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ABSTRACT

The r e la t io n  between quantum-mechanical concepts and b io lo g i c a l  

systems is  exp lored  by studying the r e la t io n  o f  both to  the concepts 

o f  heat ca p a c ity  and en tropy . I t  is  shown that the most im portant sub­

stances in  l iv in g  m atter have extrem ely low heat ca p a c it ie s  and en trop ies  

at ord in ary  tem peratures, A c r i t i c a l  an a lysis  o f  the two types o f  quantum- 

mechanical in te ra c t io n s  between p a r t ic le s  and the in te r a c t io n s  occu rrin g  

in  low -entropy systems shows that the wave p ro p e r t ie s  o f  matter are s tro n g ly  

predominant in  the chem ical elements that co n s titu te  99 percent o f  l iv in g  

m atter. I t  i s  concluded that the wave aspects o f  m atter are s tron g ly  p re ­

dominant in  b io lo g ic a l  system s. Predominance o f  the wave asp ects  o f  matter 

appears to  be a re ce ssa ry , but not a s u f f i c i e n t ,  con d ition  fo r  the ex is ten ce  

o f  l i f e .

Evidence is  c it e d  in d ica t in g  that b io lo g i c a l  systems are condensates 

in  momentum space in  the same sense as superconducting e le c tro n s  and 

helium I I ,  The ev iden ce in d ica te s  th a t the w ave-functions o f  p i  e l e c ­

trons in  p r o te in s , n u cle ic  a c id s ,  and porphyrins extend over r e la t iv e ly  

long d ista n ces  by means o f  quantum-mechanical reson ance, and i t  i s  sug­

gested th a t th is  i s  the p h y s ica l b asis  o f  the ex ten s ion  o f  b io lo g i c a l  

o rga n iza tion  in to  m acroscopic dim ensions. Quantum-mechanical resonance 

can be regarded as a s p e c i f i c  example o f  the predominance o f  the wave 

aspects o f  m atter in  the e s s e n t ia l  chem ical s tru ctu res  o f  l iv in g  organism s.
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I .  INTRODUCTION

A, B io lo g ic a l  Phenomena as a P h ysica l Problem,

The fundamental nature o f  b io lo g ic a l  phenomena has long been con­

sidered  one o f  the most important s c i e n t i f i c  problems o f  a l l  tim e. The 

complex phenomena o f  l i f e  have been on ly  p a r t ia l ly  e lu c id a ted  in  terms 

o f  the present-day concepts o f  s c ie n ce , and many m ysteries o f  a funda­

mental nature remain. Whether the conceptual structure o f  modern scien ce 

w i l l  prove adecuate to  encompass l iv in g  organisms is  a t present not c le a r 5 

i t  is  p o ss ib le  that th is  conceptual structure w i l l  have to  undergo modi­

f i c a t io n s .

S ince the development o f  quantum theory  in  the la s t  h a lf-ce n tu ry , 

there have been many hints that th is  r e la t iv e ly  new t o o l  w i l l  have impor­

tant a p p lica tion s  in  the understanding o f  b io lo g ic a l  phenomena. While 

many p h y s ic is ts  have noted th is  f a c t ,  attempts to  implement th is  idea 

have been vague and sp ecu la tiv e . What is  needed are s p e c i f i c  proposals 

leading to  new areas o f  contact between quantum concepts and b io lo g ic a l  

phenomena. When such contacts are found, i t  may be p o ss ib le  to  te s t  the 

proposals by u se fu l experim ents. Only when s p e c i f i c  concepts are p ro ­

posed and experiments are performed can r e a l  progress be made in  th is  

d i f f i c u l t  f i e l d .  The d iscovery  o f  a s p e c i f i c  re la tio n sh ip  between quantum 

concepts and liv in g  m atter would undoubtedly stim ulate fu rth er  develop ­

ments in  both b io lo g y  and quantum p h ysics ,

B, Review o f  L itera tu re ,

A con siderab le  number o f  modern p h y s ic is ts  have believed  that i t  

w i l l  even tu a lly  be necessary to  apply the concepts o f  quantum theory  

to  the fundamental problems presented by b io lo g ic a l  systems.
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According- to MARGE NATJ ( l )  "The advance has a lso  led ph ysics  
to higher ground from which new and unexpected approaches to  fo re ig n  
t e r r i t o r y  can be seen . Not toe  fa r  ahead l ie s  the f ie ld  o f  b io log y  
with i t s  problems o f  organ iza tion  and fu n ctio n , and one i s  almost 
tempted to  say that modern ph ysics  may hold the key to  th e ir  so lu ­
t io n .  ”

JORDAN stated  that l iv in g  organisms must even tu a lly  be stu died  by 

means o f  the concepts o f  quantum p h y s ic s , fo r  these reasons: The en tire  

behavior o f  l iv in g  organisms is  d ire c te d  from am azingly t in y  ce n te rs .

The gene m olecu les which are found in  the nucleus o f  each c e l l  transm it 

a l l  the h ered ita ry  c h a r a c te r is t ic s  and co n tro l many aspects o f  c e l lu la r  

m etabolism . A few 'o r g a n iz e rs ’ c o n tr o l the e n tire  development o f  the 

t in y  zygote to  an adult organism. A few c e l l s  o f  the bra:3n o f  man 

contain  the powers which d ir e c t  a l l  in t e l le c t u a l ,  em otional, and volun­

tary  a c t iv i t y ,  because o f  these fa c t s ,  JORDAN b e lie v e d  that l iv in g  things 

belong to  the m icroscop ic  world in  a very r e a l sen se . Since man’ s d i ­

r e c t iv e  cen ters  belong to  the atomic realm , JORDAN believed  th a t man must 

even tu a lly  be studied by the p h y s ica l concepts o f  th is  dim ension, which 

belong to quantum physics ( 2) .

BOHR poin ted  out that the dual aspects o f  the fundamental p a r t ic le s  

o f  m atter are analogous to the dual aspects o f  man, and showed that 

H eisenberg’ s U ncertainty R elations apply to  both m a ter ia l p a r t ic le s  and 

l iv in g  th ings ( 2 ) .  M ateria l p a r t ic le s  e x h ib it  the dual aspects o f  both 

p a r t ic le s  and waves, w hile l iv in g  things e x h ib it  the dual aspects of both 

a c o l le c t io n  o f  p h ysico -ch em ica l p ro ce sse s , and an evo lu tion a ry  dynamism 

which transcends p h ysico -ch em istry . BOHR applied the U ncertainty R elations 

to  man in  the fo llow in g  way: I f  the ph ysico -ch em ica l aspect o f  a man were 

to be studied exh a u stiv e ly , a l l  h is  t is su e s  -would have to be examined, 

d is s e c te d , and analyzed. But th is  would cause the death o f  the man, and 

then h is v i t a l  dynamism could not be studied at a l l .  Conversely, i f  we



are to  study the dynamic or mental a sp ects  o f  a man, we must have great 

regard fo r  the soundness o f  h is  t is s u e s ,  which leaves us w ith incom plete 

knowledge o f  h is  p h ysico -ch em ica l a sp e cts . BOHR fu rth er  suggested that 

ce r ta in  key p rocesses  in  the bra in , c o n t r o l l in g  mental a c t iv i t y ,  are so 

d e lic a te  and s e n s it iv e  that they must be d escribed  in  a quantum-mechanica 

way, and that these key processes are am plified  u n t i l  they re su lt  in a 

b o d ily  movement in v o lv in g  va st numbers o f  ousnta and are capable o f  being 

d escribed  by c la s s ic a l  methods (3 )#  In th is  co n n ection , BOHM (3 )  pointed  

out that a very  c lo se  analogy e x is ts  between quantum p rocesses  and the 

p rocesses  o f  conscious thought in  men’ s b ra in s .

SCHP.ODJNGER (b )  has d iscu ssed  in  con sid erab le  d e t a i l  tbs a p p li­

ca tio n  o f  quantum concepts to  b io lo g i c a l  system s.

Concerning m utations, SCHP.ODINGER says "The s ig n if ic a n t  fa c t  
is  the d is c o n t in u ity . It reminds a p h y s ic is t  o f  quantum theory— 
no interm ediate en erg ies  occu rrin g  between two neighbouring energy 
le v e ls .  He would be in c lin e d  t o  c a l l  be V r ie 's  m utation theory , 
f ig u r a t iv e ly ,  the quantum theory  o f  b io lo g y . We s h a ll  see la te r  
that th is  i s  much more than f ig u r a t iv e . The m utations are a c tu a lly  
due to  quantum jumps in  the gene m o lecu le ."  (b , p . 3b)

S evera l more quotations from SCHRGDINGER'S book fo llo v r :

" . . . i n c r e d i b l y  small groups o f  atoms, much too  sm all to 
d isp la y  exa ct s t a t i s t i c a l  law s, do p lay  a dominating ro le  in  the 
very  o rd e rly  and law fu l events w ithin  a l iv in g  organism . They have 
c o n tr o l o f  the observable la r g e -s ca le  fea tu res which the organism 
acqu ires  in  the course o f  i t s  developm ent, th ey  determine important 
c h a r a c te r is t ic s  o f  i t s  fu n ction in g ; and in  a l l  th is  very  sharp and 
very  s t r i c t  b io lo g ic a l  laws are d isp la y e d ."  (b> p . 19 )

" . . . l i v i n g  m atter, while not eluding the 'laws o f  p h y s ic s ' as 
e s ta b lish e d  up to  d a te , i s  l ik e ly  to  in volve  'o th e r  laws o f  physics* 
h ith e rto  unknown, which, however, once they have been revea led , w i l l  
form ju s t  as in te g r a l a p art o f  this scien ce  as the former." (b, P. 
6P-69)

"We must th ere fo re  not be discouraged by the d i f f i c u l t y  o f  
in te rp re t in g  l i f e  by the ord inary  laws o f p h y s ic s . For that is  
ju s t  what is  to be expected from the knowledge we have gained o f  the*
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stru ctu re  o f  l iv in g  m atter. We must be prepared to  f in d  a new 
type o f  p h y s ica l la v  p re v a ilin g  in  i t .  Or are we to  tern  i t  a 
n o n -p h y s ica l, not t o  say a su p e r -p h y s ica l, law? No, I do not 
th ink  th at*  For the new p r in c ip le  that is  in vo lved  i s  a genu­
in e ly  p h y s ica l one: i t  i s ,  in  my op in ion , nothing e ls e  than the 
p r in c ip le  o f  quantum theory over a g a in .” (U , pp . 80-61)

” The p h y s ic is t  i s  fa m ilia r  w ith the fa c t  that the c la s s i c a l  
laws o f  p h ysics  are m odified  by quantum th eory , e s p e c ia l ly  at low 
tem perature. There are many in stan ces o f  t h i s .  l i f e  seems to  be 
one o f  them, a p a r t ic u la r ly  s tr ik in g  o n e . . .  To the p h y s ic is t — but 
on ly  to  him— I could hope to  make my view c le a r e r  by saying : The 
l iv in g  organism seems to  be a m acroscopic system which in  p art o f  
i t s  behaviour approaches to  that p u re ly  m echanical (a s  con trasted  
with therm odynam ical) conduct to which a l l  system s tend, as the 
temperature approaches the absolu te  zero and the m olecu lar d isord er  
i s  rem oved.” (1*, p p . 69-70 )

SCHRODTNGER (U) a lso  a p p lie s  the concept o f  en tropy  to  l iv in g  th in gs.

He p o in ts  out that a l iv in g  organism i s  a chem ical system w ith  a high 

degree o f  order and o rg a n iza tion , and th ere fo re  low en trop y , l iv in g  

th ings are not in  chem ical equ ilib riu m  (a sta te  o f  maximum en trop y ) u n t i l  

death , and they avoid the decay t o  equ ilib riu m  by ea tin g  low entropy 

m ateria l and d isca rd in g  high entropy m ateria l as w astes. Many in v e s t i ­

gators have fu rth er  developed the id ea  o f  low en trop y  or  negative entropy 

in  l iv in g  th in g s , and im portant use o f  th is  concept w i l l  be made in  th is  

t h e s is .

C. Basis o f  Thesis Work.

In th is  t h e s i s ,  the l in e s  o f  thought represented  by the p reced in g  

re feren ces  have been extended in to  new t e r r i t o r y  and a s p e c i f i c  r e la t io n ­

ship between quantum concepts and l iv in g  m atter i s  shown to e x i s t .  The 

reasoning p rocess  i s  based on con sid era tion  o f  the fo llo w in g  f a c t s :

1. Carbon i s  the b a s ic  chem ical element o f  l iv in g  m atter; and carbon, 

hydrogen, n itro g e n , and oxygen make up more than 99 percent o f  l iv in g  m atter.

2 . Carbon has the low est entropy and heat ca p a city  of a l l  the chemi­

c a l  elem ents a t  ord inary t e r r e s t r ia l  tem peratures; and hydrogen, n itrogen ,



and oxygen have very  low en trop ies  and heat c a p a c it ie s  in  the s o lid  sta te  

at these tem peratures,

3, The low heat ca p a c it ie s  and e n trop ies  o f  these fou r elements a t  

ord inary tem peratures can be explained  on ly  on the b asis  o f  quantum th eory .

These three fa c ts  suggest that the e lu c id a t io n  o f  b io lo g i c a l  systems 

in  terms o f  cuantum physics in volves  such fa m ilia r  p h ysica l qu a n tities  as 

heat ca p a city  and entropy. This r a is e s  the hope th at a s p e c i f i c  a p p li­

ca tio n  o f  quantum concepts to  l iv in g  m atter may be made by studying the 

re la t io n s h ip  o f  both  t o  these fa m ilia r  p h y s ica l q u a n tit ie s . The rest  o f  

th is  th es is  i s  concerned with th is  task .
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I I .  ENTROPY AND HEAT CAPACITY DATA 

A . The E n tr o p ie s  o f  th e  C hem ica l E le m e n ts .

What are the p r in c ip a l  chem ical elem ents found in  l iv in g  m atter? 

mentioned in  the In tro d u ct io n , the elem ents carbon, hydrogen, n itro g e n , 

and oxygen are by fa r  the most p l e n t i fu l ,  and to g e th e r  they c o n s t itu te  

more than 99 p ercen t o f  l iv in g  m atter (5> 6 ) .  Of these fo u r  elem ents 

carbon can be s in g le d  out as having unique p r o p e r t ie s  which make i t  

su ita b le  fo r  l iv in g  m atter. EDSALL and WYMAN ( 6 ,  p . 23) s t a t e ,  ’’The 

fa c t  that carbon compounds occupy a key p o s it io n  in  l i f e  as we know 

i t  i s  so obvious as to  need no comment.”

A ccording to  SIDGWICK ( ? )  "Carbon i s  unique among the elem ents 
in  the number and v a r ie ty  o f  the comnounds which i t  can form . Over 
a quarter o f  a m il l io n  have a lready  been is o la t e d  and d e sc r ib e d , but 
th is  g ives a very  im p erfect idea  o f  i t s  cow ers, s in ce  i t  i s  the b a s is  
o f  a l l  forms o f  l iv in g  m atter. M oreover, i t  i s  the on ly  elem ent which 
could  occupy such a p o s it io n .  We know enough now to  be sure th a t the 
idea  o f  a world in  which s i l i c o n  should take the p la ce  o f  carbon as 
the b a s is  o f  l i f e  i s  im p oss ib le ; the s i l i c o n  compounds have not the 
s t a b i l i t y  o f  those o f  carbon , and in  p a r t ic u la r ,  i t  i s  not p o s s ib le  
to  form  s ta b le  compounds w ith  long chains o f  s i l i c o n  atom s.”

No o th er  elem ent approaches carbon in  the a b i l i t y  to  form m olecu les 

in  which a la rge  number o f  l ik e  atoms are jo in e d  to g e th e r . The number 

o f  perm utations and com binations p o s s ib le  with carbon and hydrogen alone 

i s  g r e a t ,  and th is  number is  enorm ously in creased  by the presence o f  

oth er e lem ents, e s p e c ia l ly  oxygen and n itro g e n . I t  i s  obvious that the 

com plex ity  o f  l iv in g  m atter depends to  a grea t ex ten t on the a b i l i t y  o f  

carbon t o  form long chains and r in g s ,  and many compounds w ith  other 

e lem ents. Because o f  these unique p r o p e r t ie s ,  carbon i s  g e n e ra lly  r e ­

garded as the b a s ic  chem ical elem ent o f  l iv in g  m atter.

The chem ical substances o f  g re a te s t  im portance and in te r e s t  in  

l iv in g  organism s, such as n u c le ic  a cid s  and p r o te in s ,  are tru e  s o l i d s ,  

held togeth er  by H eitlsr-L ondon  bond f o r c e s ,  even though th ey  may form
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h ig h ly  f l e x i b l e  s tr u c tu r e s  (L ,  p .  8 8 -6 1 ) .  Ix~ the p re se n t  c o n s id e r a t io n  

o f  b i o l o g i c a l  system s we w i l l ,  t h e r e fo r e ,  c o n f in e  our a t t e n t io n  to  the 

s o l id  s t a t e .

Many w r it e r s  have n oted  and d is c u s s e d  the f a c t  th a t  l iv in g  m atter 

has a h igh  d egree  o f  o rd er  and, t h e r e f o r e ,  has a low  e n tr o p y . I t  w i l l  

be h e lp fu l  i f  we pause a t  t h i s  p o in t  lo n g  enough t o  ga in  some id e a  o f  

how lew  the e n tro p y  i s .  A lthough l i v i n g  m atter i s  not in  thermodynamic 

e q u il ib r iu m , l i v i n g  system s may be th ought to  e x i s t  in  a s te a d y  s ta te  

o v e r  sh o rt  in t e r v a ls  o f  t im e , as m atter i s  conveyed, through them and 

m etabolism  occu rs  ( 8 ) .  However, l i v i n g  m atter in v o lv e s  c e r ta in  com p lex i­

t i e s  th a t  make sim ple c a lo r im e tr y  in a p p l ic a b le  in  the d e te rm in a tio n  o f  

e n tro p y . One d i f f i c u l t y  is  th a t  o f  m easuring the amounts o f  the d i f f e r e n t  

k inds o f  work perform ed  in  l i v i n g  system s: ch em ica l work o f  s y n th e s iz in g  

p r o te in s  and o th e r  com pounds, m ech an ica l work o f  m uscle c o n t r a c t io n ,  e l e c ­

t r i c a l  w ork o f  nerve im p u lse s , and a b s o r p t io n  or  s e c r e t io n  a g a in s t  an 

osm otic  g r a d ie n t . Another d i f f i c u l t y  i s  th a t  any l i v i n g  c e l l  c o n t a in s ,  

in  a d d it io n  to  the e s s e n t ia l  ch em ica l s tr u c tu r e s  o f  l i f e ,  a h ig h e r -e n tr o p y  

su b stra te  o f  w ater and sim ple raw m a te r ia ls  f o r  ch em ica l s y n th e s is  th a t  

would mask the e n tro p y  o f  the a c tu a l l i v i n g  m a tte r . T h e re fo r e , q u a n t ita t iv e  

e n tro p y  d a ta  w i l l  be p re se n te d  b y  in d i r e c t  m ethods.

The e n tr o p ie s  o f  th e  s o l id  ch em ica l e lem ents in  th e  f i r s t  th ree  rows 

o f  the P e r io d ic  Table are shown in  F ig u re  1 . (The t r a n s i t io n  elem ents 

Scandium through  Z in c ,  in  w hich the in n e r  3d e le c t r o n  s h e l l  i s  p r o g r e s s iv e ly  

f i l l e d  w ith  e l e c t r o n s ,  have not been in c lu d e d  in  th e  g r a p h .)  I n f e c t i o n  

o f  the e n t r o p ie s  o f  a l l  the chem ica l e lem ents th a t  are s o l id s  a t  28 d e g re e s  

C. show th a t  the fo l lo w in g  elem ents have the lo w e st  e n t r o p ie s :
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Elem ent: C(diamond) B Be S i  P (red )

S , c a l ./ d e g .  mole ( 9) 0.96  l.hO 2 .2 6  h . 5l  5.16

In e i t h e r  diamond or gra n h ite  form, carbon has the low est en tro p y  o f  a l l  

the chem ical e lem en ts.

B. The Heat C a p a c itie s  o f the Chemical E lem ents.

E ntropy and Heat C a p a city  are c lo s e ly  r e la te d  m a th em a tica lly  and 

c o n c e p tu a lly . The m athem atical r e la t io n  i s :

S = f  QfE = j  CpdCLnj)
J 0 '  o

where S i s  the en tro p y a t A bsolute Temperature T, and i s  the heat capa­

c i t y .  In c r y s t a l l i n e  s o lid s  a t  o rd in a ry  tem p eratu res, Cv and Cp, the heat 

c a p a c it ie s  a t con stan t volume and con stan t p re s s u re , are so n e a r ly  eq u a l 

th a t  the d if fe r e n c e  between them i s  o fte n  n e g le c te d . The en tro p y  o f  a 

system  may be considered to  be the t o t a l  accum ulated d is o r d e r , or degraded 

e n e rg y , w h ile  the heat c a p a c ity  may be considered to be the in stan tan eou s 

ra te  a t which d iso rd e r  i s  added to (o r  su b tra cte d  from) a system . The 

e x a c t  r e la t io n  between en tro p y and d is o r d e r  i s :

S s k lo g  D

where k i s  the Boltzmann con stan t and D i s  a q u a n tita t iv e  measure o f the 

atom ic d is o r d e r  o f  the body in  q u e stio n . (U, p . 73)

The heat c a p a c it ie s  a t  con stan t p ressu re  o f the s o lid  chem ical e l e ­

ments o f  the f i r s t  th ree  rows o f  the P e r io d ic  Table are  shown in  F igure 2. 

In sp e ctio n  o f  the heat c a p a c it ie s  o f  a l l  the chem ical elem ents th a t are 

s o lid s  a t  2$ degrees G. show sthat the fo llo w in g  elem ents have the low est 

va lu es ( 9 ) s
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E lem ent: C(diamond) B Be &± P (re d )

Cp , c a l . /d e g .  mole 1.U9 2 .69  3 .9 3  h . 73 h .9 3

Note th a t  th e  same elem en ts are found in  the same o r d e r  as in  the low ­

er t r o n y  s e r i e s .

Cf the d i f f e r e n t  m ethods o f  o b ta in in g  e n t r o p ie s ,  th a t  based upon lo w - 

tem perature h e a t  c a p a c it y  d a ta  i s  o f  the g r e a te s t  im p orta n ce . (9, p .  3 ) 

Curves o f  Cy versu s  T are s im i la r  in  appearance f o r  n e a r ly  a l l  s o l i d  

e le m e n ts , s in c e  Cy. in c r e a s e s  from  zero  a t ze ro  d e g re e s  K. to  a p p r o x i­

m ately  9 .9  c a l . / d e g .  mole a t some tem perature which i s  c h a r a c t e r i s t i c  

o f  the su b sta n ce , and then rem ains a lm ost constant ( 1 0 ) .  Two such curves 

f o r  d i f f e r e n t  e lem en ts can be made to  a lm ost c o in c id e  by s u ita b le  a d ju s t ­

ment o f  one o f  the tem perature s c a le s  ( 1 0 ) .  In view  o f  th ese  f a c t s ,  and 

the f a c t  th a t  the same elem ents were found in  the same o rd e r  in  b o th  the 

lo w -e n tro p y  and the lo w -h e a t -c a p a c ity  s e r i e s ,  we s u sp e c t  th a t  i f  a s o l id  

has a low e n tro p y  a t  a g iv e n  tem peratu re, i t  w i l l  in  g e n e ra l a l s o  have a 

low  h e a t  c a p a c it y  a t  th a t  tem p era tu re . We can ch eck  th e  v a l i d i t y  o f  t h is  

r e a s o n ir g  by  means o f  Kopp! s law o f  heat c a p a c i t i e s ,  w hich s ta te s  th a t the 

m olar h eat c a p a c ity  o f  a s o l id  can be c a lc u la t e d  a p p rox im a te ly  by add in g  

to g e th e r  atom ic h eat c a p a c ity  v a lu e s  f o r  th e  e lem en ts com posing the s o l i d .  

L is ts  o f  Kopp*s Law b ea t c a p a c ity  v a lu e s  f o r  the ch e m ica l e lem en ts have 

been com piled  f o r  t h is  purpose (1 1 ,  1 2 ) ,  and are shown i n  F igu res  3 and L 

f o r  the f i r s t  th ree  rows o f  the P e r io d ic  T a b le . Values o f  6 .3 9  c a l . /d e g .  

mole are  t o  be used f o r  a l l  the o th e r  ch em ica l e le m e n ts . One o f  the im por­

ta n t fe a tu r e s  o f  Kopp*s Law i s  th a t  i t  p r o v id e s  s o l i d - s t a t e  h eat c a p a c ity  

v a lu e s  f o r  the gaseous e lem en ts th a t d id  n o t appear in  F igu res 1 and 2.

I t  can  be observed  in  F igures 1 and 2 th a t  in  e a ch  case  the Group IV 

elem ent ( C, S i ,  and Ge) has the lo w e st  va lu e  in  each  row o f  e le m e n ts . The 

d ecrea se  in  th e  heat c a p a c i t ie s  o f  the f i r s t  row e lem en ts  Li. through  C i s
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e s p e c ia l ly  sharp* In  a d d i t i o n ,  the en trop y  and heat c a p a c ity  va lu es  in ­

crease  in  the s te p -w is e  manner as we go in  e i t h e r  d i r e c t io n  from th e  Group 

IV elem ent t o  the end o f  the row. Although the e f f e c t  i s  le s s  pronounced 

in  the fo u r th  row o f  the P e r io d ic  Table (Rb through I ,  n ot shown), the 

Group IV e lem en t, S n , aga in  has the low est e n tro p y  in  the row* R eferen ce  

t o  the Kopp h eat c a p a c ity  va lues in  F igures 3 and 1* shows th a t the Group IV 

elem ent i s  aga in  th e  lo w e st  in  each  row , and w ith  one obv iou s e x c e p t io n , N, 

the va lu es  e i t h e r  in c re a s e  in  a s tep -w ise  manner o r  rem ain con stan t in  e i t h e r  

d ir e c t io n  from the Group IV elem ent. The va lue shown f o r  N itrogen  i s  the 

o n ly  e x c e p t io n  to  the l a t t e r  ru le  in  a l l  n ine cu rves*

C* C a lcu la t io n  o f  K opp^  Law Heat C a p a city  Value f o r  N itrogen*

A study o f  a l l  the data  suggested  th a t  the Kopp va lue shown f o r  N 

i s  e rro n e o u s , and th at the true va lu e  p ro b a b ly  l i e s  betw een 1*8 (C ) and 

U*0 (0 )*  T h is s u s p ic io n  was te s te d  o b je c t iv e ly  by c a lc u la t in g  the Kopp’ s 

law va lue f o r  N in  v a rio u s  s o l i d  n itrog en  compounds. The Kopp v a lu es  o f  

a l l  the e lem ents ex cep t N were su b tra cted  from  the tru e  m olar heat ca p a c i­

t i e s ,  thus determ in in g  N b y  d i f f e r e n c e .  S in ce  compounds co n ta in in g  a h igh  

p ercen tage  o f  N are more va lu a b le  fo r  th is  p u rp ose , o n ly  compounds w ith at 

le a s t  10 atom ic p e rce n t  o f  N were in c lu d ed  in  the c a lc u la t io n s .  Data were 

not accepted  u n le ss  the m olar h ea t c a p a c it ie s  were g iven  t o  a p r e c is io n  o f  

a t l e a s t  0 .1  c a l . /d e g .  mole*

The d a ta  are shown in  Table I .  A l l  the s o l id  n itro g e n  compounds (c o n ­

ta in in g  a t l e a s t  10 p e rce n t N) l i s t e d  by KELLEY and KING ( 9 ) ,  ROSSINI e t  

a l  ( 1 3 ) ,  and TIMMERMANS ( l h )  were in c lu d ed  in  the c a lc u la t io n s .

The mean Kopp value f o r  N in  the 59 compounds shown in  Table I  i s  

3*ii ♦ 0*7 c a l . /d e g .  m ole ; th is  va lue shows th a t our s u sp ic io n  was ju s t i f i e d  

and makes F igure 3 lo o k  much more re a s o n a b le .
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No.

1

2

3

h

5

6

7

8 

9

10

11

12

13

1U

15

16

17

18 

19 

2C 

21 
22

Kopp’ s Law Heat C a p a city  V alues fo r  N itrogen in  S o lid s

TAB IE I

Compound

Cp in
C a l* /d e g . m ole 

@ 298.15°K .

Kopp Cp 
’For N in

C a l . /d e g .  gram atom

BN 11.78 2.08

TIN 8 .8 6 2 .5 1

VN 9.08 2 .73

ZrN 9 .6 6 3 .3 1

K3Co(CN)6 711.00 6.30

K3Fe(CN)6 75.60 6 .5 8

NaNH2 15.80 li.8 5

AgN02 19 .17 U.82

B a (® 3 )2 3 6 .1 8 2 .92

Ca( NO3 )2 3 5 .7 0 2.67

Kg(K03 ) 2 33 .92 1.79
NHJ.N03 3 3 .3 1 6.05

TINO3 23.78 5.1*3

NaN03 22.21 3 .8 9

KNO3 23.0 1 k .66

AgN03 22.21* 3 .8  9

NH^Cl 20 .7 1 5.31

NĤ F 15. 6c 1.1*0

(NH^JjSC^ u u .81 2. 1*8

NH^V03 3 0 .9 1 3 .3 6

p3 % 35.6 3 .8 8

( nh,j) 2hpou 1*3.5 0 .7 0

NĤ CN 32 .0 io.5o23



No,

2h

2%26
2728
29

30

31

32

33

3h

35

36

37

38

39

UO

hi

U2

h3

hh

h5

h6

17

he

Cp i n  Kopp Cp
C a l . /d o g .  mole For N in

Compound @29 8 .15° K. C a l,/ d e g . gram

U rea, CHj4ON2 22.26 3.63

CH3NH2 • HC1 21.75 -0 .0 5

CH3CONH2 16.9 -3 .20

G ly c in e , C2H£02N 2h.O 0.9025.7 3 .33
CU3N 21.7 2.6^

Ni(N03)2 • 6NH3 96.0 3.03
C0CI3 . 6NH3 76.7 1.72
CoI2 • 6NH3 6 9 .2 1.L16

C0I3 * 6NH3 ?U.3 1 .2 5

Fe2N 16 . a lj.10

Fe^N 29.3 3.90

Mn^Nj U3.8 6.03
MngN2 61.0 5 .10

TaN 9 .7 3.35
AIN 7 .6 7 1.32

AICI3 • 6NH3 9U.2 U .6U

SCF3 • 3^[|F 90.0 8.68

t ( nc3 )3 7 5 .7 1 1 .1 2

CeN 1 1 .2 U.85
LaN 1 1 . 1 U.75

Th3l% 37.3 L .5 6
Mg3N2 2U.99 2.97
Ca3N2 22.5 1.72

Sr(N 03 )2 3fi. 3 3.98

lh

atom
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No. Compound

in
C a l . /d e g .  mole 

'3298 .15°K .

Kopp Cp 
For N in

C a l . /d e g .  gram, atom

U9 Id 3N 1 8 . h -0 .6 5

90 NaN3 1 9 .1 0 .0 2

51 Kl,Pe( CN)6 8 0 .3 6 .2 9
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TABIE I  (Continued)

Kopp's Law Heat Capacity for Nitrogen in Solids

No. Compound §&••» bfl
efcg•1—1 COO Temperature, 

degrees K.
Molecular
Weight

Cp*
cal./deg. mole

Kopp Cp For N 
cal./deg. gram atom

52 Creatine Hydrate 
cbHll ° 3 N3 0.3U23 298.1* 11*9.15 51.05 2.18

53 dl-Citrulline
C6H13O3N3 0.3176 300.8 175.19 55. 6U 0.98

5b Glycylglycine
CJiHgÔ Ng 0.2927 29b 132.12 38.67 0.51*

5? Alanylglycine
C5H1003N2 0.2973 296.lt 11*6.15 b3.b5 -0.28

56 Guanidine Carbonate 
C3H12°3N6 0. 3U3U 298 180.17 61.87 2.81

57 d-Arginine
c6Hni02N[i 0.3188 296.8 171*. 20 55.53 1.13

58 m-Nitroaniline
% h602n2 298.15 1*0.2 3.80

59 p-Dinitrobenzene
c6% °bN2 298.15 1*5.9 i t .9 5

Average of 59 Kopp*s law CL values for Nj 3.38 ♦ 0.66
(For a 95 per cent confidenee~le*el)

References: (9) for compounds 1 through 20 
(13) for compounds 21 through 51 
(lb) for compounds 52 through 59
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The ch e m ica l e lem en ts  w ith  th e  lo w e s t  Kopp h ea t c a p a c i t y  v a lu e s  a t  

room tem p era tu re  in  s o l i d  compounds now becom e:

Element: C H B N B e S i O F P S

Kopp ( ~ ,
ca l./d e g . moles 1 .8  2 .3  2 .7  3.U 3 .7  3 .8  ii.O 3 .0  3.ii 5.liS

It can be seen that the order of the chemical elements is  the same as 

previously listed  in the low entropy series and the low heat capacity 

series^ the difference in the above series is  that Kopp’ s Law permits 

us to include various elements that are gases at 25° C. We see from the 

Kopp heat capacity series that the basic chemical elements o f living  

matter have very low heat capacities. Carbon, the basic chemical element 

of living matter, has the lowest heat capacity of a l l  the chemical e le ­

ments, while hydrogen is  second, nitrogen is  fourth, and oxygen is seventh. 

By Kopp's Law, then, i t  follows that the most important substances in 

living matter have very low heat capacities.

In the substances of greatest importance and interest in b iological 

systems, proteins and nucleic acids, the most p len tifu l chemical elements 

besides C, H, N, and 0 are phosphorus and su lfur. A ll nucleic acids and 

some proteins contain phosphorus, and phosphate esters are of v ita l impor­

tance in energy transfer reactions. From the centers of respiration in  

animal ce lls  and photosynthesis in plant ce lls  the same molecule— adenosine 

triphosphate— carries the free energy extracted from food or from sunlight 

to a l l  the energy-expending processes of the c e ll . Sulfur is an essential 

constituent of proteins, coenzyme A, glutathione, and many other important 

biological compounds. These two important elements, P and S , are found in  

positions 9 and 10 in the Kopp heat capacity series. Obviously there is  a 

strong suggestion of a correlation between low heat capacity and importance
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to l i f e .

P. Entropies and Heat Capacities o f Some Amino Acids.

Another indication of the lc*r entropy and heat capacity of living  

matter can be gained as follows: Froteins are made up of amino acids 

that have been joined together in long peptide chains. Table I I  gives 

entropy and heat capacity data for some amino acids that were reported 

to have been hydrolyzed from proteins (If?). The molar entropy and molar 

heat capacity values have been divided by the number o f atoms in the mole­

cule to obtain the average entropy per gram atom, and the average heat 

capacity per gram atom. When these values are compared with the corres­

ponding gram atom values in the preceeding sections, i t  can be seen that 

the entropies and heat capacities of these amino acids are amazingly low. 

Only three elements have lower entropies than the average entropy value 

of 2.U cal./degree gram atom in Table I I ,  and only one element has a lower 

heat capacity than the value of 2.2 cal./degree gram atom in Table I I .

These considerations indicate that the entropy and heat capacity 

of living matter are surprisingly low; so low that i t  would be d iffic u lt  

to imagine any substance as complex as living matter which has lower values 

of these quantities.

Why are the particular elements C, H, N, and 0 so p lentifu l in  living  

things? At the f ir s t  level of insight into the problem, the results suggest 

that i t  i s  because these elements are capable of forming complex solid  

compounds of very low entropy and heat capacity, and consequently compounds 

with a high degree of order. Apparently this is  a necessary condition for 

the orderly processes of l i fe  to take place.



Entropies and Heat

No. Amino Acid
cal./deg. 

mole

Average Si 
cal./deg. 
gram atom

1 d1-Alanine 
C3H7O2N 31.6 2.1)3

2 d-Arginine
CgH^OaW, 59.9 2.30

3 dl-Leucine 
Q5H13C2N 1)9.5 2.25

h 1-Tyrosine
G?H11°3N 53.0 2.21

5 Glycine
C2H5O2N 26.1 2.61

6 dl-Citrulline
c6h13°3n3 60.8 2.1)3

7 dl-Ornithine
c?Hi2°2N2 1)6.2 2.20

8 l-Proline
Ĉ HoOgN 1)0.8 2.1)0

9 Glycylglycine
W 3 « 2 1)5.1) 2.67

10 d 1-Alanylglycine 
c?h10°3N2 51.0 2.55

19

C apacities o f Some Amino Acids ( l it )

TAB IE II

Cp*
cal./deg

gram
Temp.

Degrees K.
Molecular
Weight

cal./deg.
mole

Average Cp 
cal./deg. 
gram atom

0.3265 297.5 89. ID 29.09 2.21)

0.3188 296.8 171). 20 2.11)

0.351)0 296.6 131.17 U6.U3 2.11

0.2827 2 9 1 .6 181.19 51.22 2.13

298.1 21),0 2.1)0

0.3176 300.8 175.19 55.61) 2.23

0.31)60 298.1 132.16 1)5.73 2.18

0.3096 300.1) 115.13 35.61) 2.10

0.2927 291) 132.12 38.67 2.27

0.2973 296.1) 11)6.15 2.17
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TABLE I I  (Continued)

Entropies and Heat C apacities o f  Some Amino Acids

Amino Acid

s ,
c a l./ d e g .

mole

Average S , 
c a l./ d e g . 
gram atom

c a l./ d e g .
gram

Temp.
Degrees K.

M olecular
Weight

Cp>
c a l./ d e g .

mole

Average Cp, 
c a l./ d e g . 
gram atom

d 1 -  Le ucy lg  ly c i  ne 
C8H!663N2 6 7 .2 2.32 0.321*6 2 9 7 .1 188.22 6 1 .0 9 2 .1 1

Average o f  column!: 2.1*0 Average o f  column: 2 .1 9
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I I I .  THE PHYSICAL MEANING OW LOJ ENTROPY AND HEAT CAPACITY

What is the physical meaning of the fa c t  that biological systems 

have low entropy and heat capacity? This cannot be explained by the law 

of Dulong and P e tit , or indeed by any c la ssica l theory. The theories 

which do explain this successfully are a l l  based on quantum theory. The 

development of heat capacity theories w ill  be b riefly  outlined:

The c la ssica l theory o f Dulong and Petit states that for any solid  

element the atomic heat capacity Cy s 3&* where R is  the gas constant 

and equals 1.98 calories per degree C. per mole. Therefore

°v 3 3 x 1.98 s 5.9U c a l. per degree mole

This theory is  based on the concept of equipartition o f energy between 

a l l  the degrees of oscillatory freedom possessed by the system. While 

this theory was in  fa ir  agreement with the observed values for most o f  

the solid  elements, a number of exceptions were found (see the elements 

listed  on p. 1 0 ) , and i t  was soon discovered that the theory fa ils  for a ll  

solids i f  the temperature is  su ffic ien tly  low.

An important advance in  heat capacity theory was made in 1907* when 

Einstein applied quantum theory to atomic vibrations. Einstein ’ s basic 

assumption was that the atoms of a solid vibrate individually and har­

monically about their equilibrium positions with a single frequency v , 

which is  characteristic of the solid (1 0 ); his heat capacity equation i s :

Z2e*
CV = 3R

where z * ™  This eouation made Gv a function of temperature, and
FT f

i t  can readily be shown that Cy approaches zero when T approaches zero,

and that Cy approaches the classical value of 3R when T becomes large
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compared t o  6*. F or in te rm e d ia te  te m p e ra tu re s , E i n s t e i n ’ s e q u a tio n  

p r e d i c t s  a p p ro x im a te ly  the c o r r e c t  v a r ia t io n  o f  a to m ic  h e a t  w ith  tem ­

p e r a t u r e ,  b u t a t  low  tem p era tu res  i t  y i e l d s  v a lu e s  t h a t  are t o o  low  

(se e  F ig u re  5 ) .

A fu r t h e r  advance i n  th e o r y  was made b y  Debye i n  1912 . Debye t r e a t e d  

a v ib r a t in g  c r y s t a l  as though  i t  had no s t r u c t u r e ,  b u t  was an i s o t r o o i c  

homogeneous mass ( 1 6 ) .  The s tr u c tu r e  o f  the c r y s t a l  e n te re d  the c a lc u ­

la t io n s  o n ly  through  th e  v a lu e  o f  th e  maximum fr e q u e n c y  o f  harm onic 

v ib r a t io n  p o s s i b l e .  He fu r th e r  assumed th a t  the v e l o c i t y  o f  th e  d i f f e r e n t  

f r e a u e n c ie s  o f  v ib r a t i o n  were e q u a l (n o  d i s p e r s i o n ) ,  and were not a f f e c t e d  

by  te m p e ra tu re . In  r e a l i t y ,  the v e l o c i t y  i s  d ep en d en t on the fr e q u e n c y , 

and some d is p e r s io n  in e v i t a b ly  r e s u l t s .  Debye a ls o  assumed th a t  th e  m axi­

mum fr e c u e n c y  o f  the t r a n s v e r s e  v ib r a t io n s  i s  e q u a l t o  the maximum fre q u e n cy  

o f  th e  lo n g i t u d in a l  v i b r a t i o n s ,  w hich  aga in  i s  n ot t r u e .  In s p i t e  o f  th e se  

p o o r  a ssu m p tio n s , the Debye th e o r y  ap p rox im ates  the e x p e r im e n ta l d a ta  f o r  

a l l  s o l i d s  w ith  rem arkable a c cu ra cy  ( s e e  F igu re  5 ) .  I t  i s  b e l i e v e d  th a t  

the im p orta n t assu m p tion s w hich  make th e  t h e o r y  v a lu a b le  a r e : 1 ) Each 

v ib r a t io n  m ode, o r  s t a t e ,  has an e n e r g y  g iv e n  by  E i n s t e i n ’ s t h e o r y .  2 )  In  

a d d it io n  t o  th e  in d ep en d en t v ib r a t io n s  o f  th e  in d iv id u a l  a tom s, a c r y s t a l  

has many o t h e r  modes o f  v i b r a t i o n ,  w h ich  can be th ou g h t o f  as in v o lv in g  

v a r io u s  g rou p s  o f  atoms v ib r a t in g  d e p e n d e n tly . The l a t t e r  assu m ption  r e p r e ­

sen ts  an im provem ent o v e r  E in s t e in ! s th e o r y  b eca u se  i t  g iv e s  b e t t e r  agreem ent 

w ith  e x p e r im e n ta l d a ta  a t  low  te m p e ra tu re s , where th e  v ib r a t io n s  o f  low  f r e ­

quency a re  more im p o r ta n t . D eb ye ’ s e q u a t io n  i s :

where x  s  £  * kvmf Vyn ± s  the maximum fre q u e n c y  p o s s i b l e ,  and a g a in  

has a d i f f e r e n t  va lu e  f o r  e a ch  e le m e n t .
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The quantized oscillatory energy E of an atom or a group of atoms 

in the la ttice  is  given by the equation:

where n i s  the number o f  quanta o f  v ib r a t o r y  e n e rg y  ( c a l le d  p h on on s), 

and v c i s  the c l a s s i c a l  freq u en cy  o f the o s c i l l a t o r  ( 17) .  (N ote t h a t  

a t  tem p eratu res n ear a b so lu te  z e r o , when n « 0,  E s  J h v0. )

where K i s  the r a t i o  o f  the d is p la c in g  fo r c e  to  the d isp lacem en t o f  the 

atom in  the l a t t i c e  and m i s  the atom ic m ass. The q u a n t ity  K i s  p ropor­

t io n a l  to  the bonding s tr e n g th  o f  the atom in  the l a t t i c e .  When th e 

v ib r a t io n  freq u en cy  i s  lo w , the e n e rg y  o f  a phonon i s  lo w . In  l i v i n g  

m a tte r , how ever, th e com bination o f l i g h t  atoms and s tro n g  c r y s t a l  fo r c e s  

(low  m and h ig h  K in  th e above e q u a tio n ) ca u se s the p o s s ib le  fre q u e n c ie s  

o f  v ib r a t io n  to  be very h ig h , and th e r e fo r e  the e n e rg y  o f  a phonon i s  

h ig h . S in ce  th e en ergy  n e c e ssa ry  to  t r a n s f e r  even one quantum to  an atom 

in  l i v i n g  m a tte r  i s  f a r  more than the amount u s u a l ly  a v a i la b le  from the 

su rro u n d in g s, th e r e s u l t  i s  th a t  o n ly  a s m a ll f r a c t i o n  o f  th e atoms are 

ab so rb in g  and e m ittin g  quanta a t  any g iv e n  tim e . Quantum exchan ges o f  

en ergy  a re  r e l a t i v e l y  in fr e q u e n t . T h is  low r a t e  o f  exchange o f  en ergy 

w ith  the su rrou n d in gs i® the b a s ic  rea so n  why the e n tro p y  and h e a t c a p a c ity  

o f  l i v i n g  m a tte r  are so  low a t o rd in a ry  te m p e ra tu re s . Most o f  th e  atoms 

are in  t h e ir  lo w est quantum s t a t e — the s t a t e  th e y  occupy a t  a b so lu te  z e ro —  

and a re  not p a r t ic ip a t in g  i n  th e  en ergy exchan ge.

E = (n + J )h v 0 ,
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IV . THE WAVE PROPERTIES OF MATTER

Classical physicists believed that, in principle at le a st, matter 

could be completely described in terms o f the positions and velocities  

o f its  constituent particles. The progress of physics in the twentieth 

century has made i t  evident that classical physics is  inadequate for atomic- 

scale phenomena and for the interaction between electrons and electromag­

netic fie ld s (1 8 ) . Physicists have found that the complete description of 

matter, which is  provided by quantum mechanics, involves both descriptions 

in terms of particle properties and descriptions in terms of wave proper­

t ie s  (sanetimes called wave nature, or wave aspects). Material particles 

undergo diffraction as though they have the properties of waves, and the 

wavelength of electrons, atoms, molecules, and neutrons can be accurately 

measured (17, p. 1 -7 ) .

Under what conditions is  the wave nature of matter most prominent? 

Quantum physics has a clear answer to this question: Whenever we measure 

the position of a particle , its  particle aspects are clearly revealed at 

the expense of i t s  wave aspects, and the la tter become vague and inexactly 

defined as a result of the measurement (3 , p . 132-133, 137-139* 15>7). 

Heisenberg*s Uncertainty Relations demand this resu lt. On the other hand, 

whenever we measure the momentum of a p artic le , its  wave aspects are 

clearly revealed, and its  particle aspects become poorly defined.

BCHM (3* p. 132) states, ”To demonstrate this concept we 
consider, f i r s t ,  an electron with a broad wave-like packet, of 
definite momentum and, therefore, of a definite wavelength.
Such an electron is  capable of demonstrating it s  wave-like 
properties when i t  interacts with a suitable measuring appara­
tu s , such as a metal crystal. The same electron, however, is  
potentially capable o f developing into something more like a 
particle when i t  interacts with a position-measuring device, at 
which time i t s  wave-like aspects become correspondingly less  
important. But even while i t  is  acting more like a p a rtic le , the 
electron is  potentially capable of again developing i t s  wave-like 
aspects at the expense of its  p article -like aspects, i f  i t  is  
allowed to interact with a momentum-measuring device. Thus, the 
electron is  capable of undergoing continual transformation from
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w a v e -lik e  to  p a r t i c l e - l i k e  a s p e c t ,  and v ic e  v e r s a .  At any p a r t ic u la r  
sta g e  o f  i t s  developm ent, i t  may fu r th e r  tra n sfo rm , w h ile  keepin g i t s  
same g e n e ra l a s p e c t ;  or i t  may em phasise the o p p o site  a sp e c t in s te a d .
The kind o f  apparatus w ith  which the e le c tr o n  in t e r a c t s  determ ines 
which o f  th e s e  p o te n t ia l  a sp e cts  p r e v a i l s . ”

O r d in a r ily , both o f th ese  ty p es o f in t e r a c t io n  are c o n t in u a lly  o ccu rrin g  

in  m a tte r , w hether a s c i e n t i s t  i s  p re se n t to observe them or n o t. We are 

more in te r e s te d  in  the momentum -m easuring type o f  in t e r a c t io n ,  w hich r e v e a ls  

the wave p r o p e r t ie s  o f m a tte r , but f i r s t  we w i l l  pause and examine the 

fundam ental d if fe r e n c e  between the two ty p e s  o f  in t e r a c t io n .

The p o s i t io n  o f  a p a r t ic le  i s  u s u a lly  measured b y having i t  in t e r a c t  

w ith , and s c a t t e r ,  e i t h e r  l ig h t e r  p a r t i c l e s  or p h oton s. The l ig h t e r  p a r t i ­

c le s  (o r  photons) are then brought to  a focu s and the p o s it io n  o f the 

sc a tte re d  p a r t i c l e s  in  the image r e v e a ls  th e p o s it io n  where the s c a t t e r in g  

occurred ( 3 ,  p .  10U, 108- 109, 1 1 8 -1 2 0 ) . In  th is  typ e o f  measurement th ere  

must be an in t e r a c t io n  between th e  two p a r t ic le s  in  w hich at l e a s t  one 

quantum i s  exchanged, or e ls e  th e re  can be no measurement. The exchange 

o f  th e quantum in  g e n e ra l changes the e n e r g ie s  and momenta o f  the two 

in t e r a c t in g  p a r t i c l e s .  The p o s it io n  o f  a p a r t i c le  may a ls o  be measured 

by having the p a r t ic le  come through a sm all h o le  in  a screen  a t  a g iv en  

tim e. However, some kind o f  d e te c to r  d e v ice  (such  as photographic f i lm ,  

the human e y e , or a cou n tin g d e v ic e )  must be used to  prove th a t  a p a r t ic le  

a c t u a l ly  d id  come through the hole ( 1 ,  p . 3 7 2 ).  W ithout the d e te c to r  th ere  

i s  no m easurement, and th e d e te c to r  o f  course changes the e n e rg y  o f  the 

p a r t i c l e .

The momentum o f  a charged p a r t ic le  may be measured b y  f in d in g  the 

p o t e n t ia l  drop n e c e ssa ry  to  b rin g  the p a r t i c l e  to  r e s t  (3 , p . 9h-i95)*

In t h is  typ e o f  in t e r a c t io n  the t o t a l  en ergy  o f  the p a r t i c l e  does not 

change. In  coming to  r e s t  in  th e imposed f i e l d ,  the p a r t ic le  lo s e s  k in ­

e t i c  en e rg y  b u t ga in s an eq u a l amount o f  p o t e n t ia l  en e rg y  w ith  r e s p e c t  to
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the f i e l d .  Momentum may a ls o  be measured by a llo w in g  p a r t i c l e s  to undergo 

d i f f r a c t i o n  a t  a g r a t in g  and m easuring the a n g le s  of d i f f r a c t i o n  ( 3 , p . 

9ii-9£)* In t h is  case the d i f f r a c t i o n  i t s e l f  does not change the momentum 

o r th e e n e rg y  o f  the p a r t i c l e .  When l ig h t  i s  d i f f r a c t e d ,  fo r  exam ple, i t s  

d ir e c t io n  o f  p ro p a g a tio n  ch an ges, b u t i t s  e n e rg y , momentum, and freq u en cy  

do not ch an ge, (To be e x a c t ,  th e  measurement o f momentum b y  d i f f r a c t i o n  

in v o lv e s  both  kin d s o f  in t e r a c t io n  m entioned: 1 ) the d i f f r a c t i o n  o f  the 

p h oto n s, which changes t h e i r  d ir e c t io n  o f  t r a v e l  b u t does n o t change t h e ir  

e n e rg y , and 2 ) p o s i t io n  m easurem ents, when the photons s t r ik e  the film  or 

e y e , w hich o f course changes the photon e n e r g ie s .  The p o s it io n  m easure­

ments r e v e a l  the a n g le s  o f d i f f r a c t i o n ,  and th e  a n g les  o f d i f f r a c t i o n  

r e v e a l  th e  momentum o f  the p a r t i c l e s ) .

A p p a ren tly  the fundam ental d if fe r e n c e  between the two ty p e s  o f 

in t e r a c t io n  (w hich BCHM c a l l s  p o sitio n -m e a su rin g  and momentum-measuring 

in t e r a c t io n s )  i s  th a t  in  one case th e  t o t a l  en ergy o f the p a r t i c l e  i s  

co n serve d , w h ile  in  the o th e r  case the t o t a l  en e rg y  ch an ges. In  order 

to  co n sid e r the wave n atu re  o f m atter we are th e r e fo r e  p r im a r i ly  i n t e r ­

e s te d  in  in t e r a c t io n s  in  which the t o t a l  en ergy o f  a p a r t i c l e  remains 

c o n s ta n t.

At f i r s t  g la n c e , one m ight th in k  th a t  th ere  are in t e r a c t io n s  in  

which th e  en ergy o f  a p a r t i c le  i s  changed, y e t  which y i e l d  a v a lu e  fo r  

the momentum o f th e p a r t i c l e .  The Compton E f f e c t  m ight be c it e d  as such 

a c a s e . However, c a r e f u l  c o n s id e ra tio n  shows th a t t h i s  i s  not t r u e .  The 

q u a n t it ie s  a c t u a l ly  measured in  the Compton E f f e c t  a re  the momentum o f  the 

in c id e n t  p h oton s, and the a n g le s  o f d e f le c t io n  and. th e  momenta o f the 

d e f le c t e d  photons. The r e f l e c t i o n  o f  a photon from a c r y s t a l  l a t t i c e  in  

an x - r a y  sp ectrom eter does not change i t s  e n e rg y , and, th e r e fo r e , measures 

i t s  momentum. T h is  momentum in fo rm a tio n  i s  then used in  c a lc u la t io n s
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con cern in g the i n i t i a l  c o l l i s i o n  o f  photon and e le c t r o n .  The i n i t i a l  

c o l l i s i o n  i s  the typ e  o f  in te r a c t io n  th a t  r e v e a ls  p a r t i c l e  n a tu re , s in c e  

the e n e rg ie s  o f the two p a r t i c l e s  are changed by th e c o l l i s i o n .
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V. THE RELATION OF WAVE PROPERTIES AND ENTROPY

An atom in  a s o l id  w i l l  in  g e n e r a l p o sse ss  some p a r t i c l e  p r o p e r t ie s  

and some wave p r o p e r t ie s ,  s in ce  i t  i s  undergoing b o th  ty p e s  o f  in t e r ­

a c t io n  d e s c r ib e d  in  the p rev io u s  s e c t io n .  (However, i f  one a s p e c t  i s  

w e l l  d e fin e d  a t  any g iv en  time the o th e r  a sp e c t must be co rre sp o n d in g ly  

va g u e, in  accordance w ith  th e U n c e rta in ty  R e la t io n s ) .  The atom is  

exch an gin g photons and phonons w ith  i t s  su rro u n d in g s, which r e v e a ls  i t s  

p a r t i c l e  n a tu re , s in ce  e n e rg y  auanta are b e in g  em itte d  and ab so rb ed .

The same atom i s  o s c i l l a t i n g  h a rm o n ica lly  about i t s  l a t t i c e  p o s it io n  o f  

minimum e n e rg y . This o s c i l l a t i o n  i s  an e le c tr o m a g n e tic  f i e l d  in t e r a c t io n  

in  which the t o t a l  en e rg y  i s  con served , even though k in e t ic  and p o t e n t ia l  

en ergy are c o n t in u a lly  exchanged; t h e r e fo r e ,  the in t e r a c t io n  i s  the typ e  

th a t  r e v e a ls  wave n a tu re . A g iv e n  atom w i l l  e x h ib i t  i t s  wave p r o p e r t ie s  

e x c e p t when In te rru p te d  b y  the a b so rp tio n  or em issio n  of* a  quantum, which 

r e v e a ls  p a r t i c l e  p r o p e r t ie s  a t the expense o f  wave p r o p e r t ie s .

I f  a s o l id  i s  heated t o  a h igh  tem perature (a  tem perature such th a t  

Cy i s  n ear 5 .9  c a l ./ d e g .  m ole) i t s  p a r t ic le  nature w i l l  predom in ate, 

s in ce  n e a r ly  a l l  o f  i t s  atoms a re  exchanging quanta. I f  a s o l id  i s  cooled  

n e a r ly  to  a b so lu te  zero  i t s  wave n ature w i l l  pred om in ate, s in ce  r e l a t i v e l y  

few o f  i t s  atoms a re  exchanging ouanta w ith  the su rrou n d in gs. An atom in  

a s o l id  a t  a b so lu te  zero  s t i l l  p o ss e s s e s  a h a lf-cu a n tu si o f v ib r a t io n  en ergy  

(when n * 0, see eq u a tio n  on p . 23) and t h is  v ib r a t io n  r e v e a ls  the wave 

a s p e c ts  o f  the atom, s in ce  i t s  e n e rg y  i s  con served .

I t  has a lr e a d y  been mentioned ( p . 23) th a t  in  lo w -en tro p y  su bstan ces 

th e  exchange o f  auanta is  a r e l a t i v e l y  in fre q u e n t occu rren ce th a t  in v o lv e s  

the independent o s c i l l a t i o n  o f o n ly  a sm a ll f r a c t io n  o f  th e  atoms a t  any 

g iv e n  tim e . A low -en trop y m a te r ia l then has o n ly  a sm all f r a c t i o n  o f  atoms
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whose p a r t ic le  a s p e c ts  are predom inant, w h ile  i t  has a la rg e  f r a c t i o n  o f 

atoms whose wave a s p e c ts  are  predom inant. T h e r e fo re , su b stan ces w ith  low 

e n tro p y  (and low  h e a t c a p a c ity )  have a h igh  degree o f  wave n a tu re . Wave 

p r o p e r t ie s ,  which are s t r o n g ly  predom inant in  a l l  m a tte r  a t  a b s o lu te  z e r o , 

are s tr o n g ly  predom inant even a t  room tem perature in  su b stan ces th a t  have 

low en tro p y  and h e a t c a p a c i t y ,  such a s  l i v i n g  m a tte r .

I t  fo llo w s  from the p re ce d in g  argument th a t  the lo w -h e a t- c a p a c ity  

s e r ie s  o f  e lem en ts on page 17 a ls o  r e p r e s e n ts  the ch e m ica l elem ents 

e x h ib i t in g  th e h ig h e s t  d egree o f  wave n a tu re , in  d e c r e a s in g  o rd e r . From 

t h is  s e r ie s  we see th a t  the elem ents th a t  are  im p ortan t to  l i f e  have v e r y  

high d egrees o f  wave n atu re  under o rd in a ry  t e r r e s t r i a l  c o n d it io n s . Carben 

(the elem ent th a t  i s  b a s ic  to  l i f e )  has the h ig h e s t  d e g re e  o f wave n atu re  

o f  a l l  th e e le m e n ts; H, N, and 0 (th e  elem en ts t h a t ,  w ith  carbon, c o n s t i ­

tu te  99 p e r  c e n t o f  l i v i n g  m a tte r)  are in  p o s it io n s  2, L , and 7; and P and 

S (which are  im p ortan t c o n s t itu e n ts  o f  p r o te in s  and n u c le ic  a c id s )  are 

in  p o s it io n s  9 and 10.
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V I. STATISTICAL ANALYSIS OF RESULTS

We have seen th a t  the ch em ical e lem en ts most im p ortan t to l i f e  a re  

bunched a t  th e  h ig h  end o f the w ave-n atu re  s e r i e s .  What i s  th e  p r o b a b i l i t y  

t h a t  t h is  r e s u l t  occu rred  b y  chance? Our q u e stio n  w i l l  be s ta te d  in  the

fo llo w in g  form : What i s  th e  p r o b a b i l i t y  th a t  C w i l l  be f i r s t  in  the s e r ie s

H, N, and 0 w i l l  be found i n  p o s it io n s  2 through 7$ and P and S w i l l  be

found in  p o s it io n s  8 th ro u gh  10? In  term s o f  s t a t i s t i c s  we have d iv id e d  

th e  92 n a t u r a l  ch em ica l elem en ts in t o  fo u r  groups: s  1 ( C ) ,  %  s 3

(H , N, and 0 ) ,  N3 *  2 (P and S ) ,  and ■  86 ( a l l  th e  o th e r  e le m e n ts ).

The t o t a l  number o f  ways t h a t  th e se  s ix  elem ents can be d is t r ib u t e d  th rough  

o u t th e 92 elem en ts ( t o t a l  number o f  perm utation s o f  the 92 elem ents tak en  

a l l  a t  a tim e) i s  th e n :

A H

N ,! Nr.1 N3\ N>\
? z !

l ! 3 j z l  2 6 !
= 4.2.7$ x  lo ‘°

The number o f  p erm utations th a t s a t i s f y  the c o n d itio n s  o f  the problem  is ?  

=  1  fo r  C; =  N, and 0* and £ "fjj~  ^  ^or  ̂ an<*

S in c e  th e p erm u tation s fo r  each  group o f  elem ents a re  in d ep en d en t, th e 

t o t a l  number i s  1 x 2 0 x 3  = 60. The p r o b a b i l i t y  o f  o ccu rren ce  b y  chance 

i s  th e n :
60

4.278 X/0/e 1.4-02. X /0~9

o r  a p p ro xim ately  one out o f  a b i l l i o n .

For com parative purposes we w i l l  c a lc u la t e  th e  p r o b a b i l i t y  o f  

o ccu rren ce  by chance o f  an a lt e r n a t iv e  h y p o th e s is ;  nam ely, t h a t  the 

cherrdcal elem en ts o f  lo w e st atom ic number (o r  o f  lo w e st atom ic w e ig h t)  

are m ost im p ortan t to  l iv in g  m a tte r . In t h i s  ca se  th e s e r ie s  o f  elem en ts 

i s  th e  fa m il ia r  one found in  th e  P e r io d ic  T a b le , and elem ents C , H, N, and 

0 are found in  p o s it io n s  6 ,  1 ,  7 ,  and 8 ,  r e s p e c t i v e l y ,  w h ile  P and S w i l l



31

be found in  p o s i t io n s  l£  and 16 . S in ce  carbon i s  n o t in  p o s it io n  1  in  

t h i s  s e r i e s ,  th e sta tem en t o f  the problem  must be changed to  th e  fo llo w in g :  

What i s  th e  p r o b a b i l i t y  t h a t  C, H, N, and 0 w i l l  be found in  p o s it io n s  1  

through 8, and P and S w i l l  be found in  p o s it io n s  9 through 16 ? The t o t a l  

number o f  p erm u tation s i s :

4 ! a  Be / 1,010  x io *

The number o f  p erm u tation s th a t  s a t i s f y  the c o n d it io n s  o f  th e  problem  i s  :

8 /
414! ~

fo r  C, H, N, and 0; and g j ____
!

= 2 .2  f o r  P and

which makes a t o t a l  o f  70 x  28 s  1 ,9 6 0 . The p r o b a b i l i t y  o f  o ccu rre n ce  by 

chance i s :

p — —  f §33 x 10~7
1,070X10

o r ro u g h ly  2 ou t o f  te n  m i l l io n .  S in ce

L S33x /£"7 _  _
/ ,402.x /0~9

we see th a t  th e  c o r r e la t io n  o f atom ic number and im portance t o  l i f e  i s  13 1  

tim es more l i k e l y  to  o cc u r  b y  chance than i s  th e c o r r e la t io n  o f  a h igh  

degree o f  wave nature w ith  im portance to  l i f e .

A nother approach i s  to  c a lc u la t e  c o e f f i c i e n t s  o f  c o r r e la t io n  based 

on the average p o s i t io n  o f  C, H, N, an d  0 ( fo r  exam ple) i n  the two s e r ie s  

o f  e le m e n ts . (To con tin u e th e exam ple, th e average p o s it io n  o f  th ese  

fou r elem en ts i n  the wave n ature s e r ie s  o f  the 92 e lem en ts i s  ~  s  3i *

An averag e  p o s i t io n  o f  1+2+3+b -  would correspon d to  a  p e r f e c t  c o r r e la t io n  

c o e f f i c i e n t  o f  1 . 000, and an averag e  p o s i t io n  o f  h&k would correspond to  a 

c o e f f i c i e n t  o f  z e r o . The observed  c o e f f i c i e n t  o f  c o r r e la t io n  in  t h is  case 

i s  ~ 3~2 -  k3 a +0.977)* The r e s u l t s  o f  th ese  c a lc u la t io n s  a re  shown
USf -  “  uu

in  T ab le  I I I .
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TAB IE I I I

Comparison o f  C o e f f ic ie n t s  o f  C o r r e la t io n  For Two Cases

For C For C,H,N, & 0 For C .H .N .O .P . & S
C o e f f i c ie n t  o f  C o r r e la t io n  
betw een  wave p r o p e r t ie s  
and im portance to  l i f e . +1.C00 +0.977 +0.951*

C o e f f i c ie n t  o f  C o r r e la t io n  
betw een low  atom ic No. and 
im portan ce to  l i f e . +0.890 +0.932 +0 .8 76

Not o n ly  does the atom ic number s e r ie s  g iv e  much h ig h e r  p r o b a b i l i t i e s  

6f  chance o ccu rre n ce  and low er c o e f f i c i e n t s  o f  c o r r e la t io n  i n  e v e r y  ca se , 

b u t i t  f a i l s  c o m p le te ly  to  e x p la in  why carbon i s  the b a s ic  ch em ica l e l e ­

ment o f  l i v i n g  m a tte r . S in c e  th e  ch e m ica l e le m e n ts  w ith  a h ig h  d egree  o f  

wave n a tu re  a re  in  g e n e r a l e lem en ts o f  low atom ic number (and low  atom ic 

w e ig h t ) ,  th e r e  i s  some c o r r e la t io n  betw een th e  l a t t e r  and im portan ce t o  

l i f e ,  but a l l  th e d a ta  in d ic a t e  th a t  the more fun dam en tal r e la t i o n s h i p  i s  

betw een predom inance o f  wave p r o p e r t ie s  and im p ortan ce to  l i f e .  The d a ta  

show t h a t  th e  p r o b a b i l i t y  o f  t h i s  c o r r e la t io n  o c c u r r in g  b y  chance i s  

v a n is h in g ly  s m a ll .

The r e s u l t s  in d ic a t e  th a t  predom inance o f  the wave p r o p e r t ie s  o f  

m a tte r  i s  a n e c e s s a r y , b u t n ot a s u f f i c i e n t ,  c o n d it io n  t h a t  m ust be met 

i n  l i v i n g  m a tte r  in  ord er t o  p r e s e r v e  th e  h ig h  d e g re e  o f  o rd e r  e x i s t i n g  

t h e r e in .  T hat i t  i s  n ot a s u f f i c i e n t  c o n d it io n  i s  e v id e n t  from  a c o n s id e r­

a t io n  o f  sim ple su b sta n ce s  in  w hich  th e wave a s p e c ts  o f  m a tte r  are predom i­

n a n t. A diamond c r y s t a l ,  f o r  exam p le, does n ot e x h i b i t  th e  phenomena

c h a r a c t e r i s t i c  o f  l i f e .
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V I I .  THE RELATION OF BIOLOGICAL SYSTEMS TO OTHER PHYSICAL SYSTEMS

A . C on d en sates in  Momentum S p a ce .

The p r e c e d in g  s e c t io n s  have shown t h a t  th e wave a s p e c ts  o f  m a tte r  

are h i g h ly  predom inant i n  b i o l o g i c a l  s y s te m s . To th e  a u th o r ’ s  k n ow led ge, 

t h is  i n t e r e s t i n g  and s i g n i f i c a n t  f a c t  has not been p r e v io u s ly  p o in te d  

o u t. T h is  f a c t  i s  s i g n i f i c a n t  b ecau se  i t  means t h a t  th e  p h y s i c i s t  may 

be a b le  to  c l a s s i f y  b i o l o g i c a l  system s w ith  o th e r  m a cro sco p ic  p h y s i c a l  

system s i n  which the wave p r o p e r t ie s  o f  m a tte r  a re  h i g h ly  p red o m in an t, 

such a s  e l e c t r i c a l  co n d u ctio n  in  m e ta ls ,  s u p e r c o n d u c t iv ity  in  m e t a ls ,  and 

the p e c u l i a r  b e h a v io r  o f  h eliu m  n ea r a b s o lu te  z e r o .  The l a t t e r  two s y s ­

tems a re  th e  o n ly  two known c a s e s  o f  s u p e r f l u i d i t y ,  and in v o lv e  an o rd e r in g  

in  momentum sp ace r a t h e r  th an  in  c o - o r d in a te  s p a c e . In  th e  c a s e  o f  o rd in a ry  

e l e c t r i c a l  c o n d u c tio n , th e  co n d u ctio n  e le c t r o n s  a re  h i g h ly  d e g e n e ra te  a t  

room tem p era tu re  and much h ig h e r ,  and the F e rm i-D ira c  quantum r e s t r i c t i o n s  

on t h e i r  momenta a r e  o f  c o n t r o l l in g  im p o rta n ce . How can b i o l o g i c a l  system s 

be p h y s i c a l l y  r e l a t e d  t o  th e s e  o th e r  m a cro sco p ic  sy ste m s?

A c co rd in g  to  MENDELSSOHN ( 1 9 ) ,  th e  c h a r a c t e r i s t i c  p r o p e r t ie s  o f  a 

momentum con d en sate  a r e :  1 ) v e r y  lo w  e n tr o p y , and 2 ) some e s s e n t i a l  

fe a tu r e  o f  the system  i s  spread o v e r  th e  w hole volume o f  the momentum con­

d e n s a te . In  th e  ca se  o f  a su p e rco n d u ctin g  r i n g ,  th e  e s s e n t i a l  fe a tu r e  i s  

th e  e l e c t r i c  c u r r e n t  t h a t  goes on i n d e f i n i t e l y  th ro u g h o u t the r in g  w ith o u t 

any so u rce  o f  e le c tr o m a g n e t ic  fo r c e  t o  d r iv e  i t .  The w a v e -fu n c tio n s  o f  the 

su p e rco n d u ctin g  e le c t r o n s  a re  sp read  o v e r  th e  e n t i r e  r i n g .  Even f o r  o rd in ­

a r y  e l e c t r i c a l  c o n d u c tio n , th e  w a v e -fu n c tio n s  o f  th e  co n d u ctio n  e le c t r o n s  

have e x t e n t s  o f  th e  o rd e r  o f  hundreds o f  tim e s  th e d is t a n c e s  betw een atoms 

( 1 6 ,  p . 239-21*0).
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In th e  case o f  helium  I I ,  a somewhat s im i la r  s i t u a t i o n  e x i s t s  (2 0 ) . 

H e is e n b e rg 's  U n c e r ta in ty  R e la t io n s  s t a t e  t h a t  the u n c e r t a in t y  in  the p o s i­

t io n  o f  a p a r t i c l e  ( ^ x ) ,  m u lt ip l ie d  by the u n c e r ta in ty  i n  the momentum o f  

th e  p a r t i c l e  ( A p ) >  w i l l  a lw ays be a t  l e a s t  o f  the o r d e r  o f  m agnitude o f  

h/2?r. In  helium  I T , th e  d e g en erate  atoms a re  in  the lo w e s t momentum s t a t e ,  

and t h e r e fo r e  the u n c e r t a in t y  i n  t h e i r  momentum i s  v e r y  s m a ll. C o n sea u en tly , 

th e u n c e r t a in t y  in  t h e i r  p o s i t io n  i s  so la r g e  th a t  th e y  cannot be lo c a te d  

a t  a l l ,  e x c e p t  t h a t  th e y  a re  con fin ed  t o  the g iv e n  volume o f  the l i o u i d .

The w a v e -fu n c tio n  o f  such an atom must be spread u n ifo rm ly  o v e r  the whole 

volum e. I f  a c r y s t a l  l a t t i c e  f o r  helium  I I  has any m eaning a t  a l l ,  th e 

l a t t i c e  p o in ts  m ust mark a s e r i e s  o f  maxima i n  the w a v e -fu n c tio n  o f e v e r y  

atom .

B. Quantum -M echanical R esonance.

L iv in g  m a tte r  m eets M en d elsso h n 's reo u ire m e n ts  f o r  a momentum con­

d e n s a te , and b e lo n g s  to  t h i s  c la s s  o f  p h y s ic a l  sy ste m s; i t  has v e ry  low 

e n t r o r y ,  and i t  has an e s s e n t i a l  f e a t u r e — th e  phenomena o f  l i f e — sp read  

o v e r  i t s  e n t i r e  volum e. The problem  i s  to  t r e a t  b i o l o g i c a l  phenomena in  

p h y s i c a l  term s an alogous to  the trea tm en t o f  o th e r  m a cro sco p ic  momentum 

c o n d e n sa te s . How t h is  w i l l  be done i s  a m a tte r  o f  s p e c u la t io n .  I t  i s  

h i g h ly  im probable t h a t  the w a v e -fu n c tio n s  o f  in d iv id u a l  atoms i n  a p r o t e in  

m o le c u le , f o r  exam ple, are spread o v e r  the e n t i r e  m o le c u le , s in c e ,  u n lik e  

th e  h elium  I I  system , the atoms are s t r o n g ly  bonded t o g e t h e r .  I t  i s  much 

more l i k e l y  t h a t  th e w a v e -fu n c tio n s  o f  some o f  the v a le n c e  e le c t r o n s  exten d  

th ro u g h o u t th e p r o t e in  m olecu le  by means o f  quantum -m echanical re s o n a n c e , 

s in c e  s u i t a b le  m o le c u la r  o r b i t a l s  e x i s t  th ro u gh o u t p r o t e i n s .  In  th e  alph a 

h e l i x  o f  a t y p i c a l  p r o t e in ,  the m ost p ro b a b le  lo c a t io n  o f  su ch  o r b i t a l s  

would be a lo n g  th e  fo l lo w in g  atom ic ch a in s  ( 2 1 ) :
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I  I I
—C - N — / - / " • •  O = C — N — H —  0 — C  —

/  l
and so o n , where . . . .  in d ic a t e s  hydrogen b o n d in g . T hese o r b i t a l s  do n ot 

fo llo w  th e  s p i r a l  o f  th e  h e l i x ,  b u t jump betw een  the c o i l s  o f  the h e l i x  

by fo l lo w in g  th e  h yd rogen  bonds. Three such atom ic c h a in s  t h a t  a re  r o u g h ly  

p a r a l l e l  e x i s t  i n  e v e r y  a lp h a  h e l i x .  A nother im p o rta n t reso n an ce  s t r u c t u r e  

fo r  th e s e  atom ic ch a in s i s  i l l u s t r a t e d  as f o l lo w s :

I I I
—  C=N"-H  ■— • 0 —  C - N - ’ -H— 0  —  d  = ■

I I
The C-N bond has a p p ro x im a te ly  ItO p e r c e n t  d ou b le bond c h a r a c te r  ( 2 1 ) .  

Q uantum -m echanical reson an ce o ccu rs  betw een th e se  (an d  o th e r )  s t r u c t u r e s ,  

w ith  th e  p ro b a b le  r e s u l t  t h a t  the w a v e -fu n c tio n s  o f  the p i  e le c t r o n s  ( e l e c ­

tr o n s  form in g th e  second and t h ir d  v a le n c e  bonds when m u lt ip le  bonds o cc u r  

betw een atom s) w i l l  ex te n d  over th e e n t i r e  c h a in . The same c h a in s  o f  atoms 

w ith  the same reson an ce s t r u c t u r e s  a l s o  o ccu r in  th e  p le a te d  s h e e t  a rra n g e ­

ments o f  p r o t e i n s .  E n erg y  m ig ra tio n  th ro u g h  p r o t e in s  has been r e p o rte d  to  

ta k e  p la c e  ( 2 2 , 2 3 ); th e  m o le c u la r  o r b i t a l s  s u g g e s te d  above r e p r e s e n t  

p ro b a b le  r o u te s  f o r  t h i s  m ig r a t io n .

The b a s i c  p r in c i p le  o f  quantum -m echanical reso n a n ce  (som etim es c a l le d  

mesomerism) w i l l  be b r i e f l y  sum m arized. I f  two o r more v a le n ce -b o n d  s t r u c t u r e s  

can b e  w r i t t e n  fo r  a g iv e n  m o le c u le , co rre sp o n d in g  t o  two o r more w ave- 

fu n c t io n s  f o r  th e  sy s te m , th e  tr u e  w a v e -fu n c tio n  i s  found by a l i n e a r  com bi­

n a tio n  o f  th e  two o r more w a v e -fu n c tio n s  as  fo l lo w s  ( 2 1 ,  p . 1 1 - 1 2 ) :

Y =  * » v »  + + a*Y + ....=  H
h

T his i s  known as th e  p r i n c i p l e  o f  s u p e r p o s it io n  o f  Quantum s t a t e s .  The 

tru e  w a v e - f u n c t io n Y i s  found b y a d ju s t in g  th e c o e f f i c i e n t s  ( * i ,  a 2 , and 

so on) so t h a t  th e  e n e r g y  o f  th e system  i s  a minimum, and Y i s  to  be 

reg ard ed  as a h yb rid  o f  th e c o n t r ib u t in g  w a v e - fu n c t io n s . The tru e  v a le n c e
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s t r u c t u r e  o f  the m o le cu le  i s  a l s o  re g a rd e d  as a h y b r id , o r  w e ig h ted  

a v e r a g e , o f  the c o n t r ib u t in g  va len ce -b o n d  s t r u c t u r e s .  The p h y s i c a l l y  

s i g n i f i c a n t  p r o b a b i l i t y  fu n c tio n  i s  p r o p o r t io n a l  to  ,  and i t  can be 

seen  from th e  above e q u a tio n  th at^ V  w i l l  in v o lv e  i n t e r a c t i o n  term s su ch  

as a 2a 3^£1?§» e t c * These i n t e r a c t i o n  term s a re  r e s p o n s ib le  f o r

the d e c re a se  in  e n e rg y  b elow  th a t  o f  an y o f  the c o n t r ib u t in g  w a v e -fu n c tio n s

e^c. ( 2 k ) .

Resonance a l s o  o ccu rs  i n  th e  d e o x y r ib o n u c le ic  a c id  (DNA.) t h a t  makes 

up th e  chromosomes o f  l i v i n g  t h in g s — th e  su b sta n ce  t h a t  c o n tr o ls  the 

h e r e d it y  o f  a l l  form s o f  l i f e .  The n itro g e n o u s  b a se s  found i n  DNA 

( a d e n in e , th ym in e, g u an in e , and c y to s in e )  have a ro m a tic  r in g  reson an ce 

s t r u c t u r e s  as w e l l  as hydrogen bond reso n a n ce  s t r u c t u r e s  betw een  opposin g 

p a ir s  o f  b a se s  ( 2 1 ,  p . 30li-308, 502-50U)* In  c h lo r o p h y ll  ( th e  g re en  p i g ­

ment o f  p la n t s  t h a t  i s  o f  g r e a t  im p ortan ce i n  p h o to s y n th e s is )  and in  th e  

v e r y  s im i la r  heme group in  the re d  b lo o d  c e l l s  o f  mammals, th e re  are r in g  

system s o f  c o n ju g a te d  d ou b le bonds i n  w h ich  reson an ce o c c u r s . In th e se  

c o n ju g a te d  r in g s  th e  p i  e le c t r o n s  can n ot o n ly  o s c i l l a t e ,  a s  i n  a s t r a i g h t -  

ch a in  c o n ju g a te d  s y s te m , b u t  th e y  can a ls o  c i r c u l a t e  around th e  r i n g  ( 2 5)•

In the modern concept of photosynthesis, energy-rich p i electrons are led 

away from the chlorophyll molecule by electron carrier molecules and are 

handed around a circular chain of reactions, where they give up their  

energy b it  by b it (26) .  They then return to the chlorophyll molecule, 

which is  now ready to absorb another photon*

In  the same way t h a t  th e  w a v e -fu n c tio n  o f  a p i  e le c t r o n  i n  the benzene 

m o le cu le  i s  sp read  o v e r  th e  e n t i r e  r i n g ,  th e  w a v e -fu n c tio n s  o f  la r g e  num­

b e r s  o f  p i  e le c t r o n s  i n  p r o t e in  m o le c u le s  cou ld  be sp read  o v e r  th e  v a s t  

e x t e n t  o f  th e s e  much more com plex m o le c u le s . Such reson an ce phenomena 

may be th e  auantum -m echanical b a s is  o f  th e  e x te n s io n  o f  b i o l o g i c a l  phenomena
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in t o  m a cro sco p ic  d im e n sio n s. For com p arison , th e  wave n atu re  o f  m a tte r  

i s  s t r o n g ly  predom inant in  a diamond c r y s t a l ,  b u t th e  w a v e -fu n c tio n s  o f  

the sigma v a le n c e  e le c t r o n s  ( e le c t r o n s  t h a t  form th e  v a le n c e  bond o f  

lo w e s t  e n e rg y  betw een  atom s) do not e x te n d  much beyond th e  r e g io n  betw een 

two a d ja c e n t  carbon atom s. There are no e le c t r o n s  i n  th e  co n d u ctio n  band 

a t  o r d in a r y  te m p e r a tu r e s , and th e r e fo r e  no mechanism by which w a v e -fu n c tio n s  

can e x te n d  o v e r  lo n g  d is t a n c e s .

The m ost numerous and most im p o rtan t exam ples o f  quantum -m echanical 

reson an ce o c c u r  in  atom ic system s h a v in g  one or more m u lt ip le  v a le n c e  

bends betw een atom s.

In  t h i s  c o n n e c tio n , PITZER (2U , p .  167) s a y s  ’’A nother i n t e r e s t i n g  
p r o p e r ty  o f  m u lt ip le  bonding i s  i t s  a lm ost com plete l o c a l i z a t i o n  t o  
th e f i r s t  row o f  e i g h t  in  th e  P e r io d ic  T able  (IA  to  N e). T h is  im p lie s  
e f f e c t i v e l y  th e  e le m e n ts  0 , N, C, B, and p o s s i b ly  B e, s in c e  u n iv a le n t  
e le m e n ts  co u ld  not n o rm a lly  form m u lt ip le  b o n d s. There are v e r y  few  
exam ples o f  m u lt ip le  bonding in  th e  s t a b le  form o f  s u b s ta n c e s  in v o lv in g  
h e a v ie r  a to m s .”

In a d d it io n ,  PAULING ( 2 1 ,  p .  U £2-li£3), HIUE ( 2 7 ) ,  and o th e rs  c o n s id e r  r e s o ­

nance im p o rtan t in  e x p la in in g  the s t a b i l i t y  o f  the v e r y  im p o rtan t hydrogen  

bond betw een two a to n s . I t  i s ,  t h e r e f o r e ,  i n t e r e s t i n g  t o  n o te  t h a t  reson an ce 

i s  o f  g r e a t e s t  im portan ce in  d e s c r ib in g  th e  c h e m ica l bonding o f  th e  e le m e n ts  

C, H, B , N, and 0; w h ich  a re  in  g e n e r a l the e le m e n ts  w ith  the h ig h e s t  d egree  

o f wave predom inance and th e e lem en ts o f  g r e a t e s t  im p ortan ce t o  b i o l o g i c a l  

sy ste m s. I t  sh o u ld  not be s u r p r is in g  t o  f in d  t h a t  t h e r e  i s  a r e la t i o n s h i p  

betw een reson an ce and phenomena o f  l i f e ; reson an ce can  be re g a rd e d  as th e  

mechanism b y w hich the w a v e -fu n c tio n s  o f  th e  p i  v a le n c e  e le c tr o n s  can exten d  

o v e r  r e l a t i v e l y  lo n g  d i s t a n c e s ,  w ith  th e r e s u l t  t h a t  l i v i n g  organ ism s can 

ex te n d  in t o  m a cro sco p ic  d im en sio n s. Q uantum -m echanical reson an ce i s  a 

s p e c i f i c  exam ple o f  the predom inance o f  th e wave p r o p e r t ie s  o f  m a tte r  i n  

th e se  e le m e n ts  a t  o r d in a r y  te m p e ra tu re s .
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V I I I .  SUMMARY AP© CONCLUSIONS

A K op p 's Law h e a t  c a p a c it y  v a lu e  fo r  n it r o g e n  in  s o l i d  compounds 

was c a lc u la t e d  from h e a t c a p a c i t y  d a ta  f o r  59 compounds c o n ta in in g  a t  

l e a s t  10 atom ic p e r c e n t  n it r o g e n . The r e s u l t  was 3*U, compared t o  th e  

v a lu e  o f  6 .3  o r 6 .U i n  p r e s e n t  t a b l e s .  F u rth e r  e v id e n c e  i s  g iv e n  showing 

t h a t  th e  l a t t e r  v a lu e s  are to o  h ig h .

K op p 's Law and l i t e r a t u r e  d a ta  were u sed  to  show t h a t  th e  e s s e n t i a l  

s t r u c t u r e s  o f  b i o l o g i c a l  system s have v e r y  low  h e a t c a p a c i t i e s  and e n t r o ­

p i e s ,  and th e  developm ent o f  modern quantum t h e o r ie s  o f  h e a t  c a p a c i t y  was 

o u t l in e d .  The f a c t  t h a t  a l l  l i v i n g  t h in g s  have low  e n t r o p ie s  and low h e a t 

c a p a c i t i e s  s u g g e s ts  th a t  th e  d i s o r d e r ly  e f f e c t  o f  h e a t  i s  d i a m e t r i c a l ly  

opposed t o  th e  o r d e r ly  p r o c e s s e s  o f  l i f e ,  and t h a t  th e  p r o c e s s e s  o f  l i f e  

r e q u ir e  some s o r t  o f  p r o t e c t io n  a g a in s t  the d is r u p t iv e  bombardment o f  

r a d ia t io n  ouanta and n e ig h b o rin g  atom s. The p r o t e c t io n  r e s u l t s  from  the 

f o l lo w in g  s i t u a t i o n :  S in ce  th e  atoms o f  th e  most im p o rta n t s u b s ta n c e s  in  

l i v i n g  m a tte r  are l i g h t  and a re  h e ld  t o g e t h e r  b y s tr o n g  bonding f o r c e s ,  

m ost o f  th e  e n e rg y  quanta a v a i la b le  a t  o r d in a r y  te m p e ra tu re s  have i n s u f f i ­

c ie n t  e n e r g y  to  s e t  th e se  atoms in t o  o s c i l l a t i o n ,  and th e r e fo r e  a re  n o t 

ab so rb ed  b y  l i v i n g  m a tte r . The r e s u l t  i s  t h a t  l i v i n g  m a tte r  i s  l a r g e l y  

untouched b y  th e  p e l t in g  h a i l  o f  th erm al d is o r d e r  su rro u n d in g  i t .

An a n a ly s is  o f  th e  two ty p e s  o f  quantum -m echanical i n t e r a c t io n s  betw een 

p a r t i c l e s  (w hich BOHK c a l l s  p o s it io n -m e a s u r in g  and momentum-measuring i n t e r ­

a c t i o n s ) ,  and th e  in t e r a c t io n s  o c c u r r in g  in  lo w -e n tro p y  s y s te m s , in d ic a t e s  

t h a t  th e  wave a s p e c ts  o f  m a tte r  a re  s t r o n g iy  p redom in an t i n  th e  ch em ica l 

e le m e n ts  t h a t  are m ost im p o rtan t t o  b i o l o g i c a l  sy s te m s . The c o r r e la t io n  

betw een th e  predom inance o f  th e  wave p r o p e r t ie s  o f  ch e m ica l e lem en ts in  

s o l id s  a t  o r d in a r y  te m p e ra tu re s  and th e  im p ortan ce o f  th e se  e le m e n ts  to
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l i v i n g  m a tte r  i s  s t r o n g ,  and s t a t i s t i c a l  a n a ly s is  shows t h a t  th e  p r o b a b i l i t y  

o f  t h i s  c o r r e l a t i o n  o c c u r r in g  by chance i s  i n f i n i t e s i m a l .  The e v id e n c e  

in d ic a t e s  t h a t  the wave a s p e c ts  o f  m a tte r  are s t r o n g ly  predom inant in  l i v i n g  

o rg a n ism s, and s u g g e s ts  t h a t  wave predom inance i s  a n e c e s s a r y ,  b u t n ot a 

s u f f i c i e n t ,  c o n d it io n  f o r  th e e x is t e n c e  o f  l i f e .  T h is  i s  p r o b a b ly  the fun d a­

m en ta l re a so n  th e  p a r t i c u l a r  ch em ica l e le m e n ts  ca rb o n , h yd rogen , n it r o g e n , 

and oxygen  c o n s t i t u t e  more than 99 p e r c e n t  o f  l i v i n g  m a tte r .

From an a n a ly s is  o f  the a v a i la b le  d a ta  i t  ap p ears th a t  b i o l o g i c a l  

system s b e lo n g  to  th e  same c la s s  o f  p h y s i c a l  system s as do h eliu m  I I  and 

su p e rco n d u ctin g  e l e c t r o n s — a l l  th r e e  o f  th e s e  m a cro sco p ic  system s a re  con­

d e n sa te s  in  momentum s p a c e , the wave p r o p e r t ie s  o f  m a tte r  a re  s t r o n g ly  p r e ­

dominant in  a l l  th r e e  s y s te m s , and a l l  th r e e  have v e r y  low e n t r o p ie s .  By 

means o f  cuantum -m echanical re s o n a n c e , the w a v e -fu n c tio n s  o f  many p i  v a le n c e  

e le c tr o n s  in  th e  m ost im p o rtan t s t r u c t u r e s  o f l i v i n g  m a tte r  can spread o v er 

r e l a t i v e l y  lo n g  d i s t a n c e s .  T h is  ap p ears to  be th e mechanism by w hich  b io ­

l o g i c a l  o r g a n iz a t io n  can  exten d  in t o  m acro sco p ic  d im e n sio n s, and reson an ce 

can be re g a rd e d  as a s p e c i f i c  exam ple o f  the predom inance o f  the wave p r o p e r ­

t i e s  o f  m a tte r  i n  b i o l o g i c a l  sy ste m s.
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VITA

The a u th o r was b o rn  Septem ber 28, 1 9 1 9 , in  W est P l a i n s ,  M is s o u r i ,  

where he r e c e iv e d  h is  p rim a ry  and se co n d a ry  e d u c a t io n . H is c o l le g e  ed u ­

c a t io n  was r e c e iv e d  a t  Kenper M i l i t a r y  S c h o o l ,  B o o n v i l le ,  M is s o u r i;  

W ashington  U n i v e r s i t y ,  S t .  L o u is , M is s o u r i;  and th e  U n iv e r s i t y  o f M is s o u r i 

S c h o o l o f  Mines and M e ta llu r g y . He r e c e iv e d  a B a c h e lo r  o f  S c ie n c e  D egree 

i n  C h em ical E n g in e e r in g  from th e  U n iv e r s ity  o f  M is s o u r i S ch o o l o f  M ines 

and M e ta llu r g y  in  May, 194 l .

He was em ployed a t  th e  Kansas C i t y  r e f i n e r y  o f  th e  P h i l l i p s  P etro leu m  

Company from  19 41  to  19 4 6 . From 194 6 to  1952 he worked i n  th e  O rgan ic  

R e se a rch  and D evelopm ent D iv is io n  o f  M a llin c k r o d t  C h em ical Works in  S t .  

L o u is , M is s o u r i ,  where he d e v e lo p e d  p r o c e s s e s  f o r  th e p r o d u c tio n  o f  s y n ­

t h e t i c  p a p a v e r in e , t h e b a in e ,  and d ih y d r o c o d e in o n e , and made many im p rove­

m ents i n  th e r e f i n i n g  o f  opium . S in c e  19 5 2 he has b een  em ployed as a  

S u p e r v is o r y  R e sea rch  P h y s ic a l  Chem ist and P r o je c t  Co—o r d in a t o r  a t  the 

R o lla  M e ta llu r g y  R e sea rch  C e n te r  o f  the U. S . B ureau o f  M in e s , where he 

h as s u p e r v is e d  a v a r i e t y  o f  m e t a l l u r g i c a l  and p h y s i c a l  c h e m is tr y  r e s e a r c h  

p r o j e c t s .

As a r e s u l t  o f  r e a d in g  th e book "What i s  l i f e ? "  b y  th e  fam ous 

p h y s i c i s t  Erw in S c h r c d in g e r , he became i n t e r e s t e d  i n  th e  a p p l i c a t i o n  o f  

quantum m ech an ics t o  b i o l o g i c a l  s y s te m s , and e n te re d  th e  G rad u ate  S ch o o l 

o f  the U n i v e r s i t y  o f  M is s o u r i S c h o o l o f  M ines and M e ta llu r g y  t o  s tu d y  

P h y s ic s  on a p a r t - t im e  b a s i s .
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