i t i v e  mechanism from which t h e  

p r e s e n t  e x t r e m e l y  complex g e n e t i c  mechanism must have evo lved ,  s t e p  by s t e p .  

The concep t  t h a t  t h e  e v o l u t i o n  of l i v i n g  t h i n g s  must have occur red  one s t e p  a t  

a time, and t h a t  e v e r y  s t e p  m u s t  have been a b l e  t o  s u r v i v e ,  becomes a v e r y  

powerful  approach t o  t h e  u n r a v e l i n g  of such p a t t e r n s .  

s i m p l e ,  g e n e r a l  r u l e  c o n s t r a i n i n g  t h e  p o s s i b l e  numbers of changes which could 

o c c u r  a t  each  s t a g e ,  it might  seem i m p o s s i b l e  t o  f i n d  t h e s e  s t i l l - l i v i n g  r e l i c s  

of t h e  chemical  o r g a n i z a t i o n  of t h e  v e r y  e a r l y  forms of l i f e .  

I f  t h e r e  were no such 

Plasma S i m u l a t i o n  of  E q u i l i b r i u m  

According t o  our  computa t ions  numerous s i m p l e  o r g a n i c  compounds have been 

formed on t h e  p r i m i t i v e  e a r t h  m e r e l y  on t h e  b a s i s  of thermodynamic e q u i l i b r i u m .  

I n  o r d e r  t o  v e r i f y  t h e s e  c a l c u l a t i o n s  e x p e r i m e n t a l l y ,  v a r i o u s  g a s e s  and gaseous  

m i x t u r e s  a r e  be ing  s u b j e c t e d  t o  a high e n e r g y  r a d i o  f r e q u e n c y  plasma d i s c h a r g e .  

From t h i s  e q u i l i b r i u m  i n  t h e  g a s  phase,  t h e  p r o d u c t  m i x t u r e s  a r e  ana lyzed .  

P r e l i m i n a r y  e x p e r i m e n t a l  r e s u l t s  on systems c o n t a i n i n g  o n l y  carbon and 

hydrogen have q u a l i t a t i v e l y  c o r r o b o r a t e d  some of t h e s e  c a l c u l a t i o n s .  

m i x t u r e  of methane and hydrogen (H:C r a t i o  above 4 )  was t r e a t e d  i n  t h e  plasma 

r e a c t o r ,  no l i q u i d  o r  s o l i d  p r o d u c t s  were o b t a i n e d .  T h i s  i s  i n  accordance w i t h  

o u r  p r e d i c t i o n s .  The decompos i t ion  of a mix tu re  of methane and e t h y l e n e  (H:C 

r a t i o  4 o r  below) r e s u l t e d  i n  t h e  accumula t ion  of t a r s  c o n s i s t i n g  of numerous 

h i g h  m o l e c u l a r  we igh t  p o l y n u c l e a r  a r o m a t i c  hydrocarbons and a sma l l  amount of 

a l i p h a t i c  m a t e r i a l ,  a s  c a l c u l a t i o n s  had a l s o  p r e d i c t e d .  P rocedures  have been 

deve loped  which shou ld  p r o v i d e  e f f i c i e n t  and p r e c i s e  a n a l y s e s  of t h e s e  hydrc- 

c a r b o n  m i x t u r e s  on a r o u t i n e  b a s i s  when a s u i t a b l e  g a s  chromatograph becomes 

a v a i  1 a b l e .  

When a 

T h i s  work was s u p p o r t e d  by N I H  Gran t s  Nos. GM-12168 and GH8710 and by NASA 
C o n t r a c t  No. 21-003-002 t o  t h e  Na t iona l  Biomedical  Research Foundat ion.  
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Predictions of the Compositions of the Atmospheres of the Planets 

Richard V. Eck 
Nati  onal Biomedical Research Founda tion 

Silver Spring, Md. 

outlock on computational methods which have been 
developed for them,  makes possible "a new way of 
doing chemistry." In  general ,  it hac been im- 
pract ical  t o  compute chemical equ i l ib r i a  by mass- 
action formulae involving more than a f e w  diffe-  
rent  molecular species. This has inhibited the 
study of such systems as combustion, i n  which 
many reactions a re  occurring simultaneously. 
reason is tha t  one equation with i t s  equilibrium 
constant must be included fo r  each compound. 
These equations have unwieldy exponents and coef- 
f i c i e n t s  which makes t h e i r  simultaneous solution 
d i f f i c u l t .  

High-speed computers have stimulated t h e  de- 
velopment of general i t e r a t i v e  methods f o r  t he  
solution of mathematical problems, and t h i s  makes 
possible a great  simplification of t h e  formula- 
t i o n  of problems of chemical thermodynamic equil- 
ibrium. It becanes necessary only t o  include the  
formulas of components, along with simple experi- 
mental or  computed data on t h e i r  thermodynamic 
f r e e  energies of formation. The calculat ion,  done 
by the  method of successive approximations, mere- 
l y  minimizes the  t o t a l  free energy of t he  system.' 
I f  any component happens t o  be omitted, it does 
not i n  general  inval idate  t h e  result unless it i s  
a "major" component. 
of these,  which are generally simple compounds, 
well  known t o  chemists. 
portions of t he  system, and i t s  temperature and 
pressure,  a very l a rge  number of compounds can be 
computed simultaneously. 

t a t i o n  of t he  equilibrium amounts of a l a rge  
number of biological ly  in t e re s t ing  compounds which 
would be formed by simple equilibrium processes 
i n  the  atmosphere of the primordial Earth.2 
suggested t h a t  we apply the  same method t o  the 
atmospheres of the planets.  We have now done 
t h i s ,  and are able  t o  reach a number of per t inent  
t e n t a t i v e  conclusions: 
b l e  t h a t  t he re  e x i s t  hydrocarbona or  any so l id  
carbon i n  contact with the atmosphere. 
can the re  be any formaldehyde, o r  indeed any gases 
other than nitrogen and carbon diOXidQ, with only 
extremely small amounts of carbon monoxide and 
water, and even lesser amounts of a few other s i m -  
p l e  compounds. 

- - . information avai lable ,  so t h a t  the p o s s i b i l i t y  of 
free oxygen exis t ing is  not excluded. Neither i s  
it ce r t a in  a t  what r a t e  equilibrium Drocesses can 

3.e ava i l ab i l i t y  of computers, and the new 

The 

There a re  a l imited number 

Given the atomic pro- 

Using t h i s  procedure, we published a compu- 

This 

On Venus, it i s  impossi- 

Neither 

On Mars, the re  is somewhat less 

Jupi ter ,  the  great  excess of hydrogen forces al l  
other elements t o  occur pr incipal ly  as  simple 
hydrides, such as H20, CHI,, HzS, and "3. The 
colors i n  t h e  clouds must therefore  be accounted 
for  by the  products of sane spec ia l  energetic 
reactions.  

account fo r  t h e  presence of a detected compound, 
some special  react ion or other source must be 
sought. It i s  wel l  known t h a t  t h e  atmosphere of 
Earth i s  continually being aueplented 'from a num- 
ber of sources by such compounds as CO, HzS, SO2, 
CH4, "3, e tc .  I n  our present oxidizing atmos- 
phere, a l l  such reducing compounds are degraded 
as  rapidly as they are added, so t h a t  a dynamic 
equilibrium i s  maintained. Such canpounds as 
might have been produced by physical chemical 
processes are generally very simple. 
t e r r e s t r i a l  observer could analyse the  atmosphere 
of Earth, and detect  such complex compounds as 
terpenes ( the  blue haze i n  t h e  Great Smoky 
Mountains, f o r  example), he could very w e l l  i n f e r  
the presence of l i f e ,  even though he might con- 
jecture  t h a t  it might be based on sane unknown 
chemistry. This conclusion need not consider t h e  
pa r t i cu la r  nature of t he  detected ccatpounds, but  
merely t h e i r  thermodynamic improbability, so t h a t  
they could only be accounted f o r  by sane ccmplex 
feedback-controlled process. On the  other hand, 
t he  complex asphal t ic  compounds which have been 
found i n  the  carbonaceous meteorites have been 
shown t o  be j u s t  t he  s o r t  which could readi ly  
have been formed by thermodynamic equilibrium, 
according t o  these calculations.  

on M a r s ,  equipment should be included capable of 
detecting organic canpounds of molecular weight 
up t o  a t  lea%t-l50.  Whatever such compounds m a y  
be, thermodynamic considerations could be ap- 
pl ied t o  the  question of t h e i r  l i v ing  o r ig in ,  
independent of t he  pa r t i cu la r  type of l i f e  which 
might ex i s t .  

In  general ,  i f  chemical equilibrium cannot 

I f  an extra- 

When it becomes possible  t o  land instruments 

lW. B. White, S. M. Johnson, and G. B. Dantzig, 

2M. 0. Dayhoff, E. R.  Lippincott ,  and R. V. Eck, 
Science 146, 1461 (1964) 
3M. H. Studier,  R .  Hayatsu, and E. Anders, 
Science (19651, i n  press.  

J.  Chem. n y s .  28, 751 (1958). 

go i n  t h e  low prevailing temperatures. 
case,  however, any oxides of nitrogen which might 
be formed by energetic processes would tend t o  be 
destroyed by equilibrium-type react ions.  On 

I n  any *This work i s  supported by National Aeronautic 
and Space Administration Grant NSR. 21-003-002. - .  
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THKFMODYNAMIC EQUILIBRIUM ON "HE PREBIOLOGICAL EARTH, M 0 

Silver Spring, Md. 20910 
Complex compounds were necessary for the origin, structure, and nutri- 
tion of the first living things and their predecessors undergoing chemi- 
cal evolution. 
processes in suitable quantities and proportions. 

Da hoff and 
R. V. Eck*, National Biamedical Research Foundation, 8 00 ,le+---- 1 th Street, 

These compounds must have been produced by non-lfving 
A knovledge of the 

C nature of the earth's atmosphere is essen- 
We 

have investigated the gaseous equilibrium 
involving compounds of C ,H ,O ,N ,S , where 
B and S are in low concentration, and 
C,H, and 0 assume all possible rela- 

tial to understanding this evolution. 

tive proportions. The main constitu- 
ents in each region of the ternary 
diagram are shown. The relative 
abundance of compounds of biological 

well as possible consequences of 
importance will be discussed, as 

various evolutionary paths of the 
atmosphere itself. 

0 
"2" Support : NASA contract 

Compounds present in ideal gas #NSR 21-003-002 to NBRF. 
mixture at thermodynamic equilibrium. 
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PROTEIN SEQUENCES TREAm AS MATHEMATICAL PUZZLES: An ATLAS OF PROTEIN 
SEQUENCE AND STRUCTURE. Richard V. Eck* and Margsret 0. DeyhofZ. National 
Biomedical Research Foundation,. 8600 - 16th St., Silver- Spring, Md. 20910 

Protein sequence determinations are now being published in increaeing 
numbers because of improved methods and equipment. These sequences con- 
tain information about several important aspects of living chemistry. 
R~ey appear to be random, and crude statistical tests have supported this 
interpretation. Logically, they cannot be random. Proteins are obvious- 
l y  related to one another in various ways. 
bonds and other intermolecular forces of amino acid side-groups determine 
the precise three-dimensional folding of a protein chain, which in turn 
determines its function. A randomly-assembled protein molecule, unlike 8 
natural protein, would fold itself into sny one of many possible alter- 
native (generally useless) shapes. 
enormous amount of information about evolutionary relatedness, both of 
biological species and of biochemical processes. They may also help to 
elucidate the genetic mechanism. 
large amount of sequence information. An ATLAS of PROTEIN SEQUENCE and 
3TRUCTURE is being compiled in which we propose to include all the pub- 
lished sequences, as well as some related structural information. The 
data are being kept on punched cards, which will simplify updating and 
minimize typographical errors. Our computer programs for the "Cryptogram" 
use these data cards directly. This Atlas will be distributed to invest- 
igators who have published protein sequences, and after revision, it 
will be available to others as well. 
references, corrections, and suggestions of changes for fuither editions. 

Furthermore, the hydrogen 

Protein sequences a lso  contain an 

Our cryptogrammic studies require a 

We welcome contributions of data, 

Suvvort: NIH Rrants Nos. GM-12168 and GM-08710 t o  NBRF. 
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Program RELATE 

M. 0. Dayhoff and R. V. Eck 

Program RELATE w a s  w r i t t e n  t o  permit an  exhaustive comparison of  t h e  

sequences of amino ac ids  i n  two pro te ins ,  i n  a search f o r  regions where they  

may be i d e n t i c a l  o r  r e l a t e d  i n  s t r u c t u r e ,  e i t h e r  through s i m i l a r i t y  of func t ion  

o r  by evolution from a common ancestor.  

A comparison is  made of each poss ib le  fragment of a given length  from 

one p ro te in  with each such fragment from t h e  other.  A r e l a t edness  sco re  i s  

accumulated f o r  each fragment, successive values being determined by a matrix 
element between t h e  two ac ids  i n  corresponding fragment pos i t ions .  

concerning t h e  f ive h ighes t  scoring matches of each fragment of t h e  f i r s t  pro- 

t e i n  are s tored .  All t h e  high scoring matches from a l l  fragments are then  

combined, ordered by score  and the  highest  ones p r in t ed  out ,  toge ther  with t h e  

p o s i t i o n s  of t h e  two fragments i n  t he  p ro te ins  and t h e  d i f f e rence  between 

these  pos i t i ons .  

Information 

When an amino a c i d  mutates,  t h e  replacement or  "allele" i s  not random, 

but  r e l a t e d  t o  t h e  o r i g i n a l  due t o  na tu ra l  s e l e c t i o n  based on func t iona l  s i m i -  

l a r i t y  and a l s o  on s i m i l a r i t y  of t h e  codon which most probably has undergone 

only a s i n g l e  mutation of one of i t s  t h r e e  nucleotides.  

ness i s  used t o  g ive  a score  estimating t h e  p robab i l i t y  of replacement of each 

amino a c i d  by each o t h e r ,  and tak ing  i n t o  account t h e  p r o b a b i l i t i e s  of f ind ing  

each such match by random chance. 

A matrix of r e l a t ed -  

Since gaps may occur i n  pro te in  sequences as they  evolve, it i s  r i s k y  

t o  attempt t o  match t h e  f u l l  l ength  of two p ro te ins  suspected of homology. 

Therefore,  i n  t h i s  program, fragments of  a r b i t r a r y  length a r e  matched, i n  such 

a way t h a t  when a gap OCCUTS it w i l l  introduce only a s l i g h t  i r r e g u l a r i t y .  The 

more gaps t h a t  are suspected, t h e  shor te r  t hese  test-matching fragments should 

be. 

no i se ,  so  a compromise must be effected.  Since t h e  optimum length of t e s t  

fragments w i l l  vary i n  d i f f e r e n t  cases,  t h i s  number i s  s e t  s epa ra t e ly  f o r  each 

run, depending on t h e  an t i c ipa t ed  re la tedness  of t h e  two pro te ins .  I n  order  t o  

s o f t e n  t h e  end e f f ec t  of t hese  e s s e n t i a l l y  a r b i t r a r y  fragments, a weighting 

func t ion ,  t ape r ing  off a t  t h e  ends of t h e  fragment may be used i n  computing t h e  

scores .  

On the  o ther  hand, shortening t h e  fragments introduces a d d i t i o n a l  random 

- 1 -  



A first approximation t o  a n  i dea l  relatedness-score matrix would be 

uni tary,  giving merely a count of amino acid i d e n t i t i e s  i n  t h e  two fragments. 

However, t h e  various amino acids  occur with d i f f e ren t  frequencies. 

matching cysteines by chance i s  much l e s s  l i k e l y  than finding two matching 

alanines ,  and t h e  s t rength of t h e  inference t o  be drawn from such a coincidence 

i s  therefore  much grea te r .  

as a second approximation. 

contain scores f o r  every possible  pair  of al leles,  some negative, r e f l ec t ing  

a l l  the  corresponding p robab i l i t i e s .  

Finding two 

The relatedness score should reflect t h i s  e f f e c t ,  

An even more de l i ca t e  approximation should a l so  

With experience, we expect t o  be ab le  t o  adjust  t he  matrix of re la ted-  

ness scores so that  unrelated sequences w i l l  score near zero. This can be 

simulated with quasi-random sequences, so  t h a t  t h e  expected standard e r ro r s  can 

be found. 

in te rpre ted  with confidence as indicating some kind and degree of relatedness.  

Any relatedness scores which are su f f i c i en t ly  high can then be 

The two proteins  being compared are assumed t o  be of completely known 

sequence. Any experimental ambiguities may be ignored by subs t i tu t ing  a 

f i c t i t i o u s  amino acid which has a l l  zero matrix elements. 

- 2 -  



= .  PROGRAM RELATE 

I l l u s t r a t i v e  Computer Output  

R e l a t e  was des igned  t o  a u t o m a t i c a l l y  l i n e  up homoiogous polymers and i n s e r t  
gaps  

The sequence of human hemoglobin a l p h a  i s  compared w i t h  t h a t  f o r  human 
A l l  sequences 7 a c i d s  long from t h e  f i r s t  sequence a r e  compared hemoglobin b e t a .  

w i t h  a l l  sequences 7 long from t h e  second, a t o t a l  of 135 X l4O o r  18,900 comparisons.  

Each comparison accumulated a s c o r e  from t h e  m a t r i x  e l emen t s  shown on t h e  
second page. T h i s  m a t r i x  a s s i g n s  a h i g h  s c o r e  t o  i d e n t i t i e s ,  depending somewhat on 
t h e  f r e q u e n c y  w i t h  which t h e s e  a c i d s  occur  i n  p r o t e i n s .  
g i v e n  between c e r t a i n  m u t a t i o n s ,  r e f l e c t i n g  t h e  f a c t  t h a t  t h e y  occur  less o f t e n  t h a n  
by random chance. 

Negat ive v a l u e s  a r e  sometimes 

The t h i r d  page shows t h e  f i v e  h i g h e s t  s c o r i n g  f r agmen t s  i n  t h e  second polymer 
( o u t  of a p o s s i b l e  140) cor re spond ing  t o  each  f r agmen t  i n  t h e  f i r s t  polymer. 
d i f f e r e n c e  i n  p o s i t i o n  of t h e  f i r s t  a c i d s  of t h e  f r agmen t s  i n  t h e  two polymers i s  g iven .  
From t h i s  t h e  r e g i s t e r  and p o s i t i o n s  of gaps can be deduced t o  be a s  fo l lows :  

The 

V L S P A D K T N V K A A W G K V G A H A  

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 

V H L T P E E K S A V T A L W G K V D V -  

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 

G E O G A E A L E R M F L S F P T T L T O F  

22 23 24. 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 
D E V G G E A L G R L L V V O P W T E R F F  

21 22 23 2.4. 25 26 27 28 29 30 31 32 33 34. 35 36 37 38 39 4.0 4.1 42 

P H F - D L S H .  G S A Q V e t c  No f u r t h e r  

gaps a r e  44 45 46 47 48 49 50 51 52 53 54 55  

E S F G D L S T P D A V M G D P K V n t c  i n d i c a t e d  

43 44 45 46 47 48 49 50 51 52 53 54 55  56 57 58 59 60 

We a r e  e x p e r i m e n t i n g  t o  d e c i d e  upon the  b e s t  a l g o r i t h m  t o  make t h i s  l a s t  s t e p  au tomat i c .  

F i n a l l y  t h e  150 b e s t  s c o r e s  a r e  shown i n  numer i ca l  o r d e r .  

- -  - A comparison was a l s o  made of hemoglobin a l p h a  w i t h  myoglobin. Here o n l y  one 
change i n  r e g i s t e r ,  w i t h  t h e  i n t r o d u c t i o n  of gaps  i s  i n d i c a t e d .  
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ILLUSTRATIVE OUTPUT FROM PHYLOGENETIC TREE PROGRAM 

Sequences of cytochromes C from widely diverse 
species are selected to illustrate the operation of this 
program. The sequences are a1 igned, with gaps if necessary. 
The amino acids identical in all sequences are noted. The 
alternative amino acids or alleles are given at each position 
in order of their frequency. A matrix of the number of amino 
acid differences between each pair of species is given. A 

tentative phylogenetic tree i s  drawn. Ultimately, the com- 
puter will produce the topology of this tree. In addition 
quantitative aspects such as common ancestor sequences and 
the number and kind of mutations between species and ancestors 
will be calculated. 
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H U W I  - - - - - G O V E K G K K I F I M K C S P C H T V E K 6 G K H K l G P N L H 6 L F G R K T 6 P b P G O S O T b ~  
HORSE - - - - -  6 0 V E K 6 K K I F V P K C A C C H T V E K 6 6 K H K T G P N L H 6 L F G R K T G O b P G F T O T O ~  

RATTLESNAKE - - - - - G 0 V E K G K K 1 F11.7.K.C.S.P.C.H.T.V.E-K.G.G.K.H~K T G P N L H.6 L F.6 R K 1 G P b V C 0.5 0.1 1 1  
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ALLELES 

CHICKEN - - - - - G ~ I E K G K K I F V P K C S P ~ ~ T V E K G G K ~ K ~ G P N L H G L F G ~ K T G ~ ~ E G F ~ ~ T ~ ~  
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HI" HU 

HORSE Ha 

CHICKEN CH 

RATfLESNAKE RS 

T W F I S H  T F  

S A H I A ~ T H  KT 

NEURMWRA NE 

Y W T  BY 

NUMBER CF LC.IkC CCIC CIFFERENCES BETbEEN SEQUENCES. 

H H C R T M M 8  
U O H S F T E V  

o 12 11 14 21  31 4a 45 

12 0 9 22 19 29 4t 46 

II  9 o 19 i a  28 4 1  4s 

14 22 19 0 26 31 4 1  41 

21 19 18 it 0 32 48 4 1  

3 1  29 28 3 1  32 0 4 1  47 

48 46 41 4 1  48 41 0 41 

45 46 45 41 41 41 41 0 
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f i e  V. Eck m d  M e  0. Dayhoff 

?roteins which a r e  closely r e l a t ed ,  such EM Benoglobins from d i f fe ren t  

~ p e c b e s ,  may be l ined  rtp and the  subst i tu t ion8 of one w i n o  acid fo r  mother  

ob~erved, These pa i r s  a r e  known as a l l e l e s .  From the  obaervstioa of a great  

many such ~ t l l e b e s ,  a matrix of r e l a t i v e  deviations *om random pair ing is 

formed by prsgraatr ALLELE. This matrix can now be wed i n  d c t e d n i a g  a score 

of relatedness of two mino  acid  sequences of' more d i s tan t  kinship, such as  myo- 

globin and hemoglobin. Here i d e n t i t i e s  a r e  not suf f ic ien t  t o  c h ~ o s t  posit ioning ...- 
and t o  indicate  where ~saps should come, 

Based on the  frequency of occurrence of each s s i d  i n  a91 d l e P e e ,  an 

xpected frequency of each pa i r  can be computed, This would presume t h a t  the  

replacemnts  were en t i r e ly  randm. 
* !> 

The observe4 values deviate from the expected values s ince the  function- 

a l  refplacment~ depend on strueturer?, of t h e  two acids w d  041 the  codons which 

produce them. k matrix of these deviations i s  derived, .fIlgh na t r i x  values re- 

f l e c t  the  relatedness o f  the  two acids.  Hegative values represent a poor 

a b i l i t y  of t h e  aciBa t o  subs t i t u t e  for each other.  

Since t he  w u n t  of a l l e l e  data i s  scanty and s u b g e t  t o  high d i g i t a l  

noise ,  it is  desirable t o  smo th  it. This may be done by including corrections 

t o  the   term^ bwed on the  cor re la t ion  of the  behavior of each pair  of w i n s  acids 

with each of t h e  others ,  Tfioee of s imi la r  s t ruc ture  t o  t he  p a i r  should give a 

pooit ive cor re la t ion  with both. Those of dissimilktr s t ruc ture  ekould give a 

eetg8tfve cor re la t iaa  - d t k  both. Thare w i l l  be l ees  noise i n  these? va3-zzes s ince 

they w e  ba~(526 on many addi t ive  t e r m .  IEIowever, there  w@ more assmptions  

involved i n  t h e i r  va l i d i t y .  Therafore, t h e  two matrices are  added, giz83iag the  

aecond one a weight so  tha t  f t e  e f f ec t  IB cmper~l,ble with the  d i g i t a l  noise, 

Raxtke~ a grouping of the  at.f&s POT s i n i l w i t y  of RmctPon can be made 

on t h e  baefe of the c s r r e l a t i a n a , i  

From the  observed mlatrix B, an expecteta matrix E is obtedned eiolcfn Lhat 



and t k e  sw*  cf all non-diagonal terms i s  t h e  sme i n  E and B. 

3 e v S ~ t i o n s  fr.~::, expected are obta ined  by s u b t r a c t i n g :  

Re la t ive  dev ia t ions  are next  c a l c u l a t e d ,  If t h e r e  were a l a r g e  amount of d a t a ,  

t h i s  tiauld j u s t  involve dividing each t e rn  of 13 by t h e  car-responding term sf E 

Jr B ,  wkiccever is  sma!ler. ( T h i s  a l t e r n a t i v e  m&es a spmstrical arrsngement 

 fro^ ~osizive m d  negaTZ-fe d e v i a t i o n s . )  Rowevei-, s i n c e  t h r a  value i s  extremely 

s e n s i t i v e  t o  6 i g i t a l  r.c:se f u r  smail expected uaiues, a 1 ? a  added, 

I l o r~ ,  t h e  a l t e r n a t i v e  d e r i v a t i o n  of t h i s  matrix ylelcllcg S is performed 

by cons ide r i cg  t h e  c o r r e l a t i o n s  o f  t h e  a l l e l e s  formed with  earl; oruher ac id  by 

ba th  ac ids  of a p a i r .  

S i s  h igh ly  c o r r e l a t e d  with C ,  An i ~ p r c v e d  mat r ix  of  probable devia- 

tions C '  is obta ined  by adding t h e s e  two matrices with  a scale f a c t o r  a ~ a k i n g  

S comparable with t h e  d i g i t a l  no i se  i n  the obse rva t ions ,  

6 '  = C + as 

From t h i s  smoothed ma t r ix  C ' ,  i nve r se  ope ra t ions  may be app l i ed  t o  

gene ra t e  improved "observed" a l l e l e  da t a .  



0 =ALLELE= 

I l l u s t r a t i v e  Computer Output  

A t a b l e  of a l l e l e  f r e q u e n c i e s  was o b t a i n e d  by t a b u l a t i n g  t h e  change i n  ~ 

t h e  homologous f a m i l i e s  cytochrome, hemoglobin, t r y p s i n ,  e tc .  T h i s  i n p u t  d a t a  
i s  shown below. 

Based on random p a i r i n g  of t h e s e  a c i d s ,  t h e  expec ted  a l l e l e  f r e q u e n c i e s  
shown on t h e  f i r s t  page a r e  c a l c u l a t e d .  D e v i a t i o n s  of t h e  observed v a l u e s  from 
t h o s e  expec ted  a r e  shown next .  

of amino a c i d s  w i t h  each of t h e  o t h e r s .  

A smoothed mat r ix  of d e v i a t i o n s  i s  found f i n a l l y .  
I T h i s  has  i n c l u d e d  v a l u e s  d e r i v e d  f r o m t h e  c o r r e l a t i o n  of t h e  behavior  of each p a i r  

From t h e  f i n a l  m a t r i x  of d e v i a t i o n s ,  a smoothed t a b l e  of a l l e l e  f r e q u e n c i e s  
can be d e r i v e d  which i s  more c o r r e c t  than t h e  o r i g i n a l  observed d a t a .  P a t t e r n s  of 
c o r r e l a t i o n  of behavior  of t h e  a c i d s  may be d e r i v e d .  

_ -  

OBSERVED ALLELE FREQUENCIES 
D E G ' N  P Q  A S  T C F  I L M O W V  R K H  

D 10 6 9 1 1  5 6 2 1 1 1 1 5  3 1  
E 10 3 4 -11  8 6 1 1 4 4 1  
G 6  3 1 3  8 7 4 -  2 1 1 3 3 2  

. N 9  1 3 4 1  1 1 1 2 1 2  
p 1 4 -  3 1 5 2  1 1 1 1 2  1 

Q 1 11 1 2 1 1  1 2 2 1  

A 5 8 8 3 5 2  11 8 1 3 :  1 9 2 2  

S 6  6 7 4- 2 1 1 1  7 1 1 1  3 3 1  
T 2  1 4  1 1 8 7  1 3 1  5 1 2  

c 1  1 1 1 

F 2 1 1 1 3  2 1 1 

I 1 3 1 4 11 1 1 

L 1 1 1 1 1  3 1 1 1 3 4  1 1  8 2 2 1  

M 1 1 1 2 
0 1  1 1 1  1 2 1 

w 1  1 1 

v 5  4- 3 1 2  2 9 3 5 1 1 1 1  8 2 

R 2 2 1 2  4 - 2  
K 3  4 3 1 1 2 3 1  2 4- 1 

H 1 1 2 2 1  2 1 2  1 1 1  1 2 1  
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