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р е ф е р и р о в а н и я  ч и т а е м о й  л и т ер а т у р ы , а  т ак ж е  р а зв и т и е  дал ьней ш его  
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Методические указания

С б о р н и к  A  B r ie f  H is to ry  o f  S c ie n c e  с о ст ав л е н  н а  о с н о в е  ор и ги н а л ьн ы х  
т е к с т о в  н а у ч н о й  п р о б л е м а т и к и , п р ед с та в л я ю щ и х  н е с о м н е н н ы й  п р ак ти 
че ск и й  и н т е р е с  д л я  с ту д е н т о в . В  к а ч е с т в е  и с т о ч н и к о в  и сп о л ь зо в ан ы  п о п у 
л я р н ы е  а м е р и к а н с к и е  и  а н г л и й ск и е  и зд а н и я . Т е м а ти к а  м ат е р и а л а  о то б р ан а  
с у ч ё т о м  у ж е  п о л у ч е н н ы х  с ту д е н т а м и  з н а н и й  в  о б л ас ти  х и м и и  и  и стори и  
р а зв и т и я  н а у ч н о г о  з н а н и я . П р и  п о д б о р е  т е к с т о в  а в т о р  ори ен ти р о в ал с я , 
п р е ж д е  в с е г о , н а  л е к с и к у , н е о б х о д и м у ю  д л я  д а л ь н е й ш е й  р а б о т ы  уч а щ и х с я  
н ад  л и т е р а т у р о й  п о  с п е ц и а л ь н о с т и  с  у ч ё т о м  с л о в а р н о го  зап а с а , п р и о б р е 
те н н о г о  н а  н а ч а л ь н о м  эт а п е  и зу ч е н и я  язы ка .

М а т е р и а л  с б о р н и к а  п р е д у с м а т р и в а е т  ф о р м и р о в а н и е  у  с ту д е н т о в  у м е 
н и й  и  н а в ы к о в , д а ю щ и х  в о зм о ж н о с т ь  п ер е й ти  к  ч т е н и ю  ор и ги н а л ьн о й  
и н о с т р а н н о й  л и т е р а т у р ы  п о  ш и р о к о м у  х и м и ч е с к о м у  п р о ф и л ю . Т ек сты  
с б о р н и к а  и м е ю т  р а зл и ч н ы й  у р о в е н ь  с ло ж н о ст и  и  м о гу т  б ы т ь  и сп о л ь зо в а 
н ы  д л я  с о в е р ш е н с т в о в а н и я  н ав ы к о в  р е ф е р и р о в а н и я .

I  р а зд е л  с б о р н и к а  п о св я щ ё н  н а у ч н ы м  д о с т и ж е н и я м  17-20 в ек о в  в об 
л а с т и  х и м и и .

В о  II  р а з д е л е  о с в е щ а ю т с я  о т д е л ь н о  в зя т ы е  о тк р ы ти я  в ы д а ю щ и х ся  
у ч ё н ы х  (М е н д е л е е в а , Д а л ь т о н а , Ф а р ад ея , К ю р и ).

В  I II  р а з д е л е  п р и в о д и т с я  гл о сс ар и й , н ео б х о д и м ы й  д л я  п о н и м а н и я  н а 
у ч н о й  т е р м и н о л о ги и  о т о б р а н н ы х  тек с то в . В  к о н ц е  р а зд ел а  д а ю т с я  в ы р а 
ж е н и я  д л я  с о с т а в л е н и я  а н н о та ц и й  и  р е ф е р ат о в , т а к ж е  у к а з ы в а ю т с я  и с т о ч 
н и к и , р е к о м е н д о в а н н ы е  д л я  д а л ь н е й ш е г о  с ам о сто я тел ь н о го  ч т е н и я  о р и г и 
н а л ь н ы х  п о п у л я р н ы х  и зд а н и й , п р е д с та в л я ю щ и х  и н т е р е с  д л я  тех , к то  р е 
ш и т  п р о д о л ж и ть  с в о ё  о б у ч е н и е  в  а сп и р ан т у р е .
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T h e  s e a r c h  f o r  k n o w l e d g e  f o r m s  a  k e y  
p a r t  o f  t h e  h u m a n  g u e s t  f o r  l i f e  i n  a l l  i t s  f u l l 
n e s s .  A n d  A  B r i e f  H i s t o r y  O f  S c i e n c e  — i s  a n  
a t t e m p t  t o  g i v e  a n  o v e r v i e w  o f  t h e  b e w i l d e r  - 
i n g l y  i m m e n s e  h i s t o r y  o f  s c i e n t i f i c  a d v a n c e s  
i n  c h e m i s t r y .  T h i s  b o o k  s u r v e y s  t h e  r i s e  o f  
c h e m i s t r y  a n d  i t s  m a i n  d e v e l o p m e n t s  o v e r  t h e  
p a s t  c e n t u r i e s .

P A R T  I

Premodern chemistry

Ch e m i s t r y  AS th e  sc ien c e  o f  m a tte r  in  a ll its fo rm s a n d  tran sfo rm ations goes 
b a c k  to  p re h is to ry . H u m a n s , u n w ittin g ly , h a v e  a lw ay s  b e e n  b o th  p roac tive  chem 
ists  a n d  o b se rv e rs  o f  spon taneous c h em ic a l p ro ce sses , su c h  as c o m b u stio n  and 
fe rm e n ta tio n , in  e v e ry d ay  life . C o o k in g , f ir in g  p o tte ry , m a k in g  m e ta l a lloys, 
m ix in g  p a in ts  a n d  d y es, c o n co c tin g  m e d ic in es  a n d  p o iso n s, p ro d u c in g  adhesives, 
a n d  b le n d in g  flo ra l e ssen c es  in to  p e rfu m e s  a re  a ll  c h em ic a l p rocesses .

A lth o u g h , in  th e  c o u rse  o f  se v e ra l m illen n ia , h u m a n k in d  be ca m e  increas
in g ly  sk ilfu l in  a ll  th e se  m a tte rs , th e  k n o w le d g e  a p p lied  w as th e  p ro d u c t ove r 
lo n g  p e r io d s  o f  tim e  o f  tr ia l  a n d  e rro r. S u c h  p r in c ip le s  a s  th e re  w e re  (a n d  in 
s o m e  f ie ld s  th e y  w e r e  w e l l  e n tre n ch e d )  re s te d  o n  c o n ce p ts  o f  th e  b a s ic  c o n stitu 
e n ts  o f  m a tte r ,  w h ic h , fo r  som e  tw o  to  th ree  cen tu rie s , w e  h a v e  k n o w n  to  b e  totally  
e rro n e o u s . T h e  sc ie n c e  d e fin e d  b y  th e se  p r in c ip les  is  k n o w n  a s  a lchem y , and , un 
t i l  a b o u t th e  m id -e ig h te en th  cen tu ry , a ll  c h em is try  w a s  a lc h e m y  - th a t  is , it  w as 
to ta l ly  u n s c ie n t if i c  b y  m o d e rn  s tandards.

P a rad o x ic a l ly , fo r a lm o st th e  w h o le  o f  th e  se v en te en th  and  e ig h tee n th  c en tu 
r ie s , N e w to n ia n  p h y s ic s  a n d  a lch e m y  e x is te d  s id e  b y  s ide . N e w to n  h im s e lf  w as a 
d e d ic a te d  a lch e m is t , c arry ing  o u t a n y  n u m b e r  o f  fa iled  e x p er im e n ts  f ro m  the  
la b o ra to ry  h e  h a d  se t up  in  T r in ity  C o l le g e , C a m b r id g e . N e w to n 's  c o n te m p o 
r a r y , R o b e r t  B o y l e  ( 1 6 2 7 -9 1 ) ,  t r i e d  to  p u t  th e  s h o p  in  o r d e r ,  a n d  in  T h e  
S c e p tic a l  C h y m is t  (p u b lish e d  in  1 661 ) a tta c k e d  b o th  a lc h e m ic a l p r in c ip le s  a n d  
A r i s to t le 's  f o u r - e l e m e n t  th e o ry , b a s e d  o n  e a r th , w a te r ,  a ir  a n d  f ir e . A lth o u g h  
h e  p ro p o s e d , a s  a n  a lte rn a tiv e , o th e r  s im p le  a n d  p r im it iv e  e le m e n ts ,  h e  cam e  
n o w h e r e  n e a r  a n a ly tic a l c h e m is try , a s  i t  b e g a n  to  e v o lv e  in  th e  e ig h te e n th  

c e n tu ry .
A s  a  p h y s i c i s t ,  B o y le  a c h ie v e d  n o ta b le  r e s u l t s  w ith  g a s e s  a n d  d e v e l 

o p e d  a  v e r s a t i le  n e w  a i r  p u m p . B u t h e  n e v e r  c a m e  c lo se  to  a  c o rre c t  u n d e r 
s ta n d in g  o f  th e  g a se o u s  s ta te  o f  m a tte r ,  w h ic h  in  th e  e ig h te e n th  c e n tu ry , w ith
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m e n  s u c h  a s  J o s e p h  P r ie s t le y  (1 7 3 3 -1 8 0 4 )  a n d  A n to in e  L a v o is ie r  (1 7 4 3 -9 4 ) , 
u n lo c k e d  th e  d o o r  to  m o d e rn  c h e m is try  as w e  k n o w  it.

B e f o re  lo o k in g  a t th is  n e w  w o rld , tw o  p o in ts  a re  w o rth  m a k in g  a b o u t 
c h e m is try , o r  a lc h e m y , a t a n y  s ta g e  o f  h is to ry . T h e  firs t is th a t th e  p h e n o m e n a  
th a t  a re  th e i r  c o n c e rn  a re  p r e - e m in e n tly  e a r th -b o u n d . T h e  w o rld , a s  e x p e r i
e n c e d  b y  h u m a n s , is  c h a r a c te r is e d  b y  th e  so l id ,  l iq u id  a n d  g a s e o u s  s ta te s  o f  
m a t te r ,  a n d  th e  c a p a c i ty  o f  o n e  to  t r a n s fo rm  in to  a n o th e r , w ith  o r  w ith o u t h u 
m a n  in te r v e n tio n . S u c h  tr a n s fo rm a tio n s  b e lo n g  to  th e  w id e  c la ss  o f  c h e m ic a l re 
a c tio n s , w h ic h  la rg e ly  d e f in e  th e  su b je c t .

T h e  s e c o n d  p o in t  is  th a t  c h e m is try , e v e n  a t its  m o s t e so te r ic ,  is  in h e re n tly  
u s e fu l  to  h u m a n k in d . T h is  re m a in s  t ru e  w h e n  its  e n d s a re  d e s tru c tiv e , a s  th e y  
a re  in  th e  d e v e lo p m e n t o f  e x p lo s iv e s . T h e  re su l t h a s  o f te n  b e e n  th a t  c h e m is ts  
tu r n  th e i r  sk il ls  to  p ro fi ta b le  e n te rp r ise . L u d w ig  M o n d  (1 8 3 9 -1 9 0 9 ) , w h o  
s ta r te d  l i f e  in  G e rm a n y  a s  a  v e ry  c o m p e te n t  c h e m is t, e n d e d  u p  in  E n g la n d  as 
o n e  o f  th e  fo u n d e r s  o f  Im p e r ia l C h e m ic a l In d u s tr ie s , w h o se  su c c e s s  w as  b a se d  
o n  th e  n e w  m e th o d s  h e  d e v e lo p e d  f o r  p r o d u c in g  a m m o n ia  a n d  so d a  tw o  
c h e m ic a ls  w ith  w id e  in d u s tria l a p p lica tio n s . N o n e  o f  th is  w o u ld  h a v e  b e e n  p o s 
s ib l e  w ith o u t  t h e  e ig h te e n th -c e n tu ry  re v o lu t io n  in  c h e m is try . T h is  th e n  is 
w h e r e  th e  s to r y  b e g in s .

Lavoisier: father of chemistry

A n to in e  L a v o i s ie r  ( 1 7 4 3 -9 4 ) ,  r ig h t ly  r e g a rd e d  a s  th e  f a th e r  o f  m o d e rn  
c h e m is t ry ,  is  im p o r ta n t  n o t  o n ly  f o r  h is  o w n  o r ig in a l  d is c o v e r ie s  b u t  a lso  fo r  
p r o v id in g  th e  b e s t  p o s s ib le  f ra m e w o rk  fo r  th o s e  o f  h i s  c o n te m p o r a r ie s .  In  
p a r t i c u l a r  h e  w a s  d ie  f i r s t  to  e s ta b l is h  th e  t ru e  n a tu re  o f  f ir e , a l th o u g h  th e  
e x p e r im e n ta l  r e su l ts  th a t e n a b le d  h im  to  d o  so  w ere  n o t  h is  o w n . L av o is ie r , 
w i th  in s ig h ts  th a t  o th e rs  la ck e d , r e a liz e d  th e  tru e  s ig n ific an c e  o f  c h e m ic a l r e 
s e a r c h  c a r r i e d  o u t  in  th e  s e c o n d  h a l f  o f  th e  e ig h te e n th  c e n tu ry , n o t  o n ly  in  
F r a n c e , b u t  a ls o  in  E n g la n d  a n d  S w e d en . T h e  e s se n t ia l fo cu s o f  th is  re se a rc h  
w a s  a ir ,  a n d  h o w  it  re sp o n d e d  to  v a rio u s  p ro c e s se s , n o ta b ly  h e a tin g . A ir  a n d  f ire  
w e r e  tw o  o f  th e  fo u r  e le m e n ts , s in c e  a n tiq u ity  a c c e p te d  as th e  fu n d a m e n ta l 
c o n s t i tu e n ts  o f  a l l  m a tte r  o n  e a r th .

I n  th e  e ig h te e n th  c en tu ry , c h e m is try  w as  th e  fo c u s  o f  a  rev o lu t io n  in  s c i
e n c e . T h e  c e n tu r y  g o t  o f f  to  a  fa ls e  s ta r t  w h e n  th e  p h lo g is to n  th e o ry  o f  c o m 
b u s t io n ,  d e v e lo p e d  b y  th e  G e rm a n  c h e m is t  G e o rg  S ta h l ( 1 6 6 0 -1 7 3 4 ) ,  c a m e  
to  b e  t h e  a c c e p te d  e x p la n a t io n  o f  a l l  re a c tio n s  in v o lv in g  h e a t a n d  f ir e . P h lo 
g is to n  w a s  a  v i ta l  e s se n c e  th o u g h t to  b e  p re se n t in  a ll  c o m b u s tib le  su b s ta n c es , 
w h ic h  w a s  lo s t  a s  th e y  b u m . T h is  lo s s  th e n  e x p la in e d  n o t  o n ly  th e  tr a n s fo r m a 
t io n  o f  th e  s u b s ta n c e  its e lf , b u t  th a t  o f  th e  a ir  a ro u n d  it. I n  a  f i r e ,  w o o d  lo s t 
p h lo g is to n  a s  it  b u rn t to  c in d e rs , a n d  a ir  g a in e d  i t ,  w ith  n o ta b le  c h a n g e s  in  its  
p r o p e r t ie s  - b u t  n o t  so  th a t  i t  c e a s e d  to  b e  a ir . In  th e  c o u rse  o f  th e  e ig h te e n th  
c e n tu r y ,  c h e m is ts  w e re  in g e n io u s  in  in c o rp o ra tin g  p h lo g is to n  in to  th e  re su l ts
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o f  th e ir  e x p e r im e n ts ,  e v e n  th o u g h  th e ir  c u m u la t iv e  e ffe c t m a d e  th e  t ru th  o f  
S ta h l 's  th e o ry  e v e r  m o re  im p ro b a b le . L a v o is ie r ,  b y  s h o w in g  th a t  p h lo g is to n  
w a s  n o t  n e e d e d  to  e x p la in  th e  r e su l ts  o f  th e  e x p e r im e n ts ,  in i t ia te d  th e  b re a k 
th r o u g h  in to  c h e m is try  a s  w e  k n o w  i t  to d a y .

L a v o i s ie r ,  a l th o u g h  b o m  in to  a  h o u s e h o ld  th a t  w a s  p ro s p e ro u s  a n d  w ell 
c o n n e c te d ,  g re w  u p  in  a  f a m i ly  w h ic h  s t r e s s e d  b o th  a m b it io n  a n d  cau tio n . 
L a v o i s ie r  w o u ld  p ro v e  to  h a v e  to o  m u c h  o f  th e  fo rm er , a n d  to o  lit tle  o f  th e  la t
te r . A s th e  o n ly  so n  to  liv e  b e y o n d  c h i ld h o o d  i t  w a s  n a tu ra l  th a t  h e  sho u ld  
t r a i n  a s  a  la w y e r ,  th e  a c c e p te d  w ay  to  p o w e r  a n d  in f lu e n ce , b u t  h is  in te rests  
w e r e  a lw a y s  in  sc ien c e . F ro m  a  v e ry  e a r ly  a g e  h is s tra teg y  w a s  to  lo o k  fo r o f
f ic e s  a n d  e m p lo y m e n t in  w h ic h  th e  o p p o r tu n ity  to  p ra c tis e  sc ie n c e  w o u ld  com 
b in e  w ith  m a te r ia l r e w a rd s  su f fic ie n t to  c o v e r  th e  c o s ts  o f  d o in g  so . F o r  som e
o n e  d e d ic a te d  to  e x p e r im e n t, th e se  c o u ld  b e  c o n s id e ra b le . In  e ig h tee n th - 
c e n tu r y  F r a n c e , h o w e v e r ,  L a v o is ie r 's  f a v o u r e d  s tra te g y  c o u ld  o n ly  su c ce ed  if 
f u l l  a c c o u n t  w a s  ta k e n  o f  p o lit ic a l r e a lity .  I n  th e  f i r s t  fo rty -o d d  ye a rs  of 
L a v o is ie r ’s l i f e  th is  m e a n t  n o t  o n ly  a c c e p tin g  th e  d ic ta te s  o f  a  c e n tra l ise d  sta te , 
in  w h ic h  th e  k in g  w a s  th e  u ltim a te  so u rc e  o f  p o w e r  a n d  p a tro n a g e , b u t  a lso  ad 
v a n c in g  its  in te re s ts .

L a v o is ie r ,  a l th o u g h  a lw a y s  c o m m itte d  to  im p ro v in g  p u b lic  life  in  F rance , 
w a s  s t i l l  s u b je c t  to  th e  lim ita tio n s  o f  g o v e rn m e n t, su c h  a s  th e y  w ere  in 
p r e r e v o l u t io n a r y  F r a n c e , a n d  th e s e  w e r e  c r i t ic a l  in  d e te rm in in g  th e  co u rse  
o f  h is  lif e . S o  m u c h  so , th a t  w h e n  th e  r e v o lu t io n  c a m e , L a v o is ie r  p a id  fo r  his 
a d h e r e n c e  to  t h e  a n c ie n  re g im e  w ith  h is  life .

I n  1 7 6 0 , L a v o is ie r , a g e d  se v e n te e n , a f te r  a  b r illia n t s c h o o l c a ree r, e n ro lled  
in  th e  U n iv e r s i ty  o f  P a r is  to  s tu d y  m a th e m a tic s  a n d  p h ilo so p h y . A fte r  a  year, 
h o w e v e r ,  h e  s w itc h e d  to  a  th re e -y e a r  la w  c o u rse , b u t  w ith o u t a b an d o n in g  his 
s c ie n t if ic  in te re s ts .  H e  a tte n d e d  p u b lic  le c tu re s , to o k  p r iv a te  c o u rse s , a n d  c ar
r ie d  o u t  f ie ld w o rk . G iv e n  th e  m a n  h e  w as, o n e  o f  h is  am b itio n s , ev en  a t this 
e a r ly  s ta g e , w a s  to  b e  e le c te d  to  th e  A c a d e m ic  d e s  S c ie n c e s . C o n s id e r in g  tha t 
th e  A c a d e m y  h a d  o n ly  f i f ty -fo u r  m e m b e rs , d iv id e d  b e tw e e n  s ix  d if fe re n t sc i
e n c e s , w i th  n e w  e le c tio n s  d e p e n d e n t o n  a v a c a n c y  o c c u r r in g , L a v o is ie r  w as 
c e r ta in ly  a m b it io u s  f o r  a m a n  in  h is  tw e n tie s . N o n e  th e  le ss , h e  w o rk e d  o u t a 
tw o -p ro n g e d  s tr a te g y  th a t  b ro u g h t  h im  su c c e s s  w h e n  h e  w a s  o n ly  tw e n ty -f iv e .

F i r s t ,  w ith  ro y a l  p e rm is s io n , L a v o is ie r 's  e n try  in  a  c o m p e ti t io n  fo r the  
b e s t  w a y  o f  lig h t in g  th e  s tre e ts  o f  P a r is  w as  a w a rd e d  a  sp e c ia l g o ld  m e d a l  by  
th e  A c a d e m y . S e c o n d , w ith  h is  s ig h t s  s e t  o n  c h e m is try  - o n e  o f  th e  s ix  rec 
o g n is e d  s c ie n c e s  -  L a v o is ie r  p rese n te d  tw o  p a p e rs  o n  th e  a n a ly s i s  o f  g y p su m .

S c ie n t if ic a l ly  th e s e  w ere  b o ld ly  in n o v a tiv e . T h e r e  w e re  tw o  r e c o g n ise d  
w a y s  o f  c h e m ic a l  a n a ly s is ,  th e  w e t a n d  th e  d ry . T h e  la tte r , n o w  k n o w n  as d e 
s tr u c tiv e  a n a ly s is  b y  h e a t, w as  s ta n d a rd  in  e ig h te e n th -c e n tu ry  c h em is try . 
L a v o is ie r  a p p lie d  i t  a lso  to  d is c o v e r  th a t  g y p su m , w h e n  h e a te d , lo s t  a  q u a rte r  
o f  i ts  w e ig h t  in  a  v a p o u r  th a t  p ro v e d  to  b e  p u re  w a te r . T h e  p ro c e s s  c o u ld  th e n  
b e  r e v e rs e d , w ith  th e  w a te r  a d d e d  b a ck , to  r e s to re  th e  o r ig in a l s ta te . T h is , the
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w e t w a y , n o w  k n o w n  a s  so lv e n t an a ly s is , sh o w ed  th a t g y p su m  w as  'a  t ru e  n e u 
t r a l  s a l t  th a t  b e c o m e s  a  s o l id  b y  f ix in g  w a te r  a n d  fo rm in g  c ry s ta ls '. T h is  
p ro p e r ty  m a d e  g y p su m  th e  id e a l m a te r ia l fo r  c a s ts  fo r  se ttin g  b ro k e n  b o n e s : 
th is  is  t h e  o r ig in a l p la s te r  o f  P a r is ,  w h ic h  h a s  o n ly  re c e n tly  g iv e n  a w a y  to  f i-  
b r e g la s s  in  o r th o p a e d ic  su rg e ry .

L a v o i s ie r  w ro te  u p  h is  e x p e r im e n ts  w ith  g y p su m  in  tw o  p a p e rs  r e a d  to  
th e  A c a d e m y  in  176 5  a n d  1 7 6 6 . S h o r t ly  a f te r  th e  se c o n d  p a p e r  th e re  w a s  a 
v a c a n c y  f o r  a n  a d ju n c t  ( th e  lo w e s t  r a n k )  in  c h e m is try ,  b u t  L a v o is ie r ,  a l 
t h o u g h  s tr o n g ly  s u p p o r te d  a n d  p la c e d  o n  th e  sh o r t lis t , w as  n o t  e le c te d . N e v e r  
a  m a n  to  g iv e  u p , L a v o is ie r  c o n tin u e d  a lo n g  th e  e x p e r im e n ta l p a th , b y  r e 
s e a r c h in g  te c h n iq u e s  fo r  d e te rm in in g  th e  sp e c if ic  w e ig h ts  o f  liq u id s . T h is  
m e a n s  f in d in g  o u t  th e  w e ig h t  o f  a  liq u id  in  c o m p a r is o n  w ith  th a t  o f  w a te r  in  
s t a n d a r d  c o n d i t io n s :  h e  w o rk e d  w ith  h y d r o m e te r s ,  in s t ru m e n ts  m a d e  in  
tw o  fo rm s , v a r ia b le  im m e rs io n  a n d  c o n s ta n t  im m e rs io n . (T h e  fo rm e r  is  f a m i l
i a r  in  th e  f o rm  u se d  b y  g a ra g e s  to  m e a su re  th e  a c id ity  o f  c a r  b a tte r ie s .)

T h is  w o rk  su p p le m e n te d  th e  r e su l ts  th a t  L a v o is ie r  h a d  a lre a d y  o b ta in e d  
w ith  c h e m ic a l  b a la n c e s  a n d , a s  a lw a y s , h is  e x tre m e ly  h ig h  s ta n d ard s  o f  a c c u 
r a c y  p r o d u c e d  im p o rta n t n e w  re su l ts . T h e s e  re la te d  p a r tic u la r ly  to  m e a su r in g  
a c id i ty  i n  t h e  l ig h t  o f  L a v o is ie r 's  h y p o th e s is  th a t  it  w as  c a u se d  b y  a  s in g le  e le 
m e n t. O n c e  a g a in  p a p e rs  w e re  r e a d  b e fo r e  th e  A c a d e m y  in  th e  e a r ly  m o n th s  o f  
1 7 6 8 . T h e r e  w as  a g a in  a  v a c a n c y  f o r  a n  a d ju n c t  c h e m is t, a n d  th is  tim e  L a v o is 
i e r  a c h ie v e d  a  m a jo r ity  o f  v o te s . A p p o in tm e n t  w as , h o w e v e r ,  th e  p re ro g a t iv e  
o f  th e  k in g , w h o , a lth o u g h  n o m in a tin g  a n o th e r  c a n d id a te  o n  th e  g ro u n d s  o f  
s e n io r i ty  a n d  s e rv ic e  to  th e  s ta te  - a lso  a llo w e d  L a v o is ie r  in  a s  a  s u p e rn u m e r 
a ry  a d ju n c t .  O n  1 Ju n e  1 7 6 8  h e  w as  fo rm a lly  in s ta lle d  as a  m e m b er .

A n tic ip a t in g  n o t  o n ly  h is  e le c t io n  b u t  a lso  th e  p ro sp e c tiv e  c o s ts  o f  c o n 
t in u in g  h is  e x p e r im e n ts ,  L a v o is ie r  w a s  to  ta k e  a  s te p  e a r ly  in  1 768  th a t  h e  
w o u ld  la te r  p a y  f o r  w ith  h is  lif e . H is  g ra n d m o th e r  h a d  d ie d  in  J a n u a ry  a n d , f o l 
lo w in g  a d v ic e  f ro m  a  f a m i ly  f r ie n d , h e  in v e s te d  a  c o n s id e ra b le  le g a c y  in  a 
s h a re  i n  th e  r o y a l  T a x  F a rm . U n d e r  th e  F re n c h  m o n a rc h y  th is  w o u ld  e n s u re  
h im  a  s u b s ta n t ia l  re v e n u e  f ro m  c o m m iss io n s  fo r  c o lle c tin g  ta x  -  a n  a c tiv i ty  
s u p p o r te d  w ith  a ll  th e  p o w e r  o f  th e  s ta te . G iv e n  th a t  p o p u la r  d is c o n te n t  in  
F r a n c e  w a s  la rg e ly  c a u se d  b y  h a rsh  a n d  u n ju s t ta x e s , L a v o is ie r  ha d , u n w it
tin g ly , a l lo w e d  h im s e lf  to  b e c o m e  a  c o n s id e ra b le  h o s ta g e  to  f o r tu n e . A s  a  
m e m b e r  o f  th e  A c a d e m y , w ith  a  s tro n g  re c o rd  o f  s e rv ic e  to  th e  s ta te , a ll  th is  - 
in  a  t im e  w ith o u t ta b lo id  n e w sp a p e rs  -d id  n o t  c o u n t  f o r  m u c h  in  L a v o is ie r 's  
c irc le s .

F o r  tw e n ty  y e a r s  a n d  m o r e , th e  y o u n g  a c a d e m ic ia n  w o u ld  c o n tin u e  h is  
r e s e a r c h e s , c o m b in in g  th e m  w ith  a  s u c c e s s io n  o f  s c ie n c e - re la te d  p u b lic  a p 
p o in tm e n ts .  L a v o is ie r  w a s  p ro g re s s iv e  in  th a t  a lm o s t e v e ry th in g  h e  d id  in  th e  
p u b l ic  s p h e re  w as  fo c u s e d  o n  u s in g  th e  F re n c h  n a t io n a l  re s o u rc e s ,  o f te n  in  a 
s ta te  o f  e x tre m e  n e g lec t, m o re  e ff ic ie n tly . H is  w o rk  e x te n d e d  f a r  o u ts id e  P a r is , 
so  h e  w a s  o f te n  tr a v e llin g , a n d  in  a  c o u n try s id e  w h ere  lo n g  -  h e ld  sp e c ia l in te r
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e s ts  c o u ld  b lo c k  a n y  re fo rm , h e  s ti ll a ch ie v ed  a  g rea t deal. A t th e  s a m e  tim e  
L a v o is ie r  c o n tin u e d  w ith  e x p e r im e n t a n d  p u b lic a t io n . T h e  d ire c tio n  h e  w as 
m o v in g  in  w a s  to  e s ta b l ish  th e  p ro p e r tie s  o f  a ir  a s  fu n d a m e n ta l to  c h e m is try , a 
su b je c t  w h ic h , w h e n  h e  h a d  f i r s t  lo o k e d  a t i t  in  th e  e a r ly  1 7 6 0 s , h e  f o u n d  to 
b e  c o m p o s e d  o f  a b s o lu te ly  in c o h e r e n t  id e a s  a n d  u n p ro v e n  su p p o s i t io n s .. .  
w i th  n o  m e th o d  o f  in s tru c tio n , a nd ... u n to u c h e d  b y  th e  lo g ic  o f  sc ien ce '. The 
p h e n o m e n o n  a t  th e  c e n tre  o f  h is  re se a rc h  w as s im ple, a lth o u g h  it  h a d  b e e n  little  
no te d . I ro n  a n d  c o p p e r  e x p o sed  to  a ir  c h an g e  in to  po w d ery  su bstances, ru s t and 
ve rd ig r is , a t  th e  s a m e  tim e  in c re as in g  in  w eigh t. B y  th is  p rocess a ir  w as fixed  in  a 
so lid  m e ta l lic  com p o u n d .

L a v o is ie r  a lso  fo u n d  th a t p ro d u c tio n  o f  su lp h u ric  ac id , m a d e  b y  m ix ing  
b u r n t  su lp h u r  w ith  w a te r , in v o lv e d  a  s im ila r  w e ig h t ga in . T h e  sa m e  r e su l t cou ld  
b e  a c h ie v e d  w ith  p h o sp h o ru s . T h e  o n ly  ex p lan a tio n  w as  th a t in  th e  p rocess  of 
b u rn in g , a ir  w a s  o n c e  a g a in  f ix e d  in  th e  e le m e n t. B e lie v in g  th is  'a ir ' to  b e  a  u n i
v e rs a l  c o n s t i tu e n t  o f  a c id s ,  h e  c o in e d  th e  te rm  'o x y g e n e ', f ro m  th e  G re e k  oxys, 
m e a n in g  'a c id ic 1. I n  th is  h e  w as  m is tak en : w e  n o w  b lo w  th a t n o t a ll a c id s  (hyd ro 
c h lo ric , f o r  e x a m p le )  c o n ta in  o x y g e n . O x y g en  w as firs t d iscovered  b y  Joseph 
P r ie s tle y  (1 7 3 3 -1 8 0 4 ) , as L av o isie r  ack n o w le d g ed , b u t th is  w as ju s t  a n o th e r  case  
o f  B r itish  d is c o v e ry  a n d  F re n ch  ex p lan a tio n . L av o isie r  w as th e n  a b le  to  sum m a
r is e  h is  r e su l ts  in  g e n e ra l te rm s:

A i r  e x is t s  in  tw o  m o d e s  in  n a tu re . S o m e tim e s  i t  a p p e a r s  a s  a  h ig h ly  a t
te n u a te d , h ig h ly  d ila ted , a n d  h ig h ly  e la s t ic  f lu id , su c h  a s  th e  o n e  w e  b re a th e . A t  
o th e r  t im e s  i t  is  f i x e d  in  s u b s ta n c e s  a n d  c o m b in e s  in tim a te ly  w ith  th e m , lo s 
in g  a l l  Us p r e v io u s  p ro p e r t ie s .  A ir  in  th is  s ta t e  is  no  lo n g e r  f l u i d  b u t  ra th e r  
b e c o m e s  s o l id ,  a n d  i t  c a n  o n ly  r e g a in  its  f lu i d i ty  i f  th e  su b s ta n c e  w i th  w h ich  
i t  is  c o m b in e d  i s  destroyed .

T h is  a n aly sis  s ti ll fa ils  to  ge t to  te rm s w ith  th e  com plex ity  o f  a ir  as it e x is ts  in 
n a tu re .  T h e  a tm o s p h e re  a ro u n d  u s  p ro v id e s  u s  w ith  a  m ix tu re  o f  o x y g e n  and 
n itro g e n , f ro m  w h ic h  a n im a l o rg an is m s  d e riv e  th e  o x ygen  n e ce ssa ry  fo r  su sta in 
in g  life . I t  a lso  c o n ta in s  c a rb o n  d io x id e , e ssen t ia l fo r p lan t life , b u t w ith  th e  sup 
p ly  c o n tin u o u s ly  re p le n ish e d  by  a n im a l r e sp ira tio n .

C a rb o n  d io x id e  (C O 2), p ro d u ce d  b y  rea c tin g  su lphu ric  ac id  w ith  chalk , was 
d e sc r ib e d  b y  Jo se p h  B lac k  (1728 -99 ) in  1754, so  tha t th is 'f ixed  a ir’ be ca m e  the 
f irs t o f  th e  ga ses  to  b e  exam ined  chem ically . B la c k  p r o d u c e d  it  b y  h e a t in g  lim e 
s to n e , a n d  s h o w e d  th a t  i t  sup p o rted  n e ith e r  life  n o r  c o m bustion . T h e  ex istence  
o f  ga ses  o th e r  th a n  a ir  w as  th u s d e m o n s tra te d  fo r th e  f irs t  tim e, b u t  it w o u ld  take  
m a n y  ye a rs  b e fo re  th e  fu ll im p lica tio n s w ere  ap p recia ted  a p ro ce ss  in  w h ich  
L a v o is ie r  w o u ld  p la y  a  k e y  ro le.

In  1 772  P a r is  le a m t th a t P r ie s tle y  in  E n g la n d  h a d  su c ce ed e d  in  f ix in g  this 
n e w  'a ir ' in  w a te r . B y  a  som ew hat c o m p lic a te d  p rocess  o f  r e a so n in g , th is  led  
L a v o is ie r  to  u s e  th e  A c a d e m y ’s g ia n t  fo c u s in g  le n s  to  s e e  w h a t  h a p p e n e d  to  
a  d ia m o n d  w h e n  h e a te d  in  a n  e v a c u a te d  c h a m b e r. T h e  fa c t th a t  a  re a c tio n  
to o k  p la c e , b u t  w ith o u t c o m b u s tio n  (w h ic h  is  w h a t h e  e x p e c te d ) , le d  h im  to



se a r c h  fo r  a  g e n e ra l  e x p la n a tio n  a s  to  w h y  'a  f la m e , b u t  n o t  c o n c e n tra te d  su n 
lig h t , w il l  ig n ite  in f la m m a b le  su b s ta n c e s '. B e fo re  h is  e x p la n a tio n  c o u ld  b e 
c o m e  c o m p le te ,  th e re  w a s  m u c h  g r o u n d  to  c o v e r .

I n  1 7 6 6 , th e  E n g lis h  c h e m is t,  H e n ry  C a v e n d ish  (1 7 3 1 -1 8 1 0 ) ,  in v e s t ig a t
in g  th e  'f a c ti tio u s  a irs ' w h ic h  m a d e  u p  th e  e a r th 's  a tm o sp h e re , iso la te d  h y d r o 
g e n . H e  n a m e d  i t  'in fla m m a b le  a ir ',  id e n tify in g  it  w ith  p h lo g is to n  b e c a u s e  o f  
i t s  p o w e r  to  r e a c t  in  a lm o s t  s p o n ta n e o u s  c o m b u s tio n . In  1 783 , L a v o is ie r ,  
w o rk in g  w ith  P ie r r e  S im o n  d e  L a p la c e  (1 7 4 9 -1 8 2 7 )  - la te r  to  b e  w e ll k n o w n  
in  m a th e m a t i c a l  p h y s ic s  - t u r n e d  h is  e x p e r im e n ts  to  'in f la m m a b le  a ir ' ( p ro 
d u c e d  b y  re a c t in g  iro n  w ith  su lp h u r ic  a c id ) . T h es e  c u lm in a te d  in  a  d e m o n s tra 
t io n  th a t  in f la m m a b le  a ir  a n d  v i ta l  a ir ,  b u r n t  to g e th e r , fo rm  w ater. (A  y e a r  
la te r , in  1 7 8 4 , C a v e n d ish  a c h ie v e d  th e  s a m e  r e s u l t  b y  u s in g  a n  e le c tr ic  sp a rk  
t o  e x p lo d e  h y d r o g e n .)  F o r  th e  f i r s t  t im e  w a te r  w a s  p r o v e d  to  b e  n o t  a n  
e le m e n t  b u t  a  c o m p o u n d , a  d is c o v e ry  th a t  w o u ld  o p e n  th e  w a y  to  a  'r e v o lu 
t io n a r y  n e w  s e t  o f  c h e m ic a l  th e o r i e s ' .  I n  th e  s a m e  y e a r ,  1 7 8 3 , th e  M o n t
g o l f i e r  b r o th e r s  s u c c e s s f u l ly  la u n c h e d  th e  f i r s t  h o t-a i r  b a llo o n . L a v o is ie r  
r e a l is e d  im m e d ia te ly  th a t  h y d ro g e n  c o u ld  f ill  b a llo o n s  w ith  s o m e th in g  m u c h  
l ig h te r  th a n  h o t  a ir  - an  in s ig h t  w ith  f a te f u l  c o n se q u e n c e s  fo r  t r a v e l  b y  a irs h ip  
in  th e  tw e n tie th  c e n tu ry .

I n  N o v e m b e r  1774 , P r ie s tle y  v is i te d  P a r is  a n d  to ld  L a v o is ie r  o f  th e  r e m a rk 
a b le  p ro p e r t ie s  o f  th e  'a ir ' r e le a s e d  b y  h e a tin g , in te n se ly , th e  re d  p re c ip ita te  o f  
m e rc u ry  ( a  so -c a lle d  c a lx  p ro d u c e d  b y  h e a tin g , m o d e ra te ly ,  m e ta l lic  m e rc u ry ). 
L a v o is ie r ,  in v e s t ig a t in g  'a ir ' p r o d u c e d  in  th is  w a y , f o u n d  th a t  i t  s u p p o r te d  
b o th  r e s p i ra t io n  a n d  c o m b u s t io n  m u c h  b e t te r  th a n  o r d in a r y  a tm o s p h e r ic  a ir . 
T h e  c o n c lu s io n  h e  c a m e  to  w a s  th a t  'th e  a ir  w e  b re a th e  c o n ta in s  o n ly  o n e  
q u a r te r  t r u e  a ir ', th e  re s t , w h ic h  is  n o n - re sp ira b le ,  p r o v e d  to  b e  n itro g e n , id e n 
t i f ie d  b y  P r ie s t le y  a s  o n e  o f  th e  tw o  c o n s titu e n ts  o f  a m m o n ia , th e  o th e r  b e in g  
h y d ro g e n . A m m o n ia  is  i ts e lf  a  g a s , w h ic h  P r ie s tle y  d is c o v e re d  b y  h e a tin g  its 
n a tu ra l s a lts  in  a r e to r t (a  p ro c e ss  w h ic h  le d  to  th e  d is c o v e ry  o f  a  n u m b e r  o f  
o th e r  g a s e s  -  n o ta b ly  n itro u s  o x id e , c o m m o n ly  k n o w n  a s  'la u g h in g  g a s ') .  T h e  
p a th  o f  e x p e r im e n t  th e n  le d  L a v o is ie r  to  s e p a ra te  a tm o sp h e r ic  a ir  in to  i ts  s a 
lu b r io u s  a n d  m e p h itic  p a rts . T h e  fo rm er  c a te g o ry  c o n s is te d  s im p ly  o f  o x y g e n , 
w h ile  th e  la tte r  s u b d iv id e d  in to  m e p h itic  a ir  p ro d u c e d  b y  r e sp i ra tio n  ( th a t  is , 
c a r b o n  d io x id e ) ,  a n d  th e  n o n - re sp ira b le  p o r t io n  o f  th e  a tm o sp h e re  (n a m e d  
'm o fe t te ' b y  L a v o is ie r ) .

L a v o i s ie r  a ls o  u s e d  r e s u l ts  f ro m  e x p e r im e n ts  c o n d u c te d  b y  P r ie s tle y  
a n d  p r e s e n te d  to  th e  R o y a l S o c ie ty  in  L o n d o n  to  e x p la in  th e  r o le  o f  o x y g e n  in  
r e s p i ra t io n . T o  su p p o r t  h is  c o n c lu s io n  th a t  r e s p i ra t io n  is  c o m b u s t io n  in  th e  
lu n g s ,  h e  n o te d  th a t  b o th  b lo o d  a n d  th e  o x id e s  o f  m e ta ls  su c h  a s  m e rc u r y , 
le a d  a n d  i r o n ,  a re  c o lo u re d  re d . F in a lly , o n  12 N o v e m b e r  1 7 7 7 , h e  p re se n te d  
to  th e  A ca d em y  h is  M e m o ir  on  th e  G en e ra l N a tu re  o f  C om b u stio n  (w h ich  d id , 
h o w e v e r ,  n o te  th a t  fu r th e r  e x p e r im e n ts  w e re  s t i l l  n e c e s sa ry ) . N o n e  th e  le s s  th e  
p a p e r  p u t  fo rw a rd  'a  h y p o th e s is  th a t  e x p la in s  in  a  h ig h ly  s a tis fa c to ry  m a n n e r
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a l l  th e  p h e n o m e n a  o f  c o m b u s tio n , c a lc in a t io n , a n d  e v en , in  p a r t,  th o se  th a t  a c 
c o m p a n y  th e  re s p i ra t io n  o f  an im a ls’.

L a v o is ie r  th e n  p ro c e e d e d  to  d isp e n se  w ith  p h lo g is to n , p u ttin g  h is  o w n  a l
t e rn a t iv e  e x p la n a tio n :

T h e  m a tte r  o f  f i r e  o r  lig h t is  a  v e ry  su b tle  a n d  v ery  e la s tic  f l u i d  th a t  s u r 
r o u n d s  a l l  p a r t s  o f  th e  p la n e t  w e  liv e  on , w h ic h  p e n e tr a te s  w i th  g r e a te r  ease  
a ll  th e  b o d ie s  o f  w h ic h  i t  is  c o m p o se d , a n d  w h ic h  te n d s, w h e n  f r e e ,  to  d is tr ib u te  
i t s e l f  u n i fo r m ly  in  e v e ry th in g ... th is  f l u i d  d is so lv e s  a  g r e a t m a n y  b o d ie s ,... it 
c o m b in e s  w ith  th e m  th e  sa m e  w a y  th a t  w a te r  c o m b in e s  w i th  s a l t s  a n d  a c id s  
c o m b in e  w i th  m e ta ls . . .  th e  b o d ie s  so  c o m b in e d  a n d  d is s o lv e d  in  f l u i d  f i r e  lose  
s o m e  o f  th e  p r o p e r t ie s  th e y  h a d  b e fo re  th e  c o m b in a tio n  a n d  a c q u ire  n ew  ones  
th a t  m a k e  th e m  m o r e  l ik e  th e  m a tte r  o f  f ir e .

W ith  th e  b e n e f i t  o f  h in d s ig h t ,  th is  is  a ll  v e ry  u n s a t is f a c to r y :  L avo isier  
w a s  o u t  o f  th e  f ry in g -p a n  in to  th e  fire . E q u a tin g  f ir e  w ith  lig h t w as  c e r ta in ly  an 
a d v a n c e , b u t  L a v o is ie r  p la in ly  f a ile d  to  v ie w  f ir e  f ro m  th e  p e rsp e c t iv e  o f  a  v io 
le n t  r e a c t io n  b e tw e e n  o x y g e n  a n d  so m e  c o m b u s tib le  m a te r ia l. L a v o is ie r  m ay 
h a v e  b a n is h e d  p h lo g is to n , b u t  c a lo r ic ,  w h ic h  h e  p u t  in  its  p la c e , r a is e d  m ore  
p r o b le m s  th a n  i t  so lv e d .

F i re  a p p e a rs  a s  b o th  c a u se  a n d  e ffe c t  o f  th e  rea c tio n s  to  w h ic h  it  b e longs. 
L a v o is ie r  f a i le d , h o w e v e r, to  re a lis e  th a t  i t  w as  e ssen tia lly  a  b y -p ro d u c t,  m ade  
o b s e rv a b le  b y  in c a n d e s c e n c e . T h is  c a n  h a rd ly  b e  h e ld  a g a in s t  h im , s in c e  th e  
b a s ic  p h y s ic s  w a s  u n k n o w n  u n ti l  th e  se c o n d  h a lf  o f  th e  n in e te e n th  c en tu ry .

W h e n  r e v o lu t io n  c a m e  to  F ra n c e , L a v o is ie r  c o n tin u e d  to  b e  a  d o m in a n t 
in  th e  w o r ld  o f  s c ie n c e  a n d  p la y e d  a n  im p o r ta n t p a r t  in  e s tab l ish in g  a  s tandard  
in te r n a t io n a l  s y s te m  o f  w e ig h ts  a n d  m e a s u re s .  N o n e  th e  le s s ,  h e  h a d  b e e n  a 
ta x  f a r m e r  u n d e r  th e  a n c ie n  reg im e, a n d  a s  su c h  h e  w as, w ith  a ll o th e rs  in  the 
s a m e  c a te g o ry ,  c o n d e m n e d  to  th e  g u i l lo t in e  in  1 7 9 4 . T h e  lo s s  to  sc ience  o f  a 
m a n  a t th e  h e ig h t  o f  h is  p o w ers  w as  in c a lc u la b le . A s  h is  c o n te m p o ra ry  the 
m a th e m a tic ia n  J o s e p h  L o u is  L a g ra n g e  (1 7 3 6 -1 8 1 3 )  sa id , 'I t  to o k  o n ly  a  m o
m e n t  to  s e v e r  h is  h e a d , a n d  p r o b a b ly  o n e  h u n d r e d  y e a rs  w ill  n o t su f fic e  to 
p r o d u c e  a n o th e r  lik e  i t . ' W ith  th is  b ru ta l  d e p a r tu re ,  i t  is  n o w  tim e  to  s e e  w h at 
la  p e r f id e  A lb io n ,  s a fe  f ro m  r e v o lu t io n , h a d  to  c o n tr ib u te  to  c h e m is try .
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Humphry Davy

W h e n  S i r  H u m p h r y  w a s  c h o s e n  a s  th e  su b je c t  o f  o n e  o f  E . C . B e n tle y 's  
c le r ih e w s , h is  n a m e  w a s  w e l l  k n o w n  in  B r i ta in ,  w h e re  sc h o o ls  ta u g h t  th a t  h ie  
in v e n tio n  o f  th e  m in e r 's  sa fe ty  la m p  m a d e  h im  o n e  o f  h u m a n k in d 's  g re a t  b e n e 
f a c to r s .  A l l  th is  w a s  s o m e  tim e  in  th e  f i r s t  h a l f  o f  th e  tw e n tie th  c en tu ry , w h en  
c o a l- m in in g  w a s  s ti ll  im p o r ta n t  in  th e  B r i t i s h  e c o n o m y . A t th e  b e g in n in g  o f  
th e  n in e te e n th  c e n tu r y , h e  w a s  e v e n  m o r e  fa m o u s , b e in g  th e  f i r s t  sc ie n t is t  
s in c e  N e w to n  to  b e  h o n o u re d  w ith  a  k n ig h th o o d . I f  to d a y , h e  is  la rg e ly  f o rg o t
te n ,  h is  d is c o v e r y  o f  so d iu m  re m a in s  a n  im p o r ta n t  m ile s to n e  in  th e  h is to ry  o f  
c h e m is try . T h is  w a s  b u t  o n e  o f  h i s  a c h ie v e m e n ts . B e fo re  lo o k in g  a t w h a t th is  
a l l  m e a n t, i t  is  b e s t  to  lo o k  a t  th e  m a n  h im s e lf .

H u m p h r y  D a v y  w a s  b o m  in  P e n z a n c e , a t  th e  fu r th e s t e n d  o f  C o rn w all, in  
1 7 7 8 . T h e  c o u n ty  w a s  k n o w n  f o r  its  sh ip w re c k s , tin -m in es  a n d  m ild  w in te r  
c l im a te  -  a ll  fa c to r s  th a t  w o u ld  p la y  a  r o le  in  D a v y 's  e a r ly  life . A lth o u g h  a p 
p r e n t i c e d  a s  a  y o u th  to  a  s u rg e o n  a p o th e c a r y  (w i th  th e  p ro sp e c t o f  a  g o o d  c a 
r e e r ) ,  D a v y 's  in te r e s ts  w ere  a lw a y s  w id e -ra n g in g . H e  lo v e d  b e in g  o u ts id e , p a r 
t ic u la r ly  f o r  f i s h in g  a n d  sh o o tin g , b u t  h e  a ls o  s tu d ie d  p h ilo s o p h y  a n d  h is to ry , 
a n d  h is  ta le n ts  a s  a  p o e t  (w h ic h  h e  n e v e r  lo s t )  la te r  e a rn e d  h im  th e  f r ie n d sh ip  
o f  W o rd s w o r th  a n d  C o le r id g e .

D a v y 's  in te r e s t  in  s c ie n c e  w a s  s t im u la te d  b y  a  sh ip w re c k e d  F re n c h  
su r g e o n , w h o  e n c o u r a g e d  h im  to  e x p e r im e n t  a n d  a lso  in tro d u c e d  h im  to  
L a v o is ie r ’s E le m e n ts  d e  c h im ie .

A t  m u c h  th e  s a m e  t im e ,  J a m e s  W a t t ,  w h o s e  in v e n t io n  o f  a n  e ff ic ie n t 
s te a m  p u m p  h a d  tr a n s fo rm e d  C o m is h  m in in g , s e n t  h is  tu b e rc u la r  so n  G re g o ry  
to  lo d g e  w i th  th e  D a v y  fa m ily , to  b e n e f i t  f ro m  th e  C o m ish  c lim a te . T h o m a s  
W e d g w o o d , s o n  o f  Jo s ia h , th e  f a m o u s  p o t te r ,  a ls o  c a m e  to  P e n z a n c e  f o r  h is  
h e a l th .  I n  s u c h  c o m p a n y , D a v y  f o u n d  n o t  o n ly  a n  a u d ien c e  fo r  h is  o w n  sc ie n 
t i f ic  id e a s ,  b u t  a lso  g a in e d  a n  e n tre e  to  th e  L u n a r  S o c ie ty  o f  B irm in g h am , w h o se  
m e m b e rs  c o m b in e d  w e a lth  a n d  in f lu e n c e  w ith  a  d e v o tio n  to  sc ien t if ic  d isc o v 
e ry .

I n  1 7 9 8 , T h o m a s  B e d d o e s , n o te d  f o r  r e la t in g  c h e m is try  to  m e d ic in e  ( in  
w h ic h  h e  a d v o c a te d  th e  w id e  u s e  o f  o p iu m ) ,  w a s  a n o th e r  v is i to r  to  C o rn w a ll, 
w h e r e  G re g o r y  W a t t  a c q u a in te d  h im  w ith  e x p e r im e n ts  o n  h e a t a n d  l ig h t  c a r 
r i e d  o u t  b y  D a v y . B e d d o e s  w a s  s o  im p r e s s e d  th a t  h e  a rra n g e d  f o r  th e  r e su l ts , 
la te r  r e p u d ia te d  b y  D a v y , to  b e  p u b lis h e d . B e d d o e s  w e n t m u c h  fu rth e r . 
H e lp e d  b y  fu n d in g  f ro m  th e  W e d g w o o d s , h e  e s ta b l ish e d  th e  P n e u m a tic  I n 
s t i tu t io n  ( a  s c ie n t if ic  th in k - ta n k  a v a n t  la  le ttr e )  in  h is  o w n  h o u se  in  B r is to l a n d  
a p p o in te d  D a v y  a s  h is  a s s is ta n t.

I n  B r is to l  D a v y  e x p e r im e n te d , s o m e tim e s  d a n g e ro u s ly , w ith  v a r io u s  
g a s e s ,  d i s c o v e r in g  th a t  n i t r o u s  o x id e  ( N 2O ), p o p u la r ly  k n o w n  a s  'la u g h in g  
g a s ',  c o u ld  b e  u s e d  a s  a n  a n a e s th e t ic .  T h is  w o rk , c o m b in e d  w ith  r e se a rc h e s  
in to  c a r b o n  d io x id e , w h ic h  n e a r ly  e n d e d  h is  lif e , le d  h im  to  c o n c lu d e  th a t
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'c h e m ic a l p ro p e r tie s  c le a rly  d id  n o t  d e p e n d  in  a n y  s im p le  w a y  o n  m a te r ia l 
c o m p o s itio n s ' a  c o u n te r - in tu i t iv e  p r in c ip le  th a t  n o  p r o s p e c t iv e  c h e m is t  
s h o u ld  ig n o r e .  A t  th e  a g e  o f  tw e n ty -o n e  D a v y  w a s , in  th e  y e a r  1 7 9 9 , a lre ad y  
a  m a n  to  b e  r e c k o n e d  w ith . I n  th is  s a m e  y e a r  th e  w o rld  o f  sc ie n c e  w a s  to  w it
n e s s  tw o  im p o r ta n t b u t  u n re la te d  e v e n ts , w h ic h  in  c o m b in a t io n  w o u ld  d e te r 
m in e  th e  f u tu r e  d ir e c t io n  o f  D a v y 's  life .

The electrochemical breakthrough

T h e  f ir s t  o f  th e se  w as  th e  in v e n tio n  o f  A le ssa n d ro  V o lta ’s (1 7 4 5 -1 8 2 7 )  
p ile .  A lth o u g h  th e  c o m m erc ia l fu tu re  o f  e le c tr ic i ty  n e v e r  o c c u r re d  to  D a v y  and  
h is  c o n te m p o ra r ie s ,  th e  sc ien t if ic  p o s s ib i litie s  o f  V o lta 's  p i le  b e c a m e  im m ed i
a te ly  a p p a re n t.  W h e n  V o lta 's  p a p e r  re p o r t in g  h is  d is c o v e ry  w a s  re c e iv e d  by 
th e  R o y a l  S o c ie ty  in  1 799 , th e  tw o  r e f e r e e s  f o u n d  th a t  th e  e le c tr ic  cu rren t 
c o u ld  b e  u s e d  to  d e c o m p o se  w ater. D a v y , w o rk in g  w ith  a b a t te r y  o f  1 1 0  d o u 
b le  p la te s  p r o v id e d  b y  B e d d o e s , f o u n d  th a t  i t  w o u ld  n o t  w o rk  w ith  p u re  w a 
te r  a s  th e  e le c tr o ly te .  O n  th e  o th e r  h a n d , n i t r ic  a c id  w a s  e x tre m e ly  e ffec tiv e .

D a v y  a lso  f o u n d  th a t  th e  c o p p e r  e le c tro d e  c o u ld  b e  r e p la c e d  w ith  c h a r 
c o a l .  ( G r a p h ite ,  a n o th e r  fo rm  o f  c a rb o n , is  s ti ll  u s e d  in  e le c tro d e s .)  D av y , 
n o t in g  th a t  th e  z in c  e le c tro d e  o x id is e d  in  th e  p ro c e s s  o f  u s e ,  c o n c lu d e d  th a t 
th e  c u r r e n t  w a s  p r o d u c e d  b y  a  c h e m ic a l rea c tio n : c o n tra ry  to  V o lta 's  v iew , 
m e re  c o n ta c t  w a s  n o t  s u f f ic ie n t .  T h is  w a s  a  k e y  in s ig h t,  s in c e  it  o p e n e d  th e  
w a y  to  r e v e r s in g  th e  p ro c e s s ,  th a t  is , u s in g  a  c u rr e n t  to  c a u se  a  re a c tio n .

T h e  r e s u l t  w a s  th e  e le c tro ly tic  c e ll . T h e  b a s ic  m o d e l w ith  tw o  e lec tro d es  
s e p a ra te d  b y  a n  e le c tro ly te  w as  th e  sa m e , b u t  a  c u rre n t f ro m  a n  o u ts id e  so u rc e  
w a s  t h e n  to  b e  p a s s e d  th r o u g h  th e  c e l l  to  s e e  w h a t r e a c t io n s  w o u ld  o ccu r. 
T h e  p o s s ib i l i t i e s  w e re  im m e n se  a n d  w e n t f u r th e r  th a n  D a v y  c o u ld  p o s s ib ly  
h a v e  c o n c e iv e d  o f . A n y  n u m b e r  o f  su b s ta n c e s  c o u ld  b e  c h o se n  b o th  fo r  the  
e le c tro d e s  a n d  f o r  th e  e lec tro ly te . U se fu l re a c tio n s  p ro v e d  to  n e e d  c o n s id e r 
a b le  e le c tr ic  p o w e r , w h ic h  e x p la in s  th e  v a s t  b a tte ry  p ro v id e d  b y  B e d d o e s . 
E v e n  th is  w a s  n o t  e n o u g h  f o r  D a v y , a n d  i t  w a s  in  L o n d o n , n o t  B r is to l,  th a t 
h is  m a jo r  d is c o v e r ie s  b a s e d  o n  e le c tro ly s is  w o u ld  b e  m a d e .

T h is  b r in g  u s  to  th e  se c o n d  k e y  e v e n t  o f  th e  y e a r  1 7 9 9 , th e  f o u n d in g  o f  
th e  R o y a l  I n s t i tu t io n  b y  C o u n t R u m fo rd . T h e  o b je c t  w a s  to  e n c o u r a g e  and  
p o p u la r i s e  th e  a p p lic a t io n  o f  s c ie n t if ic  p r in c ip le s .  E v e r  r e s t le s s ,  R u m fo rd  
o n ly  s ta y e d  th r e e  y e a rs  in  L o n d o n , m o v in g  in  1 8 0 2  to  P a r is ,  w h e re  h e  m a r
r i e d  L a v o i s ie r ’s  w id o w  (w h o  w as  n o t n e a r ly  so  h a p p y  w ith  h im  as sh e  h a d  be en  
w ith  h e r  f i r s t  h u sb a n d ) .  E v e n  so , h e  d id  b r in g  D a v y  to  L o n d o n , a n d  b y  d o in g  
so  in it ia te d  o n e  o f  th e  m o s t re m a rk a b le  e ras  in  th e  h is to ry  o f  sc ience .

D a v y  b e c a m e  le c tu re r  in  c h e m is try  a t th e  R o y a l I n s t i tu t io n  in  1801 , p r o 
f e s s o r  in  1 8 0 2 , F e llo w  o f  th e  R o y a l S o c ie ty  in  1 803 , a n d  o n e  o f  th e  tw o  s e c re 
ta r ie s  in  1807  - a ll  b e fo re  h e  w as  th ir ty . T h e  R o y a l I n s titu t io n  p r o v id e d  h im
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w ith  a  m a g n if ic e n t la b o ra to ry , a n d  a  le c tu re  h a ll w h e re  n o t o n ly  s c ie n t is ts , b u t 
L o n d o n  so c ie ty , c a m e  to  s e e  h im  d e m o n s tra te  th e  w o rk  in  p ro g re ss . H e  w as  a 
b o m  sh o w m a n , a n d  a  s o c ie ty  la d y  a t te n d in g  o n e  o f  h is  le c tu re s  n o te d , 'th o se  
e y e s  w e r e  m a d e  f o r  so m e th in g  b e s id e s  p o r in g  o v e r  c ru c ib le s '.

T h e  c l im a x  to  D a v y 's  w o rk  d u r in g  h is  e a r ly  y e a rs  a t th e  R o y a l In s titu t io n  
c a m e  w ith  h is  B a k e r ia n  le c tu re , d e liv e re d  o n  2 0  N o v e m b e r  1 806 . T h e re  h e  d e 
s c r ib e d  h is  d e m o n s tra tio n  o f  h o w  a n  e le c tr ic  c u rre n t p a s se d  th ro u g h  p u re  w a 
te r  p ro d u c e s  n o th in g  b u t h y d ro g e n  a n d  o x y g e n . T o  a c h ie v e  th is  r e s u l t  h e  
w o rk e d  w i th  a n  e le c tro ly t ic  c e ll  m a d e  o f  a g a te  a n d  g o ld  a n d  w ith  p u re  w a te r  
f ro m  a  s i l v e r  s ti ll . H is  b a t te r y  h a d  1 0 0  d o u b le  p la te s  o f  c o p p e r  a n d  z in c , a n d  
th e  e x p e r im e n t  r a n  f o r  2 4  h o u rs . C o u n t R u m fo rd  h a d  c e r ta in ly  le f t  th e  R o y a l 
I n s t i tu t io n  w e l l  en d o w e d .

T h e  d e c o m p o s itio n  o f  w a te r  w as  d e c is iv e  in  p ro v in g  th a t e le c tro ly s is  
c o u ld  p r o c e e d  w ith o u t  r e q u i r in g  o r  p ro d u c in g  a n y  a c id  o r  a lk a li . D av y , ta k 
in g  o v e r  f ro m  L a v o is ie r ,  h a d  e s ta b l ish e d  c h e m is try  a s  m u c h  a n  E n g lis h  a s  a 
F r e n c h  s c ie n c e .  T h e  I n s t i tu t  d e  P a r is  a w a rd e d  h im  a  p r iz e  fo r  th e  b e s t  w o rk  on  
e le c tr ic i ty ,  w h ic h , o n  th e  in s tru c tio n s  o f  N a p o le o n , w as o p e n  to  th e  c itiz en s  o f  
a n y  n a t io n  r e m a rk a b ly  b r o a d - m in d e d  s e e in g  w h a t th e  B r i t i s h  h a d  d o n e  to  
N a p o le o n  a t T ra fa lg a r .

A t  th e  e n d  o f  h is  B a k e r ia n  le c tu r e , D a v y  r e v e a le d  h o w  th e  c h e m ic a l 
p r o p e r t ie s  o f  m e ta ls  c o u ld  d e p e n d  u p o n  th e ir  e le c tr ic a l  s ta te . I n  h is  e le c tro ly tic  
c e l l  p o s i t iv e ly  c h a rg e d  s i lv e r  h a d  p ro v e d  to  b e  rea c tiv e , a n d  so  c o n v e r te d  to  s i l 
v e r  o x id e , a n d  n e g a tiv e ly  c h a rg e d  z in c , a  m e ta l h ig h e r  in  th e  rea c tiv ity  se ries , 
in e rt . A c c o rd in g  to  h is  f in a l su m m ary ,

A m o n g s t  th e  s u b s ta n c e s  th a t  c o m b in e  c h e m ic a lly , a l l  th o se , th e  e l e c t r i 
c a l  e n e r g i e s  o f  w h ic h  a r e  w e l l  k n o w n , e x h ib i t  o p p o s i t e  s ta te s ... su p p o s in g  
p e r fe c t  f r e e d o m  o f  m o tio n  in  th e ir  p a r t i c le s  o r  e le m e n ta ry  m a tte r , th e y  o ugh t, 
a c c o r d in g  to  th e  p r in c ip le s  la id  d o w n , to  a t tr a c t  e a c h  o th e r  in  c o n se q u e n c e  o f  
th e ir  e le c tr ic a l  p o w e rs .

I n  o th e r  w o rd s , m o le c u le s  w e r e  b o u n d  to g e th e r  b y  e le c tr ic a l fo rc e s . T h is  
w a s , e f f e c t iv e ly , th e  b e g in n in g  o f  e le c tro c h e m is try  a  f ie ld  w ith  im m e n s e  
p o te n t ia l ,  w h ic h  D a v y  h im s e l f  b e g a n  to  r e a l i s e  a lm o s t im m ed ia te ly .

I n  1 8 0 7  D a v y  w a s  in v ited  o n c e  a g a in  to  g iv e  th e  B a k e r ia n  le c tu re , a n  u n 
u s u a l  h o n o u r  - w h ic h  w o u ld  a ls o  b e  g ra n te d  in  1808 . I n  1807  h e  to ld  o f  h is 
d is c o v e r y  o f  a  p r e v io u s ly  u n k n o w n  e le m e n t,  p o ta s s iu m , w h ic h  h e  h a d  iso la te d  
b y  m e a n s  o f  e le c tro ly s is .  H is  s ta r t in g  p o in t  w a s  c a u s t i c  p o ta s h , a n  a lk a l i  th e n  
p r e p a r e d  f r o m  b u r n e d  p la n ts .  T h is  h e  p la c e d  in  a  tu b e , w ith  a  p la t in u m  w ire  
s e a le d  in to  its  c lo s e d  e n d  a n d  w ith  th e  o p e n  e n d  in  a  b a th  o f  m e rc u ry . T h e  
p la t in u m  a n d  th e  m e rc u ry  th e n  c o n s t i tu te d  th e  e le c tro d e s , a n d  th e  c a u s tic  p o t
a s h  th e  e le c tro ly te .  W h e n  c o n n e c te d  to  th e  b a tte ry , w ith  th e  p la t in u m  a s  th e  
n e g a t iv e  a n d  th e  m e rc u r y  a s  th e  p o s i t iv e  e le c tr o d e ,  th e  m e rc u r y  o x id is e d  
th e  e x p e c te d  r e a c t io n  a n d  a  s m a ll q u a n tity  o f  so m e  u n k n o w n  su b s ta n c e
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( w h ic h  D a v y  c a l le d  a n  'a lk a lig e n ')  fo rm e d  i ts e lf  r o u n d  th e  p la tin u m . A n  e x 
p e r im e n t  b a s e d  o n  th e  s a m e  p r in c ip le s  p r o d u c e d  an  e n t ir e ly  n e w  su b s ta n c e  
f ro m  so d a . B o th  e x p e r im e n ts  w ere  d e s c r ib e d  in  th e  B a k e r ia n  le c tu re . T h e  k e y  
q u e s t io n  w a s  w h e th e r  th e  re su l tin g  p ro d u c ts  s h o u ld  b e  c a lle d  m e ta ls . D a v y ’s 
o w n  th o u g h ts ,  a s  n o te d  in  h is  p a p e r  'N e w  P h e n o m e n a  o f  C h e m ic a l C h a n g e s ', 
a re  w o r th  q u o tin g :

T h e  b a s e s  o f  p o ta s h  a n d  s o d a  a g r e e  w ith  m e ta ls  in  o p a c ity , lu s tre , m a lle 
a b ili ty , c o n d u c tin g  p o w e r s  a s  to  h e a t a n d  e lec tr ic ity , a n d  in  th e ir  q u a lit ie s  o f  
c h e m ic a l  co m b in a tio n .

T h e  p r o b le m  w a s  th a t  b o th , as m e ta ls , w e re  e x tre m e ly  l ig h t , w ith  specific  
g ra v it ie s  w a y  b e lo w  th a t  o f  w a te r  -  a  p ro p e r ty  s h a re d  b y  n o  o th e r  m e ta l .  D a v y , 
p o in t i n g  o u t  th a t  o th e r  k n o w n  ( b u t  m u c h  h e a v ie r)  p u r e  m e ta ls  v a rie d  
g r e a t ly  in  w e ig h t ,  f in a l ly  sa w  it  a s  p r o p e r  to  c a ll th e  n e w  su b s ta n c e s  'p o ta s 
s iu m - a n d  's o d iu m ',  n a m e s  in  a  fo rm  o n ly  a p p ro p r ia te  fo r  m e ta ls .

I n  a n y  c a s e , b o th  n e w ly  d is c o v e re d  e lem e n ts  w e re  v e ry  h ig h ly  re a c tiv e  in 
c o m p a r is o n  w ith  a n y  k n o w n  m e ta ls  (w h ic h  e x p la in s  in  p a r t  w h y  it  w as  so  ha rd  
to  d e c o m p o s e  th e m ) . B r in g  p o ta s s iu m  o r  s o d iu m  in  c o n ta c t w ith  a n y  o th e r  
s u b s ta n c e , in c lu d in g  p a r tic u la r ly  liq u id s  a n d  g a se s , a n d  a  rea c tio n , o f te n  v io 
l e n t ,  is  a lm o s t  c e r ta in  to  o c c u r . N o  w o n d e r  th a t  th e y  n e v e r  o c c u r  in  p u re  fo rm  
i n  n a tu re . D a v y  h im s e lf ,  d e sc r ib in g  th e  w ay  s o d iu m  fo rm e d  a t th e  ne g a tiv e  
e le c tro d e , to ld  h o w  'th e  g lo b u le s  o f te n  b u rn t a t th e  m o m e n t o f  th e ir  fo rm a tio n , 
a n d  s o m e tim e s  v io le n tly  e x p lo d e d  a n d  se p a ra te d  in to  sm a lle r  g lo b u le s , w h ich  
f le w  w ith  g re a t  v e lo c ity  th ro u g h  th e  a ir  in  a  s ta te  o f  v iv id  c o m b u s tio n , p ro d u c 
in g  a  b e a u tif u l  e f fe c t  o f  c o n tin u e d  je t s  o f  f ire ’.

T h e  d is c o v e r y  o f  p o ta s s iu m  a n d  so d iu m  is  a  la n d m a rk  in  th e  h is to ry  o f  
s c ie n c e . B o th  a re  e s se n t ia l e le m e n ts  f o r  a ll  l iv in g  o rg a n is m s . In  a n im a ls  ( in 
c lu d in g  h u m a n s )  e le c tr ic a lly  c h a rg e d  a to m s, o r  io n s , o f  b o th  e lem e n ts , p la y  a 
k e y  ro le  a s  t r a n s m itte r s  o f  im p u lses  in  th e  n e rv o u s  sy s te m ; th e  p o s it iv e  p o ta s 
s iu m  io n  is  a ls o  e s se n t ia l to  p ro te in  sy n th e s is  in  p la n ts . S o d iu m  b o n d s  w ith  
c h lo r in e  (w h ic h  w as  n a m e d  b y  D a v y )  to  fo rm  sa lt, a n  e x tre m e ly  s ta b le  c o m 
p o u n d  o f  tw o  h ig h ly  re a c tiv e  a n d  u n s ta b le  e le m e n ts . S a lt, o r  N a +C l‘, is  r e g a rd e d  
a s  th e  p r o to ty p e  o f  th e  io n ic  b o n d s .

D a v y , h a v in g  s ta r te d  w ith  p o ta s s iu m  a n d  so d iu m , c o n tin u e d  w ith  e le c 
tro ly s is  to  is o la te  c a lc iu m , b a riu m , s tro n tiu m  a n d  m a g n es iu m , a l th o u g h  h e re  
h is  c o n te m p o r a r y ,  th e  S w e d is h  c h e m is t ,  J o n s  B e r z e l iu s  (1 7 7 9 -1 8 4 8 )  - a lso  
a  p io n e e r  in  th e  u s e  a n d  u n d e rs ta n d in g  o f  e le c tr ic i ty  w a s  a h e a d  o f  h im . 
B e r z e l iu s  v is i te d  D a v y  in  L o n d o n , b u t ,  a l th o u g h  th e y  u s e d  m u c h  th e  s a m e  
te c h n iq u e s ,  th e y  c a n  h a rd ly  b e  c a lle d  c o lla b o ra to rs , a s  is  c le a r  f ro m  D av y 's  
o w n  c o n t in e n ta l  t r a v e ls ,  w h ic h  s ta r te d  in  M a rc h  1 8 1 3 . D a v y  o n ly  g ru d g in g ly  
a c c e p te d  th e  a ch ie v e m e n ts  o f  fo re ig n  sc ien t is ts , h o w e v e r  e m in en t .

W o rk in g  w ith  e le c tro ly s is  le d  D a v y , in  1 8 1 0 , to  d is c o v e r  th e  e le c tr ic  
a rc ,  b y  c o n n e c t in g  th e  te rm in a ls  o f  a  g ia n t  v o l ta ic  c e l l  to  c h a rc o a l  e le c tro d e s .
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T h e  a rc  c ro s s e d  th e  g a p  a r is in g  w h e n  th e  e le c tro d e s  w e re  s e p a ra te d . O n e  w h o  
w itn e s s e d  th is  p h e n o m e n o n  re p o r te d  'a  m o s t  b r illia n t a sc e n d in g  a rc h  o f  lig h t , 
b r o a d  a n d  c o n ic a l  in  f o rm  in  th e  m id d le .  W h e n  a n y  su b s ta n c e  w a s  in tro d u c e d  
in to  th is  a rc h , i t  in s ta n tly  b e c a m e  ig n ite d ; p la t in a  m e lte d  as r e a d ily  in  i t  a s  in  
t h e  f la m e  o f  a  c o m m o n  c a n d le ;  q u a r tz ,  th e  s a p p h i r e ,  m a g n e s i a ,  l im e , a l l  
e n t e r e d  in to  f u s io n . . .  T h e  l ig h t ,  w h ic h  w a s  so  in te n s e  a s  to  r e s e m b le  th a t  o f  
th e  s u n , p r o d u c e d  a  d is c h a r g e  th r o u g h  h e a te d  a ir  o f  n e a r ly  th r e e  in c h e s  in  
le n g th ,  a n d  o f  a d a z z lin g  sp le n d o u r ’.

T h e  e le c tr ic  a rc , s ti ll  e s s e n t ia l to  w e ld in g , is  a  c o n tin u o u s  e le c tr ic  d is 
c h a rg e  a c ro s s  th e  sp a c e  b e tw e e n  tw o  e lec tro d es : to  s ta r t w ith  th e  g a p  m u s t b e  
sm a ll ,  b u t  th e  h e a t  g e n e ra te d  b y  th e rm a l io n is a tio n  c re a te s  a  c o n d u c tin g  m e 
d iu m , a c ro s s  th e  g a p , a llo w in g  it  to  b e  m a d e  m u c h  w id e r. T h is  fa c ility  is  b u ilt  
in to  a n y  a rc in g  sy s te m , s o  th a t  th e  a rc , o n c e  c re a te d , b r id g e s  th e  w id e s t p o ss ib le  
g a p  th a t  w ill  su s ta in  it. T h e  a rc  g e n e ra te s  n o t  o n ly  h e a t b u t  a lso  lig h t , w h o se  
p ro p e r t ie s  a re  d e te r m in e d  b y  th e  c h e m ic a l c o m p o s itio n  o f  th e  e le c tro d e s , 
w h ic h  a re  n o t  n e c e s s a r i ly  c a rb o n . ( U n t il  T h o m a s  E d is o n ’s ( 1 8 4 7 -1 9 4 1 )  in v e n 
t io n  o f  th e  in c a n d e s c e n t  lig h t  b u lb  in  1879 , a rc s  p r o v id e d  th e  o n ly  p o s s ib le  
e le c tr ic  lig h t in g .)

D a v y , a f te r  b e in g  k n ig h te d  b y  th e  P r in c e  R e g e n t o n  8 A p ri l 1812 , m a rr ie d  
a  r i c h  w id o w , J a n e  A p re e c e , th re e  d a y s  la te r . T h is  d id  n o t  p ro v e  to  b e  a  h a p p y  
m o v e , b e c a u s e  J a n e 's  h a u g h ty  d isp o s i t io n  a n d  so c ia l p re te n s io n s  e n d e a re d  n e i 
th e r  h e r  n o r  h e r  h u s b a n d  to  th e  c o m p a n y  th e y  k e p t. S h e  n o  d o u b t  h a d  m u c h  to  
c o m p la in  o f : e v e n  о и  th e i r  h o n e y m o o n , s p e n t  la rg e ly  in  S c o tla n d , D a v y  
b r o u g h t  w i th  h im  a  c h e s t  o f  a p p a ra tu s ,  so  th a t  h e  c o u ld  c o n tin u e  c h e m ic a l  
r e s e a rc h . O n c e  m a rr ie d , h e  la rg e ly  a b a n d o n e d  h is  w o rk  a t th e  R o y a l In s titu t io n , 
a n d  in  O c to b e r  181 3  h e  s e t  o u t  f o r  F ra n c e  o n  th e  f i r s t  o f  h is  c o n tin e n ta l j o u r 
n e y s .

D a v y  w a s  a c c o m p a n ie d  n o t  o n ly  b y  h is  w ife  b u t  a lso  b y  a  y o u n g  m a n , 
M ic h a e l  F a r a d a y  (1 7 9 1 -1 8 6 7 ) , w h o  h a d  b e e n  ta k e n  on  a s  h is  a m a n u e n s is  in  
M a r c h  1 8 1 3 . J u d g e d  in  th e  l i g h t  o f  F a r a d a y ’s  la te r  s c ie n t if i c  a c h ie v e 
m e n ts ,  th e  c o m p a n y  w a s  e x tra o r d in a r i ly  d is t in g u ish e d . I t  w as  n o t  h a p p y , 
h o w e v e r : L a d y  D a v y  tr e a te d  F a ra d a y  lik e  a  m e n ia l se rv an t, a n d  h e  w a s  d e 
lig h te d  w h e n  sh e  su c c u m b e d  to  se a s ic k n e ss  o n  th e  c ro ss -c h an n e l v o y a g e . A l
th o u g h  it  is  e a sy  to  s e e  F a rad a y  a s  D av y 's  g rea t app ren tice , h e  h im s e lf  sa w  D av y  
as  'a  m o d e l  to  te a c h  h im  w h a t h e  sh o u ld  av o id '. N o n e  th e  le ss th e  th re e  s ta y ed  
to g e th e r ,  a n d  o n c e  a sh o re  th e y  h e a d e d  fo r  P a ris , w here  a ll th ree  b e h av e d  like 
ty p ic a l  B r its  a b ro a d . A lre a d y  o n  d ise m b a rk in g , F a rad a y  h a d  found , as th e y  w ere  
se a rc h e d  b y  F re n c h  o ffic ia ls , th a t 'h e  c o u ld  h a rd ly  h e lp  lau g h in g  a t  th e  r id icu lous 
n a tu re  o f  th e ir  p recau tio n s '.

In  P a r is  th e y  re c e iv e d , a m o n g  m a n y  o th e r  d is t in g u ish e d  sc ie n t is ts , Jo s e p h  
L o u is  G a y - L u s s a c  ( 1 7 7 8 -1 8 5 0 )  a n d  A n d re  M a rie  A m p ere  (1 7 75 -1836 ) - a lm ost 
e x a c t c o n tem p o ra rie s  o f  D av y . D avy , in v ite d  to  h e a r  G a y -L u ssa c  le c tu re  a t th e  
E c o le  P o ly te c h n iq u e , n o te d  th e  e x p e r im e n ts  c a rried  ou t, w h ic h  w ith  th e  h e lp  o f
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d ia g ra m s  e x p la in e d  a  n e w  su b s ta n c e  d is c o v e re d  b y  th e  le c tu re r. D a v y  im m e d i
a te ly  r u s h e d  a  p a p e r  to  th e  R o y a l S o c ie ty , id e n tify in g  a new  e le m e n t a n d  ca ll
in g  i t  'io d in e ' (b e c a u se  o f  its a ffin ities  w ith  c h lo rine). G ay -L u ssa c , w h a tev e r  h e  
th o u g h t o f  b e in g  p re -e m p te d  in  th is  w ay , k e p t h is  cool: D av y  a cc u sed  h im  o f  p ick 
in g  h is  b ra in s , b u t  a c c e p te d  th a t h e  s to o d  'a t th e  h e a d  o f  liv ing  c h em is ts  in  F rance '. 
C o n s id e r in g  th a t  th e  I n s titu t e le c te d  D a v y  as a  C o rre sp o n d in g  M e m b e r  on  13 
D e c e m b e r , th is  w as  - to  q u o te  a  w ell-k n o w n  f ig u re  f ro m  th e  tw e n ty -f ir s t c en tu ry  
- in a p p ro p r ia te .

T h is  w as  n o t  a ll . I n  f ro n t o f  a  d is t in g u ish e d  F re n c h  a u d ie n c e , D a v y  d e m o l
is h e d  L a v o is ie r 's  th e o ry  a b o u t a c id s  -  a c c o rd in g  to  w h ic h  o x y g e n  w as  a lw ays an 
e ssen t ia l c o m p o n en t - b y  sh o w in g  th a t c h lo rin e  co u ld  rep la ce  ox y g e n . F a rad ay  was 
m u c h  le s s  a rro g an t , le a d in g  o n e  F re n c h  sc ien tis t, J. B . D u m a s , to  r e m a rk  a t the 
e n d  o f  th e  d a y  ’w e  a d m ire d  D av y , w e  lo v e d  F a ra d a y ’ a v ie w  w h ic h  m any  in 
E n g la n d  w o u ld  sh a re . A s  fo r  D a v y , N a p o le o n  is  rep o r te d  to  h a v e  rem a rk ed  that 
h e  h e ld  a ll th e  m e m b e rs  o f  th e  In s titu t in  lo w  esteem . D av y  h im self , on  leaving 
P a r is  w ith  h is  w ife  a n d  F a rad ay , sp e n t th e  f irs t n ig h t  a t F o n ta in e b le au , w h ere  he 
w ro te  a  p o e m  p re d ic t in g  th e  f a l l  o f  N a p o le o n . H e re , a s  so  o f te n , h e  w as right: 
th e  b a t t le  o f  W a te rlo o  w a s  o n ly  e ig h tee n  m o n th s  aw ay .

I n  I ta ly , w h e re  th e  g ra n d  to u r  co n tin u ed , D a v y  w as  so m e w h a t h a p p ie r. In 
F lo re n c e , u s in g  th e  g ia n t  b u rn in g -g la s s  o f  th e  G ra n d  D u k e  o f  T u sc an y  to  focus 
th e  h e a t o f  th e  su n  o n  a  d ia m o n d , h e  p ro d u c e d  p u re  c a rb o n  d io x id e , so  c o n firm 
in g  th a t  d ia m o n d s  w e re  a  f o rm  o f  c a r b o n . (A l th o u g h  L a v o is ie r  h a d  c o n d u c te d  
th e  s a m e  e x p e r im e n t  in  1772 , D a v y 's  r e s u l t  w as  s ti ll s ig n ific an t .)  In  R o m e  h e  
e x p e r im e n te d  w i th  io d in e  a n d  c h lo r in e  a n d  th e ir  c o m p o u n d s  w ith  oxygen . 
F in a lly ,  h e  v is i te d  V o lta ,  th e  m a n  w h o  h a d  m a d e  e v e ry th in g  p o s s ib le  in  the  
f i r s t  p la c e ,  in  M ila n . V o lta  w a s  d r e s s e d  in  h is  f in e s t, D a v y  in  h is  s c ru ffy  tra v 
e l l in g  c lo th e s  -  B r i t i s h  to  th e  end .

D a v y  r e tu r n e d  to  E n g la n d  o n  S t . G e o rg e 's  D a y  1815 , ju s t  tw o  m o n th s  b e 
f o re  W a te r lo o . F o l lo w in g  th e  d e fe a t  o f  N a p o le o n , as p r e d ic te d  in  h is  p o em , 
h e  w ro te  to  th e  P r im e  M in is te r ,  L o r d  L iv e rp o o l, u rg in g  th a t  th e  F re n c h  be 
t r e a te d  w ith  s e v e r i ty  in  a n y  su b se q u e n t p e a c e  tre a ty . T h is  c a m e  f ro m  a  m an  
w h o  b u t  tw o  y e a r s  b e fo re h a n d  h a d  h a d  e v e ry  h o n o u r  b e s to w e d  u p o n  h im  in 
P a r is : t a lk  a b o u t  'la p e r f id e  A lb io n . T o  h is  m o th e r  h e  w ro te , 'W e  h a v e  h a d  a 
v e ry  a g re e a b le  a n d  in s tru c tiv e  jo u rn e y , a n d  L ad y  D a v y  a g re e s  w ith  m e  in 
th in k in g  th a t  E n g la n d  is  th e  o n ly  c o u n try  to  l iv e  in . ’

In  th e  la s t  te n  y e a rs  o f  h is  life , D a v y  w as  p re s id e n t o f  th e  R o y a l S oc ie ty . 
T h e re , in  s p i te  o f  h is  f e e lin g s  a b o u t  th e  F re n c h , h e  d id  h is  b e s t  to  m a k e  th e  
R o y a l  S o c ie ty  m o r e  l ik e  th e  A c a d e m ic  d e s  S c ie n c e s ,  a  s e lf -g o v e rn in g  in s t i 
tu t i o n  w ith  e le c t io n  r e s t r ic te d  to  m e n  w ith  s o m e  r e c o g n is e d  sc ie n t if ic  
a c h ie v e m e n t.  D a v y  a c c e p te d  th a t  o th e r  s c ie n t if ic  in s t itu tio n s  in  F ra n c e , n o ta 
b ly  th e  E c o le  P o l y te c h n iq u e ,  w e re  b e t te r  th a n  a n y th in g  in  B r i ta in  a l 
th o u g h  b y  th is  tim e  th e  B r iti s h  u n iv e rs itie s  w e re  b e g in n in g  to  r e f o rm  th e m 
s e lv e s .  A l th o u g h ,  w h ile  D a v y  w a s  p r e s id e n t ,  a  m a jo r i ty  o f  th e  m e m b e rs  o f
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th e  C o u n c il  o f  th e  R o y a l S o c ie ty  h a d  p u b lis h e d  a  s c ie n t if ic  p a p e r ,  r a d ic a l  r e 
f o rm  h a d  to  w a i t  u n t i l  a f te r  h is  d e a th .

D a v y  d ie d  in  F e b ru a ry  1829 , b a re ly  f i f ty  y e a rs  o ld . E v e n  s o  m a n y  o f  h is  
g r e a te s t  a c h ie v e m e n ts  d a te  b a c k  to  th e  1 8 0 0 s , b e fo r e  h e  a ch ie v ed  w e a lth  and  
a  p o s i t io n  in  so c ie ty . T h a t  h e  w as  a  m a n  sp o ile d  b y  su c c e ss  is  o n ly  h a l f  th e  
tru th : h is  c o n s ta n t  d e v o tio n  to  n a tu re ,  p o e t ry  a n d  th e  s p o r t  o f  f i s h in g  r e v e a l  a 
m y s t ic  r a th e r  th a n  a  m a te r ia lis t .  A s  a  s c ie n t is t  a n d  a  r e fo rm e r  o f  s c ie n t if ic  in 
s t i tu t io n s ,  h e  w a s  a lm o s t a lw ay s  r ig h t  -  to o  m u c h  so  to  m a k e  h im  a t  a ll lovab le . 
H e  m a y  h a v e  b e e n  a s  g re a t a  m a n  as V o lta , B e rze liu s , G ay -L u ssa c  a n d  F a ra d a y  - 
to  n a m e  o n ly  a  f e w  o f  h is  g re a t sc ien t if ic  c o n tem p o ra rie s  -b u t  in  p u r e ly  h u m a n  
te rm s  th e y  a l l  h a d  s o m e th in g  h e  la c k e d .

Dalton's law for compounding chemicals

J o h n  D a l to n  ( 1 7 6 6 -1 8 4 4 ) , to  a l l  a p p e a ra n c e s  a  c la s s ic  w im p , is  r ig h t ly  
r e g a rd e d  a s  o n e  o f  th e  f o u n d e r s  o f  m o d e m  c h e m is try .  H is  b a c k g ro u n d  e x 
p la in s  b o th  a s p e c ts  o f  h is  lif e . D a l to n 's  p a re n ts  w e re  Q u a k e rs  in  w e s t  C u m b e r 
la n d  a n d  b r o u g h t  th e i r  so n  u p  in  a  p a r t  o f  E n g la n d  w h e re  th e  S o c ie ty  o f  
F r ie n d s  w a s  e x c e p tio n a l ly  w e l l  r e p r e s e n te d .  T h is  w a s  th e  r e s u l t  o f  t h e  i n 
d u s t r ia l  r e v o lu t io n ,  f o c u s e d  o n  M a n c h e s te r  - th e  h u b  o f  n o r th - w e s t  E n g 
la n d  - i n  w h ic h  Q u a k e rs  a n d  o th e r  r e lig io u s  d is s e n te rs  h a d  p la y e d  a  p ro m in e n t 
ro le .

T h e  r e s u l t ,  f o r  D a l to n , w a s  th a t  h e  g re w  u p  in  a n  a re a  w h e re  e d u c a tio n  
w a s  la rg e ly  in  th e  h a n d s  o f  th e  f a m ily  o f  b e lie v e r s  in to  w h ic h  h e  w as  b o m  a n d  
o f  w h ic h  h e  w o u ld  re m a in  a  m e m b e r  fo r  h is  e n tir e  life . T h e  d is se n tin g  e th o s  
(w h ic h  o w e d  m u c h  to  th e  Q u a k e rs )  d e n n e d  a  w o rld , c e n tre d  o n  M a n c h e s te r ,  in  
w h ic h  D a l to n  w o u ld  a lw a y s  f e e l a t  h o m e . W ith  th is  b a c k g ro u n d  it  is  n o t  su r 
p r is in g  th a t  D a l to n  a lw a y s  e a r n e d  h is  l iv in g  as a  te a c h e r ; h is  f i r s t  a p p o in tm e n t 
c a m e  w h e n , a t  th e  a g e  o f  tw e lv e , h e  to o k  o v e r  a s  te a c h e r  in  th e  lo c a l sc h o o l. 
W h e n  h e  w a s  f if te e n , h e  m o v e d  to  K e n d a l ( fo r ty  m ile s  f ro m  h is  h o m e )  to  b e 
c o m e  a n  a s s is ta n t  in  a  s c h o o l g e n e ro u s ly  e n d o w e d  b y  Q uakers .

T h e  s c h o o l  h a d  a  g o o d  s c ie n t if i c  l ib r a ry , c o n ta in in g  n o t  o n ly  b o o k s  b u t  
a ls o  s c ie n t i f i c  a p p a ra tu s  in c lu d in g  a  te le s c o p e , a  m ic r o s c o p e  a n d  a n  a ir  
p u m p .  M o r e  im p o r ta n t  to  D a l to n , a t  le a s t  in  h is  o w n  v ie w , w as  th e  p a tro n a g e  
o f  a n o th e r  Q u a k e r, J o h n  G o u g h , th e  b l in d  n a tu ra l  p h i lo s o p h e r  a n d  f r ie n d  o f  
W o rd s w o r th , w h o  a lso  liv e d  in  K en d a l.

W ith  G o u g h  a s  tu to r ,  D a l to n 's  in te re s ts  fo c u s e d  o n  s c ie n c e , p a r t i c u la r ly  
m e te o r o lo g y ,  a n d  in  1 7 8 7  h e  b e g a n  to  k e e p  d a i ly  r e c o rd s  -  a  p ra c t ic e  h e  
m a in ta in e d  u n ti l  h is  d e a th  f i f ty -s e v e n  y e a rs  la te r . T h is  w a s  th e  b e g in n in g  o f  h is  
in te r e s t  in  th e  g a se s  to  b e  fo u n d  in  th e  e a r th 's  a tm o sp h e re . O f  th e  e le m e n ta l 
g a s e s ,  C a v e n d i s h  h a d  a lre a d y  d is c o v e re d  h y d ro g en , P r ie s tle y  o x y g e n , a n d  
L a v o is ie r  n itro g e n . E v e n  e a r lie r , in  1754 , 'f ix e d  a ir ' (w h ich  w o u ld  p ro v e  to  b e  a
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c o m p o u n d  o f  c a rb o n  a n d  o x y g e n )  h a d  b e e n  id e n tif ie d  a s  d if f e re n t f ro m  th e  o r 
d in a ry  a i r  w e  b r e a th e .

I n  1 7 8 5  th e  p r in c ip a l  o f  th e  K e n d a l S c h o o l r e ti re d , a n d  D a l to n , h e lp e d  by  
h is  o ld e r  b r o th e r ,  to o k  o v e r .  T h is  d o e s  n o t  m e a n  th a t  D a l to n  w a s  c o n te n t  a s  a 
s c h o o lm a s te r  -  f a r  f ro m  it. H e  o b s e rv e d  th a t  'v e ry  few  p e o p le  o f  m id d lin g  
g e n iu s , o r  c a p a c i ty  fo r  o th e r  b u s in e s s ',  b e c o m e  sc h o o lm a s te rs . D a l to n 's  f irs t 
a tte m p ts  to  f in d  s o m e th in g  b e t te r  f a ile d , b u t h e  d id  b e c o m e  k n o w n , e v e n  o u t
s id e  K e n d a l,  f ro m  th e  p u b lic  le c tu re s  o n  m e c h a n ic s , o p tic s , p n e u m a tic s  a n d  
a s t r o n o m y ,  g iv e n  w i th  th e  a id  o f  h i s  s c h o o l 's  s c ie n t if i c  a p p a ra tu s . In  1792 , 
a f te r  v is i t in g  L o n d o n  f o r  th e  f i r s t  t im e , D a l to n  w as  a p p o in te d  a s  th e  f i r s t  p ro 
f e s s o r  o f  m a th e m a tic s  a n d  n a tu ra l  p h ilo s o p h y  a t  th e  M a n c h e s te r  A c a d e m y , r e 
c e n tly  f o u n d e d  b y  p ro m in e n t lo c a l d is s e n te rs .  T h is  a p p o in tm e n t  b r o u g h t  h im  
to  j u s t  th e  r ig h t  p la c e , a t  le a s t a t th e  e n d  o f  th e  e ig h te e n th  c en tu ry . F o r  as D is 
ra e l i  la te r  o b se rv e d , 'W h a t A rt w as  to  th e  a n c ie n t w orld , S c ie n c e  is  to  th e  m o d 
e m ;  th e  d is t in c t iv e  f a c u lty . I n  th e  m in d s  o f  m e n , th e  u se fu l h a s  s u c c e e d e d  to 
th e  b e a u tif u l . . .  r ig h t ly  u n d e rs to o d , M a n c h e s te r  is a s  g re a t a  h u m a n  e x p lo it as 
A th e n s . '

I n  th e  e v e n t  D a l to n  lik e d  M a n c h e s te r  b e t te r  th a n  th e  A c a d e m y , w h ere  h e  
r e s ig n e d  h is  p o s i t io n  in  1800 . In s te a d  h e  o p e n e d  h is  o w n  M a th e m a tic a l A ca d 
e m y , w h ic h  w a s  a n  im m e d ia te  su c c e s s . T h e  fe e s  p a id , a n d  th e  f re e d o m  to  o r 
g a n is e  h is  o w n  l i f e ,  m e a n t  th a t h e  c o u ld  p u rsu e  th e  se rio u s  b u s in e s s  o f  c h em is
try  m u c h  m o re  e ffe c tiv e ly . H e  h a d  a lre a d y  b e g u n  to  p u b lis h , a n d  h is  f i r s t  p a 
p e r ,  s u b m i t te d  to  th e  M a n c h e s te r  L ite ra ry  a n d  P h ilo so p h ic a l S o c ie ty  (to 
w h ic h  h e  h a d  b e e n  e le c te d  in  1 7 9 4 ) , p r o v e d  to  b e  su rp ris in g ly  in f lu e n tia l.

D a l to n 's  c h o s e n  s u b je c t  w a s  c o lo u r-b lin d n e s s ,  an  a ff l ic t io n  th a t  h e  sh a red  
w ith  h is  o ld e r  b ro th e r  ( a lth o u g h  i t  w as  n o t  th e n  k n o w n  to  b e  h e re d ita ry ) . H is 
t h e o ry  a b o u t  i t s  c a u s e s ,  a rg u e d  in  m e tic u lo u s  d e ta il , la te r  p ro v e d  to  b e  w ro n g  - 
a s  w a s  c o n f ir m e d  w h e n  h is  o w n  e y e s , o n  h is  in s tru c tio n s , w ere  d is se c te d  a fte r 
h is  d e a th . N o n e  th e  le s s ,  th e  c o n d itio n  w as  lo n g  k n o w n  as 'D a lto n ism ', a l
th o u g h  D a l to n  h im s e l f  w o u ld  n e v e r  w ri te  a b o u t i t  a g a in .

D a l to n 's  m o s t  im p o r ta n t  w o rk  b e g a n  o n ly  a f te r  h e  ie f t  th e  A ca d em y , 
w h e n  th e  L i te ra r y  a n d  P h i lo s o p h ic a l  S o c ie ty  p r o v id e d  a  h o m e  fo r  h is  a p p ara 
tu s  a n d  e x p e r im e n ts ,  to  sa y  n o th in g  o f  an  u p - to -d a te  lib ra ry  a n d  a jo u rn a l 
w h ic h  w o u ld  p u b lis h  m a n y  o f  h is  m o s t im p o rta n t re su l ts . W h a t th e n  d id  D a lto n  
a c h ie v e  in  th e  re m a rk a b le  o p e n in g  y e a r s  o f  th e  n in e te e n th  c e n tu ry ?

I n  th e  n e w  c e n tu ry  D a l to n ’s w o rk  w ith  m ix e d  gases a  d e v e lo p m e n t o f  
h i s  in te r e s t  in  m e te o ro lo g y  - w as  c r it ic a l.  T o w ard s  th e  e n d  o f  th e  o ld  c en tu ry , 
h i s  s tu d y  o f  th e  e v a p o ra tio n  o f  w a te r  in  th e  a tm osphere , p rese n te d  in  h is f irs t 
b o o k , M e te o ro lo g ic a l O b serva tio n s  a n d  E ssa y s ,  h a d  le d  h im  to  th e  c o n c lu s io n  
th a t  n o  c h e m ic a l  r e a c t io n  w a s  in v o lv e d . T h e  b o o k  a lso  c o n ta in e d , in  so m e 
w h a t  in c h o a te  f o rm , th e  p r o p o s i t io n  th a t  in  a  m ix tu re  o f  g a s e s  e v e r y  g a s  
a c ts  a s  a n  i n d e p e n d e n t  e n t i ty  -  'D a lto n 's  la w  o f  p a r t ia l  p re s su re s  .



T h e  r e s u l t  is  th a t su c h  a  m ix tu re  o p e ra te s  e ffec tiv e ly  as a re se rv o ir  f o r  a ll  
t h e  g a s e s  c o n ta in e d  in  i t ,  s o  th a t  c h e m ic a l  p r o c e s s e s  c a n  a lw ay s  a c c e s s  th e  
p a r t i c u la r  g a se s  th e y  re q u ir e  a n d  d is c h a rg e  th e  su b s ta n c e s  th e y  th e n  p ro d u c e . 
A  s im p le  e x p e r im e n t  sh o w s h o w  to  o b se rv e  th is  p ro c e ss  a t  w o rk : lig h t a  c a n 
d le  a n d , a f te r  a llo w in g  i t  to  b u m  f o r  a  m in u te , c o v e r  i t  w ith  a la rg e  g la ss . 
W ith in  a  f e w  se c o n d s , t h e  f la m e  w i l l  b e  e x tin g u is h e d . T h e  p r o c e s s  o f  c o m 
b u s t io n ,  a  c h e m ic a l  r e a c t io n  d e p e n d e n t  o n  o x y g e n , h a v in g  c o n s u m e d  th e  e n 
t i r e  q u a n ti ty  c o n ta in e d  in  th e  g la s s ,  c a n  n o  lo n g e r  c o n tin u e : so  lo n g  as it  
la s te d , c a r b o n  d io x id e , a  p r o d u c t o f  th e  r e a c tio n , r e p la c e d  th e  o x y g e n  to  m ix  
w i th  w h a te v e r  o th e r  g a se s  w e re  p r e s e n t  in  th e  a tm o s p h e re .  T h e  p ro c e s s  
w o u ld  in  n o  w a y  h a v e  a f f e c te d  th e  c h e m is try  o f  th e s e  o th e r  g a s e s  (a l th o u g h  
i t  m ig h t  h a v e  a f f e c te d  b o th  th e i r  te m p e r a tu re  a n d  p re s su re ) .

T h is  w a s  o n ly  h a l f  th e  s to ry . B y  D a l to n 's  d a y  i t  w as  b e g in n in g  to  b e  c lea r  
th a t  g a se s  c o u ld  c o m b in e  in  a  r e a c tio n  to  m a k e  c o m p o u n d s . In  p a rtic u la r,  n i t r o 
g e n  c o u ld  c o m b in e  in  tw o  d if f e r e n t  w ay s  w ith  o x y g e n , o n e  p ro d u c in g  n i tr ic  
o x id e  a n d  th e  o th e r  n i t r o u s  o x id e  - th e  la u g h in g  g a s  f a m i l ia r  f ro m  D a v y 's  e a r ly  
e x p e r im e n ts .  I t  c o u ld  a ls o  c o m b in e  w ith  h y d ro g e n  to  p ro d u c e  a m m o n ia . T h e re  
w e r e  a ls o  tw o  d if fe re n t w a y s  c a rb o n  (a lth o u g h  n o t  a  g a s)  c o u ld  c o m b in e  w ith  
o x y g e n , a n d  tw o  m o r e  w ith  h y d r o g e n . I n  th e s e  c a se s  th e  s o lu b i lity  o f  th e  
g a se s  in  w a te r  w a s  th e  fo c a l  p o in t  o f  D a l to n 's  e x p e r im e n ts . A n d  th e n , o f  
c o u rs e , w a te r  w as  i t s e lf  a  c o m p o u n d  o f  h y d ro g e n  a n d  o x y g e n  -  th e  o n ly  o n e  
k n o w n , u n t i l  th e  d is c o v e ry  o f  h y d ro g e n  p e ro x id e  in  1815. (A s tro p h y s ic is ts  h av e  
n o w  d is c o v e re d  a  th ir d 's u c h  c o m p o u n d , h y d ro x y l, in  in te r s te l la r  d u s t.)  D a lto n 's  
e x p e r im e n ts  i n  th e  o p e n in g  y e a r s  o f  th e  n in e te e n th  c e n tu ry  c o n f ir m e d  th a t  
’c o m p o u n d s  w e r e  f o rm e d  f ro m  th e  c o m b in a t io n  o f  c o n s ta n t  a m o u n ts  o f  th e ir  
c o n s t i tu e n ts '.

T a k in g  th e  c a s e  o f  th e  tw o  o x id e s  o f  n i t r o g e n , in  w h ic h  th e  q u a n tity  o f  
n i t r o g e n  in  o n e  is  tw ic e  th a t  in  th e  o th e r ,  th e re  is  n o  q u e s t io n  o f  a g ra d u a l 
t r a n s i t io n  f ro m  o n e  to  th e  o th e r .  T h e r e  is  n o  w a y  o f  p r o g re s s iv e ly  'a d d in g ' n i 
t r o g e n  to  n i t r ic  o x id e  s o  a s  to  t r a n s fo r m  i t  in to  n i t r o u s  o x id e : th e s e  tw o  c o m 
p o u n d s  o f  n i t r o g e n  a re  f o rm e d  b y  q u ite  d if f e re n t  r e a c tio n s . I n  th e  g e n e ra l c ase  
o f  tw o  e le m e n ts  A  a n d  В  h a v in g  k n o w n  c o m p o u n d s  A + B  a n d  A + 2 B ,  fu r th e r  
c o m p o u n d s  m a y  w e ll b e  p o s s ib l e  n o t  o n ly  in  th e  fo rm s  А + З В , A + 4 B ,  a n d  so  
o n ,  b u t  a ls o  in  s u c h  in te r m e d ia te  f o rm s  a s  2 A + 3 B .  A d d it io n a l  e le m e n ts  C, 
D , a n d  s o  o n ,  o c c u r  in  m o re  c o m p le x  c o m p o u n d s . F o r  m o s t  e le m e n ts  th e  
l i s t  o f  p o s s ib l e  c o m p o u n d s  is  q u i te  sh o r t ;  th e  g r e a t  e x c e p tio n  in  c a rb o n , 
w h o s e  c a p a c i t y  to  c o m b in e  i n  l o n g  c o m p le x  c h a in s  u n d e r l i e s  th e  w h o le  
o f  o rg a n ic  c h e m is try  a n d  b io c h em istry .

D a lto n 's  d isc o v ery  le d  h im  to  w e ig h  th e  d if fe ren t p o r tio n s  o f  e a c h  e le m e n t 
o c c u r r in g  in  a  c o m p o u n d . S in c e  th is  p ro c e d u re  c a n  b e  c a r r ie d  o u t  w ith  a n y  
q u a n ti ty ,  th e  o n ly  c o n s ta n t  r e su l ts  i t  c a n  p ro d u c e  a re  th e  r a tio s  o f  th e  w e ig h ts  
o f  th e  d i f f e r e n t  p o r tio n s  to  e a c h  o th e r. T h is  w a s  D a lto n 's  sy s te m  o f  e q u iv a le n t 
w e ig h ts .
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N o w  D a lto n  w as  c o n ce rn e d  w ith  a  p ro ce ss  o f  tran sd u c tio n , b y  w h ic h  h e  
p u rsu e d  e q u iv a le n t w e ig h ts  c o n ce p tu a lly  to  th e  p o in t a t w h ic h  th e  s m a lle s t u n i t  
s t i l l  r e ta in in g  a ll  th e  p r o p e r tie s  o f  th e  e le m e n t o c c u rs . T h is  le d  to  D a lto n 's  th e 
o ry  o f  th e  a to m , a lth o u g h  th e  c o n c e p t o f  su c h  a  sm a ll fu n d a m e n ta l u n i t  w as  a l
r e a d y  c u rre n t a m o n g  h is  c o n te m p o ra rie s . T h e  p ro b le m , w h e n  w o rk in g  w ith  
p o r tio n s  c o m p o u n d e d  in  m o le cu les  b u i l t  o u t  o f  su c h  a to m s, w a s  h o w  to  b e  c e r
ta in  a b o u t th e  p ro p o rt io n s  o f  th e  e lem e n ts  oc cu rrin g  a t th is  fu n d am e n ta l lev el.

D a lto n 's  tr e a tm e n t o f  w a te r  is  e x em p la ry . T h e  re la tiv e  w e ig h t o f  th e  po rtions 
o f  o x y g e n  a n d  h y d ro g en  w as  7 to  1. D alton , a ssum ing  a o n e -to -one  ratio  a t the  
a to m ic  lev el, ca lc u la ted  a  m o lecu lar w eigh t fo r w ater, n o t h a v in g  a n y  m e an s o f  
k n o w in g  th a t  th e  w a te r  m o le cu le  in  fac t con tains tw o  h yd rogen  a tom s. H is  w eigh
in g  w a s  a lso  ina cc u ra te , s ince  th e  re la tive  w eights in  a  w ater m o le cu le  a re  8 to  1, so 
th a t w ith  tw o  hy d ro g en  a tom s, an  o x y g e n  a to m  m u st in  fac t w eig h  16 tim es as 
m u c h  a s  a  h y d ro g e n  a tom . D a lto n , k n o w in g  n o  b e tte r , c o m m o n ly  a ssu m e d  the 
s im p le s t p o ss ib le  co m b in a tio n  - e .g . w ith  o n e  hy d ro g en  a to m  - n o t  o n ly  w ith  w a
te r, b u t  a lso  w ith  a m m o n ia  (N H 3) a n d  o th e r  c o m p o u n d s . T h e  p ro b le m  a lw ay s  d e 
f e a te d  h im , a s  h e  w a s  to  n o te  in  1814:

“A f t e r  h a v in g  th e  a to m ic  p r in c ip le s  in  c o n te m p la t io n  f o r  te n  y e a r s , 1 
f i n d  m y s e l f  s t i l l  a t  a  lo ss , o c ca s io n a lly , to  d is c r im in a te  b e tw e e n  th e  c o m b in a 
t io n s  w h ic h  c o n ta in  tw o  a to m s  o f  a  g iv e n  b o d y  f r o m  th o se  w h ic h  c o n ta in  on ly  
o n e  a to m ”.

D a l to n  w a s , h o w e v e r, o n  th e  r ig h t track . In  th e  co u rse  o f  tim e  h is m is taken  
p ro p o r t io n s  c o u ld  a n d  w o u ld  b e  c o rrec te d . I n  p a rticu la r, h is  su p p o r t fo r  th e  so- 
c a l le d  in te g r a l  w e ig h ts  h y p o th e s is  w a s  e x tre m e ly  he sita n t. A cco rd in g  to  th is  hy 
p o th e s is , s ta te d  b y  D a lto n 's  c o n tem p o ra ry , W illia m  P ro u t (1 7 8 5 -1 8 5 0 ), in  1815, 
t h e  a to m ic  w e ig h ts  o f  a l l  th e  e le m e n ts  a re  m u lt ip le s  o f  th a t o f  h y d ro g en . O n 
th e  o th e r  h a n d , in  182 7  ra th e r  la te  in  th e  d a y  D a lto n  d id  a cc ep t th a t 'the 
g re a te s t d e s id e ra tu m  a t th e  p re se n t tim e  is th e  e x ac t re la tiv e  w e ig h t o f  100 cub ic  
in c h es  o f  th e  e le m e n t hy d ro g en '. D a l to n  s h o u ld  a ls o  h a v e  p a id  m o re  a tte n t io n  
to  th e  S w e d is h  c h e m is t,  B e rz e liu s ,  w h o  r e c o g n ise d  h im  as 'o n e  o f  th e  m o s t 
in g e n io u s  p h y s ic ia n s  o f  o u r  a g e '. B e rz e liu s ,  a  m u c h  m o re  a c c u ra te  e x p er i
m e n te r ,  o b ta in e d  re su l ts  w h ic h  b o th  e x te n d e d  a n d  m o d if ie d  th o se  o f  D a ito n . 
I n  p a r t ic u la r ,  B e rz e liu s  a c c e p te d  th e  law  s ta te d  b y  G a y -L u ssa c  in  1808 th a t 
w h e n  g a se s  c o m b in e  ch em ic ally , th e re  is a lw ay s  a  s im p le  n u m e rica l r e la tio n sh ip  
b e tw e e n  th e  v o lu m e  o f  th o se  c o n su m e d  a n d  th a t o f  th o se  p ro d u c e d . T h is  th e n  
o p e n e d  th e  w a y  to  f in d in g  in  181 4  th e  c o rre c t r a tio , 2 : 1 ,  o f  h y d ro g e n  to  o x y 
g e n  a to m s  in  w a te r , w h ic h , i f  k n o w n  to  D a lto n , w o u ld  h a v e  s a v e d  h im  m u c h  
tro u b le .

O n  th e  o th e r  h a n d , b o th  B e r z e l iu s  a n d  D a l to n  ig n o r e d  th e  im p o rta n t 
h y p o th e s is  s ta te d  b y  th e  I ta l ia n  c h e m is t A m e d eo  A v o g a d ro  ( 1 7 7 6 -1 8 5 6 )  th a t  
e q u a l  v o lu m e s  o f  a ll  g a se s  c o n ta in  e q u a l n u m b e rs  o f  m o le c u le s  w h e n  a t  th e  
s a m e  te m p e ra tu re  a n d  p re s su re . Q u ite  s im p ly , A v o g ad ro , c o m in g  f ro m  T u rin , 
w a s  n o t  w e ll p la c e d  to  m a k e  an  im p a c t o n  th e  w o rld  o f  sc ien c e . N e a rly  a  h a lf
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c e n tu r y  la te r ,  h i s  c o m p a tr io t ,  S ta n is la o  C a n n iz z a ro  (1 8 2 6 -1 9 1 0 ) , c o n v in c e d  
th e  w o r ld  o f  th e  t r u th  a n d  im p o r ta n c e  o f  A v o g a d r o 's  h y p o th e s is .  B y  th is  tim e  
th e  R u s s ia n  c h e m is t  D im it ry  M e n d e le y e v  w a s  w e l l o n  th e  w a y  to  e s ta b l ish in g  
th e  p e r io d ic  ta b le  o f  th e  e le m e n ts .

Chemical notation

T h e  m o d e m  w o rld  is  n o w  so  c o n d it io n e d  to  c h e m ic a l n o ta tio n  th a t  th e re  
is  l i t t le  c o n c e rn  a s  to  w h a t  lie s  b e h in d  it ,  w h e th e r  in  te rm s  o f  its  m e a n in g  o r  o f  
its  h is to r ic a l  o r ig in s .  A  h e a d lin e  s u c h  a s  'C O 2 em is s io n s  th re a te n  g lo b a l w a rm 
in g ' b e g s  a n y  n u m b e r  o f  q u e s tio n s  a b o u t  th e  t r u e  n a tu re  o f  C O 2. T h e  w o rd  
e m is s io n  s u g g e s ts  th a t  i t  o c c u r s  a s  t h e  r e s u l t  o f  s o m e  s o r t  o f  c h e m ic a l  p r o c 
e s s ,  a n d  th e  n o ta t io n  su g g e s ts  th a t  th is  in v o lv e s  c o m b in in g  o n e  m e a su re  o f  
c a r b o n  ( C )  w i th  tw o  o f  o x y g e n  ( O ) .  T h is  p r in c i p le  is  a ls o  e n s h r in e d  in  
t h e  f a m i l i a r  n a m e  'c a r b o n  d io x id e ’. B u t  w h a t  a re  th e se  m e a su re s?  F a m il ia r  
d im e n s io n s ,  s u c h  a s  m a ss  a n d  le n g th , p r o v id e  n o  m o re  th a n  th e  f i r s t  s te p  to 
w a r d s  th e  r ig h t  a n s w e r .  T h is  is  in tu i t iv e ly  o b v io u s , g iv e n  th a t  c a rb o n  is  a 
s o l id  a n d  o x y g e n  is  a  g a s . A t  le a s t  s in c e  L a v o is ie r 's  d a y  i t  h a s  b e e n  c le a r  to  
c h e m is ts  th a t  e v e r y d a y  c o m p o u n d s , w h e th e r  g a s e o u s  (e .g . C O 2), l iq u id  (e .g . 
w a te r ,  H 2O ) o r  s o l id  ( e .g . c o m m o n  sa lt, N a C l) , c o m b in e  e lem e n ts  w ith  q u ite  
d i f f e r e n t  c h a r a c te r is t ic s .

T h e  p r o b le m , h is to r ic a l ly ,  is  th a t  th e  c o m p o u n d s  c a m e  f ir s t, a lth o u g h , 
p a r t i c u la r ly  in  th e  c a s e  o f  g a s e s ,  th e y  a r e  n o t  a lw a y s  r e c o g n is e d  a s  d i s t in c t  
s u b s ta n c e s .  R e tu rn in g  to  th e  h e a d lin e , th e  p ic tu re  e v o k ed , o f  a  fac to ry  ch im n ey  
d is c h a rg in g  in d u s t r ia l  w a s te  in  th e  fo rm  o f  g a s  in to  th e  a tm o sp h e re , c o u ld  a lso  
h a v e  b e e n  th a t  o f  a  sc en a rio  f ro m  b e fo re  th e  y e a r  1 754 , w h en  'f ix e d  a ir ' - to d a y 's  
C O 2 w a s  f i r s t  id e n tif ie d  a s  a  su b s ta n c e  d if fe re n t f ro m  o rd in a ry  a ir. E v e n  in  
th e se  e a r ly  d a y s  T h o m a s  N ew c o m en 's  s te a m  e n g in es  w ere  a lre ad y  p o llu t in g  th e  
a tm o sp h e re . O n e  h a llm a rk  o f  th e  rev o lu t io n  in  c h em is try  is  th e  tran s ition  f ro m  a 
v o c a b u la ry  th a t  in  1 750  w as  c h a o tic  to  o n e  th a t in  185 0  w as  c o m p le te ly  sy s te m 
a tic . I n  1 7 5 0 , th e  c h e m ic a l le x ico n , b a s e d  o n  lo c a l la n g u ag e , v a rie d  f ro m  o n e  
c o u n try  to  a n o th e r ,  a n d  w as  h a rd ly  c o n s is te n t in  a n y  o n e  o f  th em ; in  1850  i t  w as 
b a s e d  o n  u n iv e r s a l ly  a c c e p te d  a b s tra c t  sy m b o ls . O n  th e  o n e  h a n d , th e  t r a n s i
t io n  w a s  s im p ly  th e  r e s u l t  o f  le x ic a l re fo rm , th e  s u b je c t  m a tte r  o f  th is  se c tio n ; 
o n  th e  o th e r ,  i t  r e q u ire d  M e n d e le y e v 's  d is c o v e ry  a n d  o rg a n is a tio n  o f  th e  p e r i
o d ic  ta b le  o f  e le m e n ts ,  e x p la in e d  la te r  in  th is  b o o k .

T h e  m o v e m e n t fo r  le x ic a l r e fo rm  s ta r ted  in  th e  A ca d em ic  d e s  S c ien ces, 
a n d , a lth o u g h  i t  w a s  o rig in a lly  c o n fin e d  to  F re n ch , th e  p rin cip les  g o v e rn in g  it  
c o u ld  b e , a n d  in  d u e  c o u rse  w ere , a p p lie d  to  o th e r  la n g u ag e s  -  n o ta b ly  E n g lish . 
L a v o is ie r ,  w h o  le d  th e  r e fo rm , s e t  th e  b a ll  ro llin g  w ith  a  p a p e r  e n title d  'T he  
N e e d  to  R e f o rm  a n d  Im p ro v e  C h e m ic a l N o m e n c la tu re ’, p re se n te d  to  th e  A ca d 
e m y  in  1 7 8 7 . L a v o is ie r  w a s  n o t  a n  e n tir e ly  d is in te re s te d  re fo rm er: h e  in te n d e d
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to  re s ta te  c h e m is try  in  te rm s  w h ic h  im p lic i tly  a cc e p te d  th e  c o rre c tn e s s  o f  h is  
n e w  th e o rie s . H is  te x tb o o k , E le m e n ts  d e  ch im ie, p u b lis h e d  in  1789 , w a s  la rg e ly  
w ri tte n  to  c o n f irm  th is  p o s it io n . T h e  q u e s tio n  is , w h a t d id  L a v o is ie r  h a v e  to  
w o rk  w ith ?  A n d  h o w  d id  h e  th e n  d e v ise  a  su itab le  lex icon?

T h e  b a s ic  m a teria l availab le  w as  s im ply  sta te -o f-the-art ch em is try , a s  L av o is 
ie r  r e g a rd e d  it  in  th e  m id -1 7 8 0 s  - inco rpo ra ting , the re fo re , ev en  th o se  p a rts  o f  his 
o w n  w ork  still o p e n  (righ tly  as w e n o w  know ) to  d isp u te .

L av o is ie r 's  l is t  o f  s im p le  su b s ta n c es  w as  d iv id e d  in to  fou r p a rts . P a rt 1 con 
ta in ed  's im p le  su b stan ces b e lo n g in g  to  a ll th e  k in g d o m s o f  n a tu re , w h ic h  m a y  be 
c o n s id e re d  a s  th e  e le m e n ts  o f  bo d ies '. T h e  s ta tu s  o f  ox ygen , a zo te  (n itro g en ) and 
hy d ro g en , th e  th ree  e lem e n ta l gases  k now n  to  L avo isier , is  s till u n questioned , a l
th o u g h  tim e  w o u ld  a d d  a n o th e r  s e v e n  to  th is  c a te g o ry  -  o n e , c h lo r in e , w ith in  a 
g e nera tion . L ig h t w a s  in c lu d ed  b ecau se  L av o isie r  sa w  it  as th e  fu n d am e n ta l p rin 
c ip le  o f  v e g e ta b le  c h em is try  (o b se rv ed  a s  p h o to sy n th es is ), a n d  c a lo r ic  a s  th e  b a 
sis  o f  h e a t a n d  e x p an s io n .

B y  L a v o i s ie r 's  d a y , s u lp h u r  a n d  p h o sp h o ru s  w e re  w e ll e s ta b l ish e d  as 
n o n -m e ta l l ic  e le m e n ts ,  w h ic h  is  th e  d e f in in g  p ro p e r ty  o f  p a rt 2 . C h a rco a l, as 
r e p re se n ta tiv e  o f  c a rb o n , is  in  th e  sa m e  c la s s . T h e  th re e  ra d ic a ls  h a d  n o t been 
c o rre c tly  id e n tif ie d . I n  th e  1 7 7 0 s , th e  m u r ia t ic  a n d  f lu o r ic  r a d ic a l s ,  d e riv e d  
f ro m  c h lo r in e  a n d  f lu o r in e , w e re  d isc o v e re d  b y  th e  S w e d ish  c h em is t, C arl 
S c h e e le  (1 7 4 2 -8 6 ) ,  w h o  p a s se d  o n  h is  e x p e r im e n ta l re su l ts  to  L av o is ie r . In  
1808 th e  b o ra c ic  r a d ic a l w o u ld  le ad  to  th e  in d e p en d e n t d isc o v ery  in  bo th  
F ra n c e  a n d  E n g la n d  o f  th e  e le m e n t b o ro n  (n e v e r  fo u n d  fre e  in  na tu re ).

P a r t  3 c o n ta in e d  s e v e n te e n  m e ta ls , o f  w h ic h  s ix , b ism u th , c o b a lt, m a n g a 
n e se , m o ly b d e n u m , n ic k e l a n d  tu n g s te n , w ere  d is c o v e re d  in  th e  m id d le  years 
o f  th e  e ig h te e n th  c e n tu ry  ( th re e  b y  S c h e ele ), w h ile  th e  r e s t  h a d  b e e n  k n o w n  
m u c h  lo n g e r ,  m o s t  s in c e  a n tiq u i ty . L av o is ie r 's  c o m p re h e n s iv e  descrip tion , 
'o x y d a b le  a n d  a c id if ia b le  s im p le  m e ta l lic  b o d ie s ',  d e r iv e d  f ro m  h is  o w n  ex 
p e r im e n ts ,  a t t r ib u te d  p r o p e r t ie s  h a rd ly  r e le v a n t  to  m e ta ls ,  s u c h  a s  g o ld  and  
p la tin u m , lo w  o n  th e  s c a le  o f  rea c tiv ity .

P a r t  4  - 's a l i f ia b le  s im p le  e a r th y  s u b s ta n c e s ' a c c o rd in g  to  L av o is ie r 's  
h e a d in g  c o n ta in e d  f iv e  su b s ta n c e s  c o m m o n ly  o c c u r r in g  in  n a tu re , know n  
s in c e  a n tiq u ity  a n d  u se fu l fo r  a n y  n u m b e r  o f  p ra c tic a l p u rp o se s . A lth o u g h  they  
a re  a ll c o m p o u n d s , a  p a r tic u la r  e le m e n t, n o t iso la te d  in  L a v o is ie r ’s da y , c h a r
a c te r i s e s  e a c h  o n e . T h e s e  e le m e n ts ,  c a lc iu m , m a g n e s iu m , b a r iu m , a lu m in iu m  
a n d  s il ic o n , w o u ld  a ll  b e  iso la te d  w ith in  a  g e n e ra tio n  o f  L a v o is ie r 's  death .

T a k in g  a  sy n o p tic  v ie w  o f  th e  fo u r  c a te g o rie s , tw e n ty -th re e  o f  th e  su b 
s ta n c e s  l i s te d  a re  a c tu a l  e le m e n ts ,  w h ile  e ig h t  fo re s h a d o w  e le m e n ts  o n  th e  
th re s h o ld  o f  d is c o v e ry  w h e n  L a v o is ie r  d ie d . S u rp r is in g ly , p e rh a p s , L a v o is ie r  
f a ile d  to  in c lu d e  p o ta sh  a n d  so d a , th e  so u rce  o f  th e  f i r s t  tw o  e le m e n ts ,  p o ta s 
s iu m  and  so d iu m , to  b e  iso la te d  by  D av y . L e a v in g  a s id e  lig h t  a n d  c a lo ric , 
L a v o is ie r ’s ta b le  p ro v id e d  a  re m a rk a b ly  so lid  b a s is  fo r d e v e lo p in g  c h e m ic a l 

n o m e n c la tu re  a n d  n o ta tio n .
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L a v o i s ie r ’s w o rk  w a s  c a r r i e d  o n  b y  tw o  y o u n g e r  c o n te m p o r a r ie s ,  
C la u d e  B e r th o l le t  (1 7 4 9 -1 8 2 2 ) , w h o  h a d  c o l la b o ra te d  w ith  h im , a n d  th e  
S w e d is h  c h e m is t  J o n s  B e r z e l iu s  ( 1 7 7 9 -1 8 4 8 ) .  B e r th o lle t 's  r e a l i s a t io n  o f  th e  
e s s e n t ia l  c o n n e c t io n  b e tw e e n  th e  w a y  a  re a c tio n  ta k es  p la c e  a n d  th e  m a ss  o f  
th e  r e a g e n ts  o p e n e d  th e  w a y  to  c h e m ic a l fo rm u la e  a s  w e  n o w  k n o w  th e m . B e r 
z e liu s , w h o  h im s e l f  d is c o v e re d  th re e  e le m e n ts  ( in c lu d in g  s i l ic o n ) ,  l iv e d  to  see  
th e  e le m e n ta l  b a s e  o f  a l l  th e  s u b s ta n c e s  in  L a v o is ie r 's  t a b le  e s ta b l ish e d ; a l 
t h o u g h  h e  n e v e r  r e a c h e d  s e v e n ty , o f  th e  f if ty - fo u r  e le m e n ts  k n o w n  w h e n  h e  
d ie d , th i r ty  h a d  b e e n  d is c o v e r e d  d u r in g  h is  life tim e .

B e r z e l iu s ,  a  y e a r  y o u n g e r  th a n  D a v y , is  re g a rd e d  b y  m a n y  as h is  e q u a l, 
b u t  h is  r e a l  f o c u s  ( sh a re d  in  c o rre sp o n d e n c e  w ith  D av y )  w a s  o n  th e  w o rk  o f  
J o h n  D a l to n .  L ik e  D a v y  h e  a c h ie v e d  d is t in c t io n  e a r ly  in  lif e , b e c o m in g , a t 
th e  a g e  o f  tw e n ty -e ig h t ,  p r o fe s s o r  o f  m e d ic in e  in  S to ck h o lm , b u t  s a d ly  -  a g a in  
l ik e  D a v y  h is  la s t  y e a r s  w e r e  tr o u b le d  b y  p r o fe s s io n a l  d is c o rd . U n fo r tu 
n a te ly  h e  n e v e r  f o u n d  a  g o o d  b io g ra p h e r ,  a n d  a lth o u g h  h e  c o r re sp o n d e d  in  
E n g lis h  a n d  F re n c h , h is  a n n o ta te d  le tte rs  a re  to  b e  f o u n d  o n ly  in  a  S w e d ish  
e d i t io n . T h e  re c o rd , th e re fo re , c o n s is ts  la rg e ly  o f  h is  p u b lis h e d  s c ie n t if ic  
w o rk . T h is  r e f le c ts  h i s  m a s s iv e  c o n tr ib u tio n .. .  u n iq u e  in  th e  h is to ry  o f  c h e m 
i s t ry . H is  s y s te m a tic  m in d  sa w  th e  n e e d  f o r  a  s tru c tu re  in  w h ic h  c h e m is try  
c o u ld  g r o w  w i th  th e  p r e c is io n  a n d  th e  a r t ic u la t io n  o f  a  l iv in g  o rg a n is m . T h e  
b a s ic  p r in c ip le  o f  h is  d e s ig n  w as  a to m ic  c o m p o s itio n .'

B e rz e l iu s 's  n e w  c h e m ic a l sy m b o lism  w as  in te n d e d  to  r e p la c e  th a t d e v e l
o p e d  b y  D a l to n . W h e re  D a l to n  u s e d  c irc u la r  s ig n s ,  B e rz e liu s  u s e d  le tte rs . A l
th o u g h  h e  w a s  n o t  th e  f i r s t  to  d o  so , h is  sy s te m , as i t  d e v e lo p e d  in  th e  c o u rse  
o f  s o m e  tw e n ty  y e a r s ,  p r o v e d  s u p e r io r  to  a n y  its  r iv a ls  a n d  is  s t i l l  th a t  in  u se  
to d a y  ( s o  th a t  e x p re s s io n s  l ik e  C 0 2 e v e n  a p p e a r  in  ta b lo id  h e a d lin e s ) . T h e s e  
w e r e  'd e s t i n e d  s o le ly  to  f a c ilita te  th e  e x p re s s io n  o f  c h em ic a l p ro p o rt io n s ', b u t 
th e y  w e r e  a l s o  m u c h  e a s ie r  to  w ri te  o r  p r in t.

P h o to s y n th e s is  a n d  th e  l i f e  o f  p la n ts

I f  th e  p h e n o m e n o n  o f  lig h t , g e n e ra lly  r e g a rd e d , b e lo n g s  to  p h y s ic s , i t  s till 
g o v e rn s  a  n u m b e r  o f  im p o r ta n t  p ro c e s s e s  in  c h e m is try . T h e  b e s t k n o w n  is  th a t 
o f  p h o to s y n th e s is ,  in  w h ic h  th e  lig h t  o f  th e  su n  is  e s se n t ia l to  th e  g ro w th  o f  
g r e e n  v e g e ta t io n , w h ic h  in  tu r n  s to re s  th e  e n e r g y  a b s o rb e d  f ro m  th e  su n . T h e  
a c tu a l  p r o c e s s ,  o r  r a th e r  its  r e su l ts , w as  o b s e rv e d  b y  th e  e a r lie s t r e p re se n ta 
t iv e s  o f  h u m a n k in d :  i t  w a s , a f te r  a ll ,  e s s e n t ia l  fo r  th e  fo o d  c h a in . A n  u n d e r 
s ta n d in g  o f  t h e  p ro c e s s  h a d  to  w a it, h o w e v e r ,  u n t i l  th e  e n d  o f  th e  e ig h te e n th  

c e n tu ry .
T h e  f i r s t  b r e a k th r o u g h  c a m e  in  1 7 7 1 , w h e n  Jo s e p h  P r ie s t le y  n o te d  th a t  

g r e e n  p l a n t s  e m i t te d  o x y g e n .  E ig h t  y e a r s  l a te r ,  in  1 7 7 9 , J a n  I n g e n h o u s z  
( 1 7 3 0 - 9 9 )  ( a  D u tc h m a n  w h o  h a d  c o m e  to  l iv e  in  E n g la n d ) ,  e s ta b l i s h e d  th a t

23



s u n l ig h t  w a s  e s s e n t ia l  to  th e ir  g ro w th , a n d  in  th e  s a m e  y e a r  th e  S w is s  J e a n  
S e n e b ie r  (1 7 4 2 -1 8 0 9 )  p u b lish ed  in  h is  A c t io n  d e  la  lu m ie re  s u r  la  vege ta tion ,  
th e  g e n e ra l p r in c ip le : th is  is  th a t  a  p la n t,  b y  a b so rb in g  c a rb o n  d io x id e  (C O 2) 
f ro m  th e  a tm o sp h e re , a n d  w a te r  (H 20 )  f ro m  th e  g ro u n d , p ro d u c e s  g lu c o se  (th e  
b a s is  o f  a ll  c a rb o h y d ra te s ), a t th e  sa m e  tim e  re le as in g  o x y g e n  (O 2).

C h lo ro p h y ll ,  a  g re e n  c o m p o u n d  to  b e  f o u n d  in  th e  le a v e s  o f  p la n ts ,  is 
e s s e n t ia l  to  th e  p ro c e s s ,  w h ic h  c a n  b e  s ta te d  fo rm a lly  as follow s: 

su n lig h t
6 C O 2 + 6H 2O  — >  C /fln O f, (g lu co se )  +  6 0 2 

ch lo ro p h y ll

T h e  im p o r ta n c e  o f  th e  p ro c e s s  is  th a t  i t  p ro d u ce s  an  a s to n ish in g ly  w ide  
ra n g e  o f  o r g a n ic  c o m p o u n d s  e s se n t ia lly  th e  w h o le  o f  p la n t  l i f e  - w h ic h  by  
c h e m ic a l  r e a c t io n  c a n  re le a s e  e n e rg y . I n  l iv in g  sp e c ie s  th is  is  th e  p ro c e ss  o f  
m e ta b o l is m  b y  w h ic h  l i f e  is  m a in ta in e d . E q u a l ly  p la n ts  c an  b e  u s e d  as fu e l fo r 
c o m b u s t io n , e i th e r  in  th e  f o rm  o f  th e i r  n a tu ra l  g r o w th  o r  a f te r  b e in g  su b 
je c t e d  in  a  d e c a d e n t  f o rm  to  e x te rn a l fo rc e s  (m o s tly  g e o p h y s ic a l)  o v e r long  p e 
r io d s  o f  tim e . T y p ic a l ly  th e  fo rm e r  p ro c e s s  p ro d u c e s  w o o d , a n d  th e  la tte r , coal 
a n d  o i l  - th e  s o -c a l le d  f o s s il  fu e ls . I t  w a s  o n e  o f  L av o is ie r 's  g re a t in sig h ts  to 
s e e  th a t  th e  tw o  p ro c e s se s  w ere  e s se n t ia lly  th e  sam e. S in ce  early  tim es bo th  
h a v e  b e e n  e x te n d e d  b y  h u m a n  in v e n tio n , f ro m  c o o k in g  v e g e ta b le  m a tte r  to 
b u r n in g  c h a r c o a l  - to  s a y  n o th in g  o f  m o d e m  in d u s t r ie s  su c h  a s  o il refin ing .

Photography: the inorganic chemistry of light

A c c o rd in g  to  a  p h e n o m e n o n  a lre a d y  o b s e rv e d  in  th e  s ix te e n th  c en tu ry , 
c e r ta in  n a tu ra l ly  o c c u r r in g  s i lv e r  s a lts  b e c o m e  d a rk  o n  e x p o su re  to  lig h t. In 
th e  f i r s t  h a l f  o f  th e  n in e te e n th  c e n tu ry  i t  w as  d is c o v e re d  th a t  th e s e  s a lts  w ere  
th o s e  o f  c h lo r in e ,  b ro m in e  a n d  io d in e  - a ll e le m e n ts  d is c o v e re d  in  th e  pe riod  
1 8 1 0 -2 6 . L o u is  D a g u e rr e  (1 7 8 9 -1 8 5 1 )  in  F ra n c e  a n d  W illia m  H e n ry  F o x  T a l
b o t  (1 8 0 0 -7 7 )  in  E n g la n d , a c tin g  in d e p e n d e n tly ,  u s e d  th e ir  u n d e rs ta n d in g  o f  
th e  b a s ic  p h e n o m e n o n  to  in v e n t  p h o to g r a p h y  - th a t  is , a  c h e m ic a l p ro ce ss  by 
w h ic h  a  f le e tin g  im a g e  c o u ld  b e  re c o rd e d  in  p e rm a n e n t  fo rm .

T h e  p ro c e s s  i t s e lf  b e lo n g s  to  te c h n o lo g y  ra th e r  th a n  s c ie n c e . M y ria d s  o f  
m in u te  s i lv e r  s a l t  c ry s ta ls  a re  u n ifo rm ly  d is tr ib u te d  o v e r  a  f la t  s u r fa c e  c o v 
e r e d  b y  a n  e m u ls io n . A n  im a g e  f o c u s e d  o n  th e  su rfa c e  th e n  c a u se s  e ac h  
se p a ra te  c ry s ta l to  d a rk e n  in  p ro p o rt io n  to  th e  lig h t in c id e n t u p o n  it. T h e  re su l t 
is  a  p h o to g ra p h ic  n e g a tiv e : th e  b r ig h t p a r ts  o f  th e  im a g e  b e c a m e  d a rk , a n d  th e  
d a rk  p a r ts ,  b r ig h t .  T h e  p ro b lem , s ti ll f a m ilia r  to  a m a te u r  p h o to g ra p h e rs , is to 
s to p  th e  p ro c e s s  a n d  f ix  th e  im a g e  w h en  it  h a s  r e a c h e d  th e  m o s t  s a tis fa c to ry  

s ta g e  o f  de v e lo p m e n t.
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T h e  s o lu t io n  c am e  b y  re a lis in g  th a t,  o n  e x p o su re  to  lig h t, th e  io n s c o m p o s 
in g  th e  s a l t  ( e .g .  p o s i t iv e  s i l v e r  a n d  n e g a t iv e  c h lo r in e )  se p a ra te  a n d , b y  e le c 
t r o n  t r a n s fe r ,  tr a n s fo rm  to  th e  b a s ic  e le m e n ts ,  a  p ro c e ss  c o m p le te d  b y  a  d e 
v e lo p in g  s o lu t io n . T h e  u n tra n s fo rm e d  s a l t  c ry s ta ls  (i.e . th o se  n o t  e x p o se d  to  
lig h t)  c a n  th e n  b e  e lim in a te d , le a v in g  o n ly  a re s id u e  o f  b la c k  m e ta l lic  s ilv er 
c o n s t i tu t in g  th e  p h o to g ra p h ic  n e g a tiv e . I f  th e  su rfa c e  c o n ta in in g  th e  e m u ls io n  
is  t r a n s p a r e n t ,  th e  p ro c e s s  c a n  b e  re p e a te d  w ith  e m u ls if ie d  p a p e r ,  re v e rs in g  
th e  c o lo u rs  s o  a s  to  p ro d u c e  a  p o s i t iv e  im a g e .

B a s ic a l ly  th is  is  a ll  p h o to g ra p h y  a d d s  u p  to ,  a t le as t b e fo r e  th e  r e c e n t  in 
v e n tio n  o f  t h e  d ig i ta l  c a m e ra  (a lth o u g h  th e  c o lo u r  p h o to g ra p h y  d e v e lo p e d  b y  
G a b r ie l  L ip p m a n n  (1 8 4 5 -1 9 2 1 )  a n d  L o r d  R a y le ig h  (1 8 4 2 -1 9 1 9 )  s h o u ld  p e r 
h a p s  b e  n o te d ) .  I n  th e  e a r ly  d a y s  th e  u se fu ln e s s  o f  p h o to g ra p h y  to  sc ie n c e  
w a s  l im ite d  b y  p o o r  r e so lu tio n  a n d  lo n g  e x p o su re  tim es , b u t  b e tte r  o p tic a l s y s 
te m s  a n d  c re a t iv e  c h e m is try  in  th e  e m u ls io n s  (w h ic h  c o n tin u e d  to  b e  b a s e d  o n  
s i lv e r )  c u re d  th e s e  d e fe c ts  to  th e  p o in t  th a t  f ro m  a b o u t 1 850  o n w a rd s  p h o to g 
ra p h y  b e c a m e  a n  e s se n t ia l a d ju n c t  to  a s tro n o m y  (p a r t ic u la r ly  a fte r  
L ip p m a im 's  c o e lo s t a t  e n a b le d  a  te le s c o p e  to  fo llo w  th e  m o v e m e n t o f  th e  
s ta r s ) .  T h e  f i r s t  e v e r  p h o to g ra p h s  o f  a  so la r  e c lip se , ta k e n  in  1851 , r e p re se n t a 
k e y  b re a k th ro u g h . F o llo w in g  a s tro n o m y , a lm o s t a ll o p tic a l in s tru m e n ts  m a d e  
u s e  o f  p h o to g r a p h y  in  o n e  w a y  o r  a n o th e r ,  a n d  a s  w e  s h a l l  s e e  la te r  in  th is  
c h a p te r  th is  u s e  e x te n d e d  b e y o n d  lig h t  w av e s  to  o th e r  fo rm s  o f  r a d ia tio n  su c h  
a s  X -ra y s . T h is  is  p a r tic u la r ly  tru e  o f  sp e c tro sc o p y .

Spectroscopy: the rediscovery of light

I n  o p t ic s ,  u n t i l  th e  e n d  o f  th e  e ig h te e n th  c e n tu ry , th e re  w a s  l i t t le  a d v a n c e  
o n  N e w to n 's  d is c o v e ry  th a t  a p r is m  re s o lv e d  th e  lig h t  o f  th e  s u n  in to  th e  s e 
r ie s  o f  c o lo u rs  th a t  m a k e  u p  th e  sp e c tru m . I n  th e  m id d le  o f  th e  c e n tu ry , a  
y o u n g  S c o tsm a n , T h o m a s  M e lv ille  (1 7 2 6 -5 3 ) , h a d  n o te d  th e  p re se n c e  o f  a  b r il
lia n t  y e l lo w  lig h t  in  th e  f la m e  o f  b u rn in g  a lc o h o l, w h e n  o th e r  s u b s ta n c e s , n o 
ta b ly  s a lt , w e r e  a d d e d . T h is ,  th e  d i s t in c t iv e  l in e  o f  s o d iu m , th e n  a ro u s e d  l i t 
t l e  i n te r e s t ,  p e rh a p s  b e c a u se  M e lv ille , d y in g  a t th e  age  o f  tw e n ty -s e v e n , h a d  
to o  l i t t le  tim e  to  e s ta b l ish  a  s c ie n t if ic  r e p u ta tio n .

T h is  w a s  n o t  th e  c a se  w ith  W illia m  W o lla s to n  (1 7 6 6 -1 8 2 8 ) , a  w e a lth y  
m a n  b o m  in to  a  f a m ily  o f  sc ie n t is ts , w h o  in  1802  o b se rv e d  s e v e n  d a r k  l in e s  in  
N e w to n ’s  s p e c t r u m  w h e n  th is  w a s  o b ta in e d  f ro m  a  b e a m  o f  l ig h t  p a s s e d  
th r o u g h  a  n a r r o w  s l i t  o n ly  o n e - tw e n tie th  o f  a n  in c h  w id e . T h is  w a s  j u s t  th e  
b e g in n in g .  I n  th e  y e a rs  1 8 1 4 -1 7 , J o s e p h  v o n  F ra u n h o fe r  (1 7 8 7 -1 8 2 6 ) ,  a  B a 
v a r ia n  m a s te r  g la s s -m a k e r , f o llo w in g  u p  W o lla s to n  a n d  u s in g  h is  o w n  im 
p r o v e d  le n s e s ,  d e v e lo p e d  th e  p r i s m  s p e c tr o m e te r .  T h is ,  a n  o p tic a l  in s t ru 
m e n t  o f  u n p r e c e d e n te d  p re c is io n , m a d e  p o s s ib le  a  w h o le  n e w  sc ie n c e  o f  sp e c 
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t ro sc o p y , w h ic h , a s  it  d e v e lo p e d  a n d  e x p a n d e d  in  th e  fo l lo w in g  tw o  c e n tu r ie s ,  
w o u ld  t r a n s fo r m  th e  u n iv e rs e  o f  sc ience .

F ra u n h o fe r ,  u s in g  a  te le s c o p e  to  o b se rv e  sp e c tra , sa w  n o t  o n ly  W o lla s 
to n 's  s e v e n  d a rk  lin e s , b u t  h u n d re d s  o f  o th e rs . H e  c o u n te d  6 0 0 , w h ic h  h e  r e 
c o rd e d  o n  a  m a p , in  w h ic h  th e  m o s t  p r o m in e n t  w e re  g iv e n  th e  le t te rs  A , B , 
C ,. . .  s ta r t in g  a t  th e  re d  e n d  o f  th e  s p e c tru m  - th e  sy s te m  s ti ll  u s e d  to d a y . T h is  
w a s  a  r e m a r k a b le  d is c o v e ry , b u t  F r a u n h o fe r ,  an  in s t ru m e n t- m a k e r  r a th e r  
th a n  a  s c ie n t is t ,  c o u ld  n e v e r  e x p la in  its  s ig n ific an c e  - p e rh a p s  b e c a u s e  h e  a lso  
d ie d  to o  y o u n g .  T h e  b r e a k th r o u g h  c a m e  w ith  tw o  o th e r  G e rm a n  sc ien t is ts , 
R o b e r t  B u n s e n  (1 8 1 1 -9 9 )  a n d  G u s ta v  K irc h h o f f  (1 8 2 4 -8 7 )  tw o  o f  th e  best- 
k n o w n  n a m e s  in  n in e te e n th -c e n tu ry  s c ie n c e . A lth o u g h  in  e a r ly  n in e te e n th -  
c e n tu r y  G e r m a n y  c u l tu r e  a n d  la n g u a g e  w e r e  m o re  o r  le s s  u n if o r m , th e re  w as 
n o  G e r m a n  s ta te .  I n s te a d ,  th e  c o m m o n  c u ltu r e  a re a  w a s  r u le d  b y  a g re a t 
n u m b e r  o f  p r in c e s , w h o se  c o u r ts  la rg e ly  d e te rm in e d  n o t  o n ly  th e  c h a ra c te r  o f  
la w , p o l i t ic s  a n d  a d m in is t ra tio n  b u t  a lso  th e  su p p o r t g iv e n  to  sc ien c e . M atters 
o f  s ta te  r e f le c te d  a  g e n e ra l c o n c e rn  f o r  th e  im p a c t a b ro a d  o f  th e  F re n c h  R e v o 
lu t io n , w h ic h  h a d  le d  to  th e  fa ll  o f  E u r o p e 's  m o s t  p o w e r fu l  k in g d o m  n o t  a 
h a p p y  a u g u r y  f o r  G e rm a n  p r in c e s  - a n d  in tro d u c e d  a n y  n u m b e r  o f  u n se ttlin g  
n e w  p r in c ip le s  in to  p o l i t ic s ,  r e l i g io n  a n d  e d u c a tio n . T h e  re s u l t  in  G erm any  
w a s  th a t  b o th  ra d ic a l  a n d  re a c tio n a ry  id e a s  f lo u r ish e d , s u b je c t  a t lo c a l le v e l to  
th e  p o l i t ic s  o f  th e  c o u r t ,  w h ic h  w e r e  g e n era lly  conservative .

T h is  c l im a te  f a v o u r e d  s c ie n c e . M o re  th a n  a n y  o th e r  G erm a n s , s c ien t is ts  
w e r e  c o s m o p o li t a n , a n d  a t h o m e , n o t  o n ly  w h e re  G e rm a n  w as sp o k e n , b u t in 
F ra n c e , E n g la n d  a n d  e v en , o c c a s io n a l ly , S w e d e n  a n d  R u ss ia . F ra n ce , 
th r o u g h o u t  th e  r e v o lu t io n a r y  p e r io d , c o n tin u e d  to  le a d  in  s c ie n t if ic  d is c o v 
e ry ,  a n d  m a n y  a  G e r m a n  p r in c e , a n x io u s  n o t  to  b e  le ft  b e h in d , p a tro n is e d  and 
e n c o u r a g e d  s c ie n c e  (h o p in g  a t  th e  sa m e  tim e  to  a v o id  th e  d a n g ero u s  id e as  tha t 
c o u ld  a c c o m p a n y  it) . T h is  w as  a  g re a t  g a in  to  b o th  th e  u n iv e rs itie s  a n d  th e  
s c ie n t i s t s  w h o  ta u g h t  th e re .  T h e  p r in c e s  w e re  n o t  d is in te r e s te d  sp o n so rs : 
th e  K in g  o f  B a v a r ia ,  w h e n  h e  a p p o in te d  th e  A m e ric a n  C o u n t R u m fo rd  to  in 
t r o d u c e  th e  p o ta to  a n d  su p e rv is e  th e  ro y a l a rse n a l , se t a  p re c e d e n t fo r  c o m b in 
in g  s c ie n c e  w ith  p r a c t ic a l  p o lit ic s  a n d  e c o n o m ic  p o lic y . In  th e  n in e te e n th  c en 
tu r y , th e  G e rm a n  p r in c e s  w e re  k e e n ly  a w a re  o f  th e  p ra c tic a l a d v a n ta g e s  o f  
s p o n s o r in g  s c ie n c e .

S u c h  w a s  th e  b a c k g ro u n d  to  th e  life  a n d  w o rk  o f  B u n se n  a n d  K irch h o ff. 
B o th  c a m e  f ro m  c o m fo r ta b le  fa m ilie s  o f  a ca d em ic s  a n d  c o u rt o f fic ia ls , e s tab 
l is h e d  in  o ld  u n iv e rs ity  to w n s  G o ttin g e n  in  th e  K in g d o m  o f  H a n o v e r  in  th e  
c a s e  o f  B u n s e n , a n d  K o n ig sb e rg  in  th e  K in g d o m  o f  P ru s s ia  in  th e  c a s e  o f  
K ir c h h o f f .  I n  m id d le  l i f e  th e ir  p a th s  w o u ld  c ro s s ,  f i r s t  in  B r e s la u  ( in  
S a x o n y )  a n d  th e n  in  H e id e lb e rg  ( in  H e s s e ) , w h ere , as c lo se  f r ie n d s , th e y  c o l
la b o ra te d  o v e r  a  long  pe rio d . B o th  w o u ld  liv e  to  see  th e  u n ific a tio n  o f  G erm a n y , 
in  1 870 , o rc h e s tra te d  b y  P r in c e  B ism a rc k , th e  I ro n  C h a n c e llo r  o f  P ru ss ia .
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B u n s e n , a l th o u g h  a  so m e tim e s  im p e tu o u s  s c h o o lb o y  (w h o  o n c e  o v e r 
tu r n e d  h is  d e s k  w h e n  th e  m a s te r  m a d e  a  jo k e  a t h is  e x p e n se )  a c h ie v e d , a g e d  
se v e n te e n , a  d is t in g u ish e d  a b itu r  - o r  h ig h -sc h o o l d ip lo m a  -  a n d  w e n t to  fo llo w  
a  b r o a d  s c ie n c e  sy lla b u s  a t  h is  h o m e  u n iv e rs i ty .  H e  sh o n e  a s  a  s tu d e n t,  b u t  h e  
a ls o  le a r n t  g la s s -b lo w in g  (u se fu l fo r  a  c h em is t)  a n d  m a d e  a  c h e m ic a l b a la n c e  
g o o d  f o r  w e ig h ts  f ro m  10  m il lig ra m s  to  2 0 0  g ra m s - a  r e m a rk a b le  r a n g e . T h is  
a ls o  c a m e  in  u s e fu l  in  a  l i f e  o f  s c ie n t if ic  e x p e r im e n t.

In  1 8 3 0  G o ttin g e n  b e c a m e  a  c e n tre  o f  r a d ic a l ism  a t th e  tim e  o f  th e  F re n ch  
Ju ly  r e v o lu t io n , w ith  p ro fe s so rs  re fu s in g  th e  lo y a l o a th  to  th e  K in g  o f  H a n o v e r. 
B u n s e n , a lre a d y  b u s y  w ith  h is  d o c to ra l th e s is , m a in ta in e d  a  lo w  p ro fi le , and  
h is  p r u d e n c e  w a s  r e w a rd e d  b y  a  g o v e rn m e n t  tr a v e llin g  s c h o la r sh ip . T h is  le d  to  
tw o  y e a r s  o f  t r a v e l ,  in  w h ic h  B u n se n  v is i te d  a lm o s t e v e ry  c o n tin en ta l c e n tre  o f  
s c ie n t if ic  r e se a rc h . H e  sp e n t th e  lo n g e s t tim e , e ig h t m o n th s , in  P a r is , a n d  th e n , 
in  1 833 , in  S t . E tie n n e , m u c h  fu rth e r  so u th , h e  sa w  a  ra ilw a y  f o r  th e  f i r s t  tim e , 
a n d  tr a v e l le d  b y  tr a in  • p r e d ic t in g , c o rre c tly ,  th a t  tr a in s  w o u ld  a lso  c o m e  to  
G e rm a n y  (a s  th e y  d id  tw o  ye a rs  la ter) . Iro n ica lly , A u s tr ia , b e c a u se  o f  th e  re v o lu 
tio n a r y  e v e n ts  in  H a n o v e r, f i r s t  d e n ie d  h im  e n try , b u t  h e  s ti l l  m a d e  it, f in a l ly , to  
In n s b ru c k  a n d  V ie n n a . ( In  c o n t ra s t  to  th e  G e rm a n  p r in c e s ,  th e  H a b s b u r g  
e m p e r o r s  w e r e  s e ld o m  p a tro n s  o f  s c ien c e .)

O n c e  h o m e ,  h e  c o m p le te d  h is  d o c to ra te  w ith  d is t in c t io n , a n d  w h ile  
b u s y  w o rk in g  to  q u a l if y  a s  P r iv a td o z e n t  in  c h e m is try ,  a c c e p te d , in  1836 , a 
w e l l-p a id  j o b  in  K a s s e l  ( in  H e ss e )  w ith  p le n ty  o f  tim e  f o r  h is  o w n  re se a rc h . 
H e  w a s  s t i l l ,  a p p a re n tly ,  im p e tu o u s : h e  w a s  f i r s t  n e a r ly  b l in d e d  b y  a  la b o ra 
to r y  e x p lo s io n ,  a n d  th e n , w h ile  r e se a rc h in g  th e  c h e m is try  o f  p o iso n s , sp e n t 
s e v e ra l d a y s  n e a r  d e a th  a f te r  e x p e r im e n tin g  w ith  p o ta s s iu m  c y a n id e . T h e  
c h a p te r  o f  a c c id e n ts  c o n tin u e d  th r o u g h o u t  h is  lif e , a n d  w h e n  h e  w a s  f if ty -  
s e v e n  o n ly  h is  le f t  h a n d , h e ld  b e fo r e  h is  e y e s , p re v e n te d  h is  b e in g  b l in d e d  b y  
a n o th e r  e x p lo s io n . F in a lly ,  w h e n  h e  w as  a lre a d y  s ix ty ,  a ll  h is  p a p e rs , p h o to 
g r a p h s  a n d  d ra w in g s  w e re  lo s t  in  a  f ir e . U n d is c o u ra g e d ,  h e  b u i l t  u p  h is  c o l 
l e c t i o n  a g a in  b e f o r e  th e  p u b lic a t io n , in  1 875 , o f  h is  c o m p re h e n s iv e  S p e k tra -  
la n a ly t is c h e  U ntersuchungen.

F r o m  th e  b e g in n in g , B u n s e n 's  e x c e p tio n a l ta le n ts  w e re  r e c o g n ise d . A l
th o u g h  h is  w o rk  a t  K a ss e l w as  im p o r ta n t e co n o m ic a l ly  fo r  H e ss e , B u n se n , 
n e v e r  o u t  f o r  g a in  ( u n l ik e  m a n y  d is t in g u is h e d  c o n te m p o ra ry  s c ie n t is ts  -  L ie 
b ig ,  M o n d , S ie m e n s  -  a m o n g  h is  c o m p a tr io ts ) , w as  n o te d  fo r  s a y in g  'w o rk  is 
f in e , a c q u is i t io n , c o n te m p t ib le ’. A g e d  tw e n ty -e ig h t,  h is  ta le n ts  b ro u g h t  h im  a 
p r o fe s s o r s h ip  a t  M a rb u rg  w h e re  h e  in v e n te d  a c h e a p  a n d  e ff ic ie n t  z in c -c a rb o n  
b a t te ry , w h ic h  h e  th e n  u s e d  to  p r o d u c e  e le c tr ic  a rc s  b e tw e e n  m e ta l  e le c tro d e s : 
d u r in g  h is  e v e n in g  le c tu re s  h e  b e a m e d  th e  b r i l l i a n t  l ig h t  o f  th e  a rc s  o n  th e  
n e ig h b o u r in g  E liz a b e th k irc h e .

R e a c t io n a ry  p o li t ic s  in  H e s s e , f o l lo w in g  th e  r e v o lu t io n s  th a t  sw e p t 
E u r o p e  in  1 8 4 8 , le d  B u n se n  to  m o v e  to  B re s la u  ( in  S a x o n y )  in  1851 . H e 
s ta y e d  o n ly  a  y e a r , m o v in g  o n  to  H e id e lb e rg  in  1 8 5 2 , a ttr a c te d  b y  a  h ig h  s a l
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a ry  a n d  th e  p ro m ise  o f  a  n e w  la b o ra to ry  - so  fo re sh a d o w in g  th e  f a m i l ia r  c a re e r  
s tr u c tu re  o f  tw e n tie th -c e n tu ry  academ ia .

I n  B re s la u , B u n se n , w ith  th e  h e lp  o f  h is  z in c -c a rb o n  b a tte ry , w a s  th e  f irs t 
to  u s e  e le c tro ly s is  to  p ro d u c e  m a g n e s iu m  o n  a  la rg e  sc a le , a n d  in  H e id e lb e rg  
h e  a d d e d  c h ro m iu m  a n d  a lu m in iu m . T h e re , a lso , w ith  th e  g a s  s u p p ly  in  h is  
n e w  la b o ra to ry , B u n s e n  a d a p te d  a  g a s -b u rn e r  b ro u g h t f ro m  E n g la n d  b y  H en ry  
R o sc o e , s o  a s  to  p ro d u c e  a  b u rn e r  in  w h ic h  th e  g a s -a ir  m ix tu re  c o u ld  b e  c o n 
tr o l le d  to  p r o d u c e  d if fe re n t  so r ts  o f  f la m e . T h is  b e c a m e  th e  w o rld -fa m o u s  
B u n s e n  b u rn e r ,  p a r t  o f  th e  e s se n t ia l e q u ip m e n t o f  a n y  la b o ra to ry  ( a n d  a lso  th e  
b a s i s  o f  t o d a y ’s  g a s  c o o k e r s ) .  F o r  B u n s e n  h im s e lf ,  i t  m a d e  p o s s ib le  e x 
p e r im e n ts  in  sp e c tro sc o p y , b y  w h ic h  h e , to g e th e r  w ith  h is  f r ie n d  G u sta v  
K irc h h o f f ,  w o u ld  tr a n s fo rm  b o th  p h y s ic s  a n d  chem is try .

B u n s e n  m e t  K irc h h o f f  f o r  th e  f i r s t  t im e  in  B re s la u  a n d  in  1 854  a rran g e d  
h is  a p p o in tm e n t  to  a  c h a ir  in  H e id e lb e rg . S o  b e g a n  a  m o s t f ru i tfu l a n d  am icab le  
c o lla b o ra t io n  b e tw e e n  tw o  m e n  o f  e x c e p tio n a l a b ility .  K irc h h o f f ,  a l th o u g h  no 
le s s  g if te d  th a n  B u n s e n , d if fe re d  f ro m  h im  in  b o th  m a n n e r  a n d  a p p e a ra n c e . 
B u n s e n  w a s  a  se lf -c o n f id e n t e x tro v e r t, w ith  a  m a ss iv e  a n d  s o m e w h a t rough - 
h e w n  p h y s iq u e , u n c o n c e rn e d  a b o u t th e  r isk s  h is  e x p e r im e n ts  inv o lv ed . 
K irc h h o f f ,  d if f id e n t  a n d  u n c e r ta in , a  th e o r i s t ra th e r  th a n  an  e x p e r im e n ta l is t , 
w a s  s m a ll a n d  s o m e w h a t e ffe m in a te  -  th e  p e rfe c t fo il  to  B u n se n . I t  w as  sa id  
la te r  th a t  'B u n se n 's  g re a te s t d is c o v e ry  w as  K ir c h h o f f .

A s  a  s c h o o lb o y  a n d  s tu d e n t  K ir c h h o f f  s h o n e  a s  b r ig h t ly  as B u n se n . A t 
th e  a g e  o f  tw e n ty -tw o , h e  p u b lis h e d  h is  d o c to ra l th e s is , w h ic h  c o n ta in e d  the  
f i r s t  v e rs io n  o f  th e  fu n d a m e n ta l la w s g o v e rn in g  e le c tr ic  c u rre n ts  a n d  c o n d u c t
i n g  sy s te m s  n o w  k n o w n  sim p ly  a s  K irc h h o f fs  law s. T h is  su c ce ss  le d  th e  
P h y s ik a l is c h e  G e se lls c h a ft in  B e r lin  ( th e  c a p ita l o f  P ru ss ia )  to  o f fe r  a  g ra n t fo r 
a  y e a r ’s  s tu d y  in  P a r is .  K irc h h o f f  n e v e r  m a d e  it, fr ig h te n e d  b y  th e  re v o lu t io n 
a ry  p o li t ic a l  s itu a tio n  in  F ra n c e . In s te a d  h e  sp e n t th e  tim e  in  B e r lin ,  w h ere  h e  
c o n tin u e d  to  b u i ld  h is  r e p u ta tio n  to  th e  p o in t  th a t in  1850  a t th e  a g e  o f  tw en ty - 
s ix  h e  c o u ld  a c c e p t th e  c h a ir  o f  e x p e r im e n ta l p h y s ic s  in  B re slau .

S a d ly , a s  s o  e a s ily  h a p p e n s  in  a c a d e m ic  lif e , h e  c la s h e d  w ith  a n o th e r  
p r o fe s s o r  in  th e  d e p a r tm e n t,  to o k  s ic k  le a v e  o n  d o c to r ’s ad v ice , a n d  w e n t ba ck  
h o m e  to  K o n ig sb e rg . T h e re  h e  m e t H erm a n n  v o n  H e lm h o ltz  (1 8 2 1 -9 4 ) , r e 
c e n tly  f a m o u s  fo r  h is  w o rk  o n  th e  c o n se rv a t io n  o f  e n e rg y , w h o  im m ed ia te ly  
b e f r ie n d e d  a n d  a d m ire d  h im . B u t  a t B re s la u  K irc h h o ff  h a d  m e t  B u n se n , w ho 
to g e th e r  w ith  H e lm h o ltz  o rc h e s tra te d  h is  a p p o in tm e n t to  H e id e lb e rg  in  1854. 
(B u n se n  h a d  w ise ly  a d v ised  K irch h o ff, a  co lo ssa l se lf-doub te r, n o t to  g iv e  w ay  
to  u n t im e ly  m o d e s ty  in  m a k in g  h is  fo rm a l a p p lic a tio n .)

A t H e id e lb e rg , K irc h h o ff  e q u a lle d  B u n se n  as a  le c tu re r  (w ith  tw o  o f  h is  
s tu d e n ts ,  G a b r ie l  L ip p m a n n  ( 1 8 4 5 -1 9 2 1 )  a n d  H e ik e  K a m e r l in g h -O n n e s  
(1 8 5 3 -1 9 2 6 ) ,  la te r  b e c o m in g  N o b e l p r iz e w in n e rs ) . K irc h h o f f  a ls o  sh o w ed  
th a t  e le c tr ic  c u rre n ts  in  n a rro w  w ires  p ro p ag a te  as w aves w ith  th e  sp e e d  o f  
lig h t , a  k e y  re s u l t  in  th e  la te r  e x p er im e n ta l w o rk  w ith  r ad io  w av e s  o f  a n o th e r



o f  h is  s tu d e n ts ,  H e in r ic h  H e r tz  ( 1 8 5 7 -9 4 ) .  B u n se n  a n d  K irch h o ff, a lm o s t in 
s e p a ra b le , w e re  fam ilia r  in  th e  s tr e e ts  o f  H e id e lb e rg , in  d e e p  s c ie n t if ic  c o n v e r 
s a t io n  a s  th e y  w a lk ed  to g e th e r . (In  p ro p o rt io n  th e y  m u s t h a v e  re se m b le d  H e lm u t 
K o h l  a n d  F ra n c o is  M it te ran d ) . O n  o n e  o f  th e  w a lk s , a  su n se t se en  f ro m  th e  
w o o d e d  h e ig h ts  a b o v e  H e id e lb e rg  le d  th e m  to  lo o k  a t spectra l a naly sis . A lth o u g h  
o th e rs  w e re  a lre a d y  a c tiv e  in  th is  f ie ld , B u n s e n  a n d  K irc h h o f f ,  b y  c o n s o lid a t in g  
a n d  e x te n d in g  th e ir  r e su l ts , e s tab l ish ed  sp e c tro sc o p y  a t th e  h e a r t o f  b o th  p hysics  
a n d  chem istry .

A fte r  F ra u n h o fe r 's  d isc o v e ry  o f  d a rk  sp e c tra l lin e s  in  sun lig h t, th e  n e x t key  
f in d in g  w a s  th a t  o th e r  lig h t so u rce s , b e s id es  th e  sun , h a d  d is t in c t iv e  lin es . T h e  
N o rw e g ia n  A n d e rs  A n g s tro m  (1 8 1 4 -7 4 )  d is c o v e re d  th a t  a  sp a rk  b e tw e e n  tw o  
m e ta l  e le c tro d e s  c o n ta in e d  th e  sp e c tra l l in e s  o f  b o th  th e  m e ta l a n d  th e  g as m e 
d iu m , w h ic h , in  c o n tra s t to  th o se  o f  su n lig h t, w ere  lig h t r a th e r  th a n  d a rk . F u r th e r  
a d v a n c e  w a s  th e n  b lo c k e d  b y  fa ilu re  to  u n d e rs ta n d  a d is tin c tiv e  y e llo w  lin e  o c 
c u rr in g  in  a lm o s t a ll sp ectra . I n  1 857 , W illia m  S w a n  (1818-94) show ed  th a t th is 
w as  a lw ays a  s ig n  o f  a so d iu m  co m pound , p re se n t ev en  w h en  c o m m o n  sa lt w as  b u t 
o n e  p a r t  in  2 ,5 0 0 ,0 0 0  o f  th e  su b s ta n c e  p ro d u c in g  th e  spectrum . B u n se n  and  
K irc h h o f f  th e n  sh o w e d  th a t  i t  co rre sp o n d e d  to  F ra u n h o fe r’s  D -l in e , an d , g iv e n  th e  
u b iq u ito u s  tra c e s  o f  sa lt  in  th e  a tm o sp h e re  - th e  re su l t o f  o c ea n s  covering  tw o 
th ird s  o f  th e  earth 's  su rfa ce  - th e  p rac tic a l p ro b lem  w as h o w  to  e lim in a te  i t  f ro m  
th e  la b o ra to ry .

O n e  p ro b le m  re m a in e d  u n so lv e d : w h y  w ere  th e  lines o f  th e  sun 's  sp e c tru m  
d a rk , w h e re a s  th o se  o f  sp e c tra  p ro d u c e d  in  th e  lab o ra to ry  w ere  ligh t?  A cc o rd in g  
to  K irc h h o ff, 'th is  w as  e ith e r  a  n o n se n se  o r  s o m e th in g  v e ry  im p o r ta n t’. I n  1859  
h e  e x a m in e d  th e  su n 's  s p e c tru m  th ro u g h  a  y e llo w  so d iu m  flam e , to  f in d  th a t  in 
s te a d  o f  m a sk in g  th e  d a rk  so d iu m  lin e  (a s  h e  h a d  ex p ec ted ) it  a ccen tua ted  it. H e  
th e n  o b ta in e d  th e  s a m e  re s u l t  in  th e  la b o ra to ry  b y  su b s ti tu tin g  an  in te n se  w h ite  
in c a n d e s c e n t  l ig h t  f o r  th e  su n . K i r c h h o f f s  ex p lan a tio n  (w h ich  p ro v ed  to  b e  c o r
r e c t)  w a s  th a t  lig h t o f  a  g iv e n  w av e le n g th  w o u ld  ab so rb  inc iden t lig h t o f  th e  sam e 
w av e le n g th , in  a  p h e n o m e n o n  c o m p a ra b le  to  re so n a n ce . F o r  th is  r e a so n  th e  d a rk  
lin e s  b e c a m e  k n o w n  as  a b so rp t io n  lin e s  ( in  c o n tra s t to  th e  b r ig h t em ission  lines).

T h is  is  th e  fu n d a m e n ta l p r in c ip le  th a t  fo r  'ray s o f  th e  s a m e  w a v e le n g th  a t 
th e  s a m e  te m p e r a tu re  th e  r e la t io n  b e tw e e n  th e  e m iss io n  and  abso rp tio n  p o w e r  is 
th e  s a m e  w ith  a ll bo d ies '. T h is  le d  to  K i r c h h o f f s  c o n c e p t  o f  b la c k  b o d ie s  a b 
s o r b in g  a l l  f ig h t  in c id e n t  u p o n  th e m  - la te r  to  b e c o m e  a  k e y  fa c to r  in  h e a t-  
r a d ia t io n  re s e a rc h .

T h is  a l s o  e x p la in e d  th e  F r a u n h o fe r  l in e s : th e  su n 's  s p e c tru m , w ith  its  
d a r k  lin e s ,  i s  n o th in g  o th e r  th a n  th e  in v e rs e  o f  th e  s p e c tru m  p ro d u c e d  b y  th e  
s u n 's  a tm o s p h e re .  S p e c tra l  a n a ly s is  o f  th e  su n 's  a tm o sp h e re  c o u ld  th e n  p ro 
c e e d  b y  ta k in g  th e  d a rk  f in e s  to  c o rr e s p o n d  to  th e  b r ig h t  l in e s  p ro d u c e d  b y  a n y  
s u b s ta n c e  w h e n  h e a te d  in  a  f la m e . T h is  c u lm in a te d , in  1 860 , in  th e  p u b lic a t io n  
o f  K i r c h h o f f s  C h e m isc h e  A n a ly se  d u rc h  S p e k tra lbeobach tunge, b a sed  la rg e ly  o n  
e x p e r im e n ts  c a r r i e d  o u t  b y  B u n se o .
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I n  s p e c tro sc o p y  th e  p ra c tic a l p r o b le m  w a s  to  p ro d u c e , f i r s t ,  in  p u r e s t  p o s 
s ib le  fo rm , d if fe re n t  sa lts  fo r e a c h  m e ta l , a n d  th e n , b y  u s e  o f  e le c tr ic  a rc s  o r  d if 
fe re n t f la m e s , to  m a k e  th e m  in c a n d e sc e n t - fo r  o th e rw is e  th e re  w o u ld  b e  n o  
l ig h t  to  a n a ly se . I t  w a s  e s s e n t ia l  th a t  th e  c h a ra c te r  o f  d if f e r e n t  f la m e s , w ith  
th e ir  v a s t  d if f e re n c e s  in  te m p e ra tu re , w o u ld  n o t  a f f e c t  th e  e x a c t  lo c a t io n  o f  th e  
s e p a ra te  sp e c tra l  lin e s  o f  th e  m e ta ls  in v e s tig a te d . B u n se n  a n d  K irc h h o f f  
s h o w e d  h o w  b r ig h t  l in e s ,  a c c o rd in g  to  th e i r  lo c a t io n  in  th e  s p e c tr u m , i n d i 
c a te d  th e  p r e s e n c e  o f  p a r t i c u la r  m e ta ls .  T h is  w a s  a n  e x tre m e ly  a c c u ra te  a n a 
ly t ic a l  to o l,  e s p e c ia l ly  fo r  s m a ll q u a n titie s , a lth o u g h  so m e  re su l ts  w e re  fo re 
s h a d o w e d  b y  w o rk  d o n e  b y  o the rs .

O n e  e x p e r im e n t  d e te c te d  s o d iu m  v a p o u r  d i lu te d  to  o n e  p a r t  in  
2 0 ,0 0 0 ,0 0 0 , a n d  a lth o u g h  n o  o th e r  m e ta l  h a d  su c h  a  p ro m in e n t sp e c tru m , v e ry  
s m a ll  q u a n ti t ie s  o f  l ith iu m , s tro n tiu m , c a lc iu m , p o ta s s iu m  a n d  b a r iu m  c o u ld  
b e  o b se rv e d  in  th e  sa m e  w a y  (a n  e c o n o m ic a l ly  s ig n i f ic a n t  r e s u l t  w h e n  it  c am e  
to  p ro s p e c t in g  f o r  m e ta ls  w h o se  so u rc e s  w ere  w id e ly  d isp e rse d ) .

B u n se n  a n d  K irc h h o f f  a lso  u s e d  s p e c tro sc o p y  to  d e te c t  n e w  e le m e n ts .  In  
p a r t i c u la r ,  th e y  e x p e c te d  th e  d is c o v e r y  o f  a  fo u r th  a lk a li m e ta l n e x t  to  p o ta s 
s iu m , so d iu m  a n d  l ith iu m  - s h o w in g  o n ly  tw o  l in e s  in  th e ir  s p e c tro sc o p e . 
T h e y  d e s c r ib e d  th e  c h a ra c te r is t ic  l in e s  o f  th e  th e n  u n d is c o v e r e d  c a e s iu m  in 
th e  b lu e  p a r t  o f  th e  sp e c tru m , a n d  w e n t  o n  to  d o  th e  s a m e  f o r  r u b id iu m  w ith  
its  c h a r a c te r i s t ic  d a rk  r e d  lin e s .  F in d in g  a c tu a l  s p e c im e n s  o f  th e s e  tw o  e le 
m e n ts  w a s  v e ry  d if f ic u lt :  4 4 ,2 0 0  k ilo g ra m s  o f  sa l t  so lu t io n  h a d  to  b e  p ro ce ssed  
to  p ro d u c e  7 .2 7 2  g ra m s o f  c a e s iu m  c h lo rid e  a n d  9 .2 3 7  g ra m s  o f  r u b id iu m  c h lo 
r id e .

F in a lly ,  th e  c o rre sp o n d e n c e  b e tw e e n  a b so rp t io n  lin e s  o b s e rv e d  in  su n lig h t 
a n d  i r o n  e m is s io n  lin e s  o b se rv e d  in  th e  la b o ra to ry  w a s  s o  e x a c t  th a t  i t  c o u ld  
n o t  b e  th e  r e s u l t  o f  c h a n c e . T h e  o n ly  p o s s ib le  e x p la n a tio n  w a s  th a t  iro n  w as 
p r e s e n t  in  th e  su n 's  a tm o sp h e re . T h is  lin e  o f  r e a so n in g  le d  to  th e  fu rth e r  d is 
c o v e r y  o n  th e  s u n  o f  th ir te e n  k n o w n  m e ta l lic  e le m e n ts ,  to g e th e r  w ith  h y d ro 
g e n .

K ir c h h o f f  s  a b s o rp t io n  r e s e a r c h  a lso  s h o w e d  th a t  th e  su n  h a s  a  v e ry  ho t 
l ig h t  c o re ,  c o v e r e d  b y  a  c o o le r  la y e r  c o n ta in in g  th e  v a p o u r  o f  th e  e le m e n ts  
d i s c o v e r e d  s p e c tr o s c o p ic a l ly .  S im ila r  m e th o d s  c o u ld  b e  a p p lie d  to  a n a ly se  
th e  c o m p o s i t io n  o f  s ta r s , w h ic h , e a r lie r  in  th e  c en tu ry , th e  F r e n c h  p h ilo so p h er  
A u g u s te  C o m te  h a d  c i te d  as an  e x a m p le  o f  th in g s  th a t w ere  in h e re n tly  u n 
k n o w a b le . I n  h is to r ic a l  p e rs p e c t iv e , B u n se n 's  a n d  K ir c h h o f f s  d is p r o o f  o f  
C o m te ’s  c la im  in tro d u c e d  th e  n e w  s c ie n c e  o f  a s tro p h y s ic s .

T h e  p io n e e r in g  w o rk  o f  B u n se n  a n d  K irc h h o f f  w as so o n  f o llo w e d  b y  o th 
e rs ,  u s in g  h ig h - q u a l i ty  c u s to m -b u il t  a p p a ra tu s . F i rs t  c a m e  W ill ia m  C ro o k e s  
( 1 8 3 2 -1 9 1 9 ) ,  w h o  in  1861  d is c o v e r e d  th a lliu m  a f te r  n o tin g  a  b r ig h t  g re e n  lin e  
i n  th e  s p e c tr u m ; tw o  y e a r s  la te r  in d iu m  w as  d is c o v e re d  in  G e rm a n y ;  a n d  a t 
t h e  e n d  o f  th e  d a y , sp e c tro sc o p y  w as  to  p la y  a  p a rt in  th e  d is c o v e ry  o f  tw en ty - 
o n e  o u t  o f  th e  tw e n ty -s e v e n  e le m e n ts  d is c o v e re d  b e tw e e n  1 8 6 0  a n d  1910 .
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(S o m e  o f  th e s e ,  n o ta b ly  h e liu m , w e r e  f i r s t  d is c o v e re d  on  th e  su n  b e fo r e  b e in g  
f o u n d  o n  e a r th .)

B u n s e n  a n d  K irc h h o f f  w e re  n e v e r  a b le  to  d is c o v e r  th e  th e o ry  u n d e r ly in g  
th e  e x a c t  lo c a t io n  ( in  te rm s  o f  w a v e le n g th )  o f  th e  d is t in c t iv e  s p e c tr a l  lin e s  
c h a r a c te r i s t ic  o f  a n y  e le m e n t: th is ,  w h e n  i t  c am e , b e lo n g e d  to  p h y s ic s  r a th e r  
th a n  c h e m is try  a n d  w a s  o n e  o f  th e  f u n d a m e n ta l a ch ie v em e n ts  o f  th e  g re a t 
D a n i s h  p h y s ic is t  N ie ls  B o h r  (1 8 8 5 -1 9 6 2 ) . B y  th is  tim e , sp e c tra l a n a ly s is  h a d  
e x te n d e d  f a r  b e y o n d  th e  o u te r  lim its  o f  th e  v is ib le  sp e c tru m , a lth o u g h  a s  e a r ly  
a s  1 8 0 0  W i l l ia m  H e r s c h e l  ( 1 7 3 8 -1 8 2 2 )  h a d  f o u n d  th a t  th e  h e a t  s p e c tr u m  
e x te n d e d  in to  th e  in f r a r e d , w h ile  a  y e a r  la te r  J o h a n n  R i tte r  (1 7 7 6 -1 8 1 0 )  
s h o w e d  th a t  th e  d a rk e n in g  o f  s i lv e r  h a l id e s  (a s  in  p h o to g ra p h y )  c o n tin u e d  in to  
t h e  u l t r a v io le t .  I n  th is  w a y  th r e e  sp e c tra l z o n e s  w ere  e s tab lish ed , b u t  th e  full 
im p l ic a t io n s  o n ly  b e g a n  to  b e c o m e  c le a r  a t th e  e n d  o f  th e  n in e te e n th  c en tu ry .

The noble elements

T h e n ,  in  1 8 9 3 , S i r  W illia m  R a m s a y  (1 8 5 2 -1 9 1 6 )  lo o k e d  a t th e  q u e s tio n  
p u t  b y  L o r d  R a y le ig h  ( 1 8 4 2 -1 9 1 9 )  a s  to  w h y  n itro g e n  se p a ra ted  f ro m  a ir  a l
w a y s  p r o v e s  to  h a v e  a n  a to m ic  w e ig h t h ig h e r  th a n  th a t o f  n itro g e n  p ro d u c e d  in  
th e  la b o ra to ry . T o  f in d  a n  a n sw e r , R a m s a y  se p a ra te d  b o th  th e  o x y g e n  a n d  n i 
t r o g e n  f r o m  a  s a m p le  o f  a i r  u s in g  e s ta b l i s h e d  la b o ra to r y  m e th o d s . H e  f o u n d  
a  r e s i d u e ,  w h ic h  c o u ld  o n ly  b e  so m e  o th e r  g a s , e q u a l to  a b o u t  1%  o f  th e  
o r ig in a l  v o lu m e . T h is  w a s  a rg o n , a n d  tw o  y e a rs  la te r , R a m sa y  i s o la te d  a n 
o th e r  s im i la r  g a s  b y  b o il i n g  a  m in e r a l  c a l le d  c le v ite , w h ic h  sp e c tra l a n a ly s is  
p r o v e d  to  b e  h e liu m , f i r s t  d is c o v e re d  n e a r ly  th i r ty  y e a rs  p r e v io u s ly  in  th e  su n 's  
a tm o s p h e re .

O n  th e  b a s i s  o f  a to m ic  w e ig h t ,  a rg o n  h a d  a  p la c e  b e tw e e n  c h lo r in e  a n d  
p o ta s s iu m  in  th e  p e r io d ic  ta b le ,  w h ile  h e l iu m  s h o u ld  fa ll  b e tw e e n  h y d ro g e n  
a n d  l i t h iu m  - th e  tw o  e le m e n ts  w i th  lo w e s t  re c o rd e d  a to m ic  w e ig h ts . T h e  n e e d  
to  a c c o m m o d a te  th e s e  n e w  e le m e n ts  c o u ld  b e  m e t  b y  in tro d u c in g  a  n e w  c o l
u m n  - c o lu m n  8 -b u t  h e l iu m  a n d  a rg o n  w o u ld  th e n  o c cu p y  o n ly  tw o  o f  th e  s ix  
p la c e s  in  it ,  a t  th e  e n d  o f  ro w s  1 a n d  3 , le a v in g  ro w s  2, 4 , 5  a n d  6  s ti ll to  b e  
f ille d .

R a m s a y  w a s  p la in ly  o n  a  w in n in g  s tr e a k . In  1 898 , w o rk in g  w ith  l iq u e f ie d  
a i r  (w h ic h  te c h n o lo g y  h a d  o n ly  r e c e n tly  m a d e  a v a ila b le )  h e  o n c e  a g a in  e l im i
n a t e d  th e  o x y g e n  a n d  n i tr o g e n , a n d  e x a m in e d  th e  r e s id u e  s p e c tro sc o p ic a lly .  
I n  th is  w a y  th e  d is t in c t iv e  lin e s  o f  th re e  p r e v io u s ly  u n k n o w n  e le m e n ts ,  n e o n , 
k r y p to n  a n d  x e n o n , a p p e a re d . T h e  g a p s  a t th e  e n d  o f  ro w s  2 , 4  a n d  5 w e re  
f i l l e d .  F in a l ly ,  in  1907 , R a m sa y  s h o w e d  th a t  r a d o n , d isc o v ere d  in  1 900 , s h o u ld  
b e  p la c e d  a t  th e  e n d  o f  ro w  6 : c o lu m n  8  o f  M e n d e le y e v ’s ta b le  w as  th e re fo re  
c o m p le t e  in  th e  y e a r  o f  h is  d e ath .
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H o w  c o u ld  it  b e  th a t n o t  o n e  b u t  s ix  e le m e n ts  h a d  e s c a p e d  th e  n o tic e  o f  
c h e m is ts  u n t i l  th e  e n d  o f  th e  n in e te e n th  c en tu ry , w h e n  th e  g re a t  r u s h  to  f in d  
'n e w ' e le m e n ts ,  le d  n o ta b ly  b y  D a v y , h a d  s ta r te d  a t its b e g in n in g ?  C h e m is try  
w as  t r a n s fo rm e d  in  th is  c en tu ry , w h ic h  c lo se d  a p p ro p r ia te ly  w ith  th e  d is c o v e ry  
o f  th e  ’n e w 1 e le m e n ts  in  c o lu m n  8 . B u t  w h y  w e r e  th e y  n o t  d is c o v e r e d  e a r l ie r?

T h e  a n s w e r  to  th is  q u e s tio n  is  to  b e  f o u n d  in  th e  b a s ic  p h e n o m e n o n  o f  a ll 
c h e m is try , th e  r e a c tio n  b e tw e e n  d if fe re n t  su b s ta n c es , w h e th e r  e le m e n ts  o r  
c o m p o u n d s . S tro n g , so m e tim e s  v io le n t,  rea c tio n s  a re  c h a rac te r is t ic  o f  th e  e le
m e n ts  in  c o lu m n s  1 a n d  7  -  ju s t  th in k  o f  a ll  th o se  la b o ra to ry  e x p lo s io n s . T h e  re 
a c tio n s  a re  o f te n  su c h  th a t  e x t r e m e ly  u n s t a b l e  e le m e n ts  c o m b in e  to  fo rm  
th e  m o s t  s ta b l e  c o m p o u n d s : h e re  c o m m o n  s a l t ,  a  s o - c a l le d  io n ic  c o m p o u n d  
( N a +C l‘ ) o f  s o d iu m  (c o lu m n  1) a n d  c h lo r in e  (c o lu m n  7 )  is  e x e m p la ry . T h e  
c o lu m n  to  w h ic h  a n  e le m e n t b e lo n g s  d e f in e s  its  r e a c t iv e  p o te n t ia l ,  b u t  w h a t if  
a n  e le m e n t  w il l  n o t  re a c t w ith  a n y  o th e r?  I n  th e  f i r s t  p la c e , th e re  is  th e n  no  
c h e m ic a l  p h e n o m e n o n , w h e th e r  o c c u r r in g  in  n a tu re  o r  th e  la b o ra to ry , th a t w ill 
b e tra y  i ts  ex is te n ce . N o-one  c an  sm e ll o r  ta s te  it, o r, i f  is a  gas, fee l it, a n d  it  will 
h a v e  n o  p o w e r  to  c o rro d e , c o n ta m in a te , o r  e v e n  de ca y , fo r  a ll  th e se  everyday  
p ro c e s se s  d e p e n d  on  c h em ic a l re a c tio n s . N o  w o n d e r  a rg o n  w a s  g iv e n  th a t 
n a m e , w h ic h  m e a n s  'l a z y 1 in  G re e k . A rg o n  w a s  d is c o v e r e d  o n ly  w h e n  i t  o c 
c u r r e d  to  R a m s a y  to  u s e  c h e m ic a l  rea c tio n s  to  se p a ra te  th e  o th e r  g a ses , oxy 
g e n  a n d  n itro g e n , o c cu rrin g  in  a ir. H e  c o u ld  n o t  to u c h  a rg o n  in  th is  w ay , a n d  it 
w a s  o n ly  to w a rd s  th e  e n d  o f  th e  y e a r  2 0 0 0  th a t th e  f irs t  c h em ic a l com p o u n d , 
e v e r , w a s  p r o d u c e d  f ro m  a rg o n .

A p p ro p r ia te ly  th e  s ix  e lem e n ts  in  c o lu m n  8 a re  k n o w n  a s  th e  in e r t  gases: 
th is  is  j u s t  w h a t  th e y  a re . T h e y  a re  a ls o  k n o w n  a s  th e  n o b le  e le m e n ts ,  b e c a u se  
o f  th e i r  d i s d a in  to  c o m b in e  w ith  th e  le s s e r  e le m e n ts  in  c o lu m n s  1 to  7 . T h e y  
c o u ld  o n ly  b e  d e te c te d  w h e n , in  in c a n d e sc e n t s ta te , they  p ro d u c e d  d is tinc tive  
sp e c tra : fo r  a ll  e x c e p t h e liu m  th is  s ta te  w as  c re a te d  a rtific ia lly  in  th e  labo ra to ry . 
H e liu m  w a s  o b s e rv e d  f i r s t  in  th e  su n 's  a tm o sp h e re , w h ere  its in c an d e sce n ce  is 
th e  r e su l t n o t  o f  a  c h em ic a l b u t o f  a  n u c le a r  rea c tio n .

M e n d e le y e v  f i r s t  c o m p ile d  th e  p e r io d ic  ta b le  in  1869 . W ith  th e  e m e r 
g e n c e  o f  n u c le a r  p h y s ic s  in  th e  tw e n tie th  c e n tu ry , w ith  its  c a p a c ity  to  p ro d u ce  
n e w  e le m e n ts  w ith  a to m ic  w e ig h ts  a p p ro a c h in g  30 0 , it  is  d if f ic u lt to  s ta te  a  p re 
c is e  n u m b e r  fo r  th o se  d isc o v e re d  s in c e  th a t  y e a r  - so m e w h e re  a ro u n d  fo rty  is  the  
b e s t  p o s s ib le  e s tim a te . N o  m a tte r: w h a te v e r  th e  n u m b e r, tw e n ty -o n e  h a d  be en  
f o re c a s t  b y  M e n d e le y ev . T h is  is b u t  o n e  m e a su re  o f  th e  a c h ie v e m e n t o f  o n e  o f  
th e  m o s t  re m a rk a b le  m e n  in  th e  h is to ry  o f  sc ien c e .
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F o r  m o r e  th a n  a  h u n d r e d  y e a r s , in  th e  p o p u la r  u n d e rs ta n d in g  o f  sc ien c e , 
n o  d is t in c t io n  h a s  b e e n  m o re  c le a r-c u t th a n  th a t b e tw e e n  o r g a n ic  a n d  in o r 
g a n ic  c h e m is try .  T w o  h u n d r e d  y e a r s  a g o , w h e n  th e  a ch ie v e m e n ts  o f  L a v o is 
ie r , D a l to n , P r ie s tle y , a n d  m a n y  o th e rs  w e re  b e g in n in g  to  m a k e  c h e m is try  a 
h a rd  s c ie n c e  a n d  g iv e  i t  i ts  m o d e m  fo rm , th is  p a r t i c u la r  d is t in c t io n  w o u ld  
h a v e  b e e n  m e a n in g le s s .  A t  t h e  b e g in n in g  o f  th e  n in e te e n th  c e n tu r y , o rg a n ic  
c h e m is try ,  a c c o rd in g  to  o n e  o f  th e  p io n e e rs  in  th e  f ie ld , F r ie d r ic h  .W o h le r 
(1 8 0 0 -8 2 ) ,  w a s  ’l ik e  a  d a rk  f o re s t  w ith  f e w  o r  n o  p a th w a y s '. In  182 8  h e  
s h o w e d  th a t  u r e a  e x tra c te d  f ro m  a  d o g 's  u r in e  w as  id e n tic a l to  a m m o n iu m  c y - 
a n a te  p r o d u c e d  in  th e  la b o ra to ry  -  a  m a jo r  s te p  in  b r in g in g  l ig h t  in to  th e  d a rk  
f o re s t .  T h is  w a s  a  s e n s a t io n a l  d is c o v e r y , s in c e  i t  s h o w e d  th a t  n o  s p e c ia l  
'v i ta l ' p r in c ip le  g o v e rn e d  c h e m ic a l p ro c e s se s  ta k in g  p la c e  w ith in  a  l iv in g  o r 
g a n ism . T h e  e n d  o f  v ita lis m  c a n  b e  s a id  to  o p e n  th e  w ay  to  b io c h e m is try ,  a l 
t h o u g h  i ts  p o te n t ia l  f o r  d e v e lo p m e n t w a s  l i t t le  r e a l is e d  a t  th e  tim e .

I t  w a s  n o t  s o  m u c h  W o h le r  a s  h is  f r ie n d  a n d  c o l le a g u e  J u s tu s  v o n  L ie 
b ig  ( 1 8 0 3 -7 4 ) ,  w h o  'r e v e a le d  th e  so u rc e  o f  r ic h n e s s . . .  o f  o rg a n ic  c h e m is try , 
th a t  th e  s im p le  e le m e n ts  o f  C a rb o n , O x y g e n , H y d ro g e n  a n d  N itr o g e n  c o u ld  
c o m b in e  to g e th e r  in  m y r ia d s  o f  d i f f e r e n t  w a y s  to  p r o d u c e  m il lio n s  o f  d if f e r 
e n t  c o m p o u n d s ’.

D u r in g  h is  y o u th ,  L ie b ig  c o u ld  w itn e s s ,  a t f i r s t  h a n d , th e  s ta te  o f  th e  a r t  
in  p r o to - in d u s t r i a l  c h e m is t ry .  H is  f a th e r ,  w h o  s o ld  p a in ts  a n d  o th e r  h o u s e 
h o ld  w a r e s  in  a  d r o g e r ie  in  D a r m s ta d t  - th e  c a p i ta l  c i ty  o f  a  G e rm a n  
G r a n d - D u c h y  p r o d u c e d  m u c h  o f  h is  s to c k - in -tra d e  in  h is  o w n  w o rk s h o p . 
W ith  e ig h t  c h i ld re n , th e  f a m i ly  w a s  f a r  f ro m  p r o sp e ro u s , a n d  L ie b ig  h a d  to  
s p e n d  m u c h  o f  h i s  t im e  h e lp in g  in  h is  f a th e r 's  b u s in e s s .  I n  h is  s p a re  t im e , 
h o w e v e r ,  L ie b ig  w a s  a b le  to  s tu d y  b o o k s  o n  c h e m is try  in  th e  lib ra ry  o f  th e  
G ra n d - D u k e  L u d w ig  o f  H e s s e -D a rm s ta d t .  B y  g o o d  fo rtu n e  K ar l W ilh e lm  
K a s tn e r  (1 7 8 3 -1 8 5 7 ) , a  p r o fe s s o r  o f  c h e m is try , w a s  o n e  o f  h is  f a th e r 's  c lien ts . 
A l th o u g h  in  la te r  l i f e  L ie b ig  w a s  d e r i s iv e  a b o u t  K a s tn e r 's  c o m p e te n c e  a s  a 
c h e m is t ,  t h e  p r o fe s s o r  s t i l l  t o o k  h im  o n  a s  a n  a s s is ta n t a n d  th e n  re c o m 
m e n d e d  h im  to  th e  G ra n d - D u k e .

W ith  n o b le  p a tro n a g e  L ie b ig  w as  a b le  to  s p e n d  so m e  m o n th s  in  P a r is , 
w o rk in g  w ith  G a y -L u ssa c , o n e  o f  th e  g re a te s t sc ie n t is ts  o f  th e  d a y . T h e re  h e  
a lso  m e t  th e  g re a t  G e rm a n  n a tu ra lis t ,  A le x a n d e r  v o n  H u m b o ld t ,  w h o  re c o m 
m e n d e d  h im  to  th e  G ra n d - D u k e  f o r  a n  a c a d e m ic  a p p o in tm e n t .  T h is  le d  
L ie b ig  to  t h e  U n iv e r s i ty  o f  G ie s se n  in  1824 , a n d  in  1825  h e  b e c a m e  e ffe c 
t iv e ly  h e a d  o f  a  n e w  d e p a r tm e n t o f  c h e m is try  w ith  a w e ll-e n d o w e d  la b o ra to ry . 
T h e r e  h e  fo c u s e d  h is  r e se a rc h  o n  o rg a n ic  c h e m is try  a n d  b u il t  u p  o n e  o f  th e  
b e s t  te a c h in g  a n d  r e s e a r c h  sc h o o ls  in  G e rm a n y . T h e  U n iv e rs i ty  o f  G ie s s e n  is 

n o w  n a m e d  a f te r  h im . T a lk  a b o u t  su c c e s s .
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T h e  g r e a t  S w e d is h  c h e m is t  B e r z e l iu s ,  a  g e n e r a t io n  o ld e r  th a n  L ie b ig , 
h a d  a lw a y s  s e e n  'th e  d is c o v e ry  o f  th e  r a tio n a l c o n s titu t io n ' a s  th e  m a in  p r o b 
le m  in  o r g a n ic  c h e m is try ,  in s i s t in g  a t  th e  s a m e  tim e  th a t  'o r g a n ic  b o d ie s  
o b e y  th e  s a m e  g e n e ra l  la w s  a s ... in o rg a n ic  c o m b in a t io n s’. T h e  k e y  w a s  to  b e  
f o u n d  in  th e  id e a  o f  th e  r a d ic a l , w h ic h  s in c e  th e  tim e  o f  L a v o is ie r  w as  d e fin e d  
a s  th e  's ta b le  p a r t  o f  a  su b s ta n c e  th a t  r e ta in s  its  id e n t i ty  th r o u g h  a  s e r ie s  o f  
r e a c t io n s  e v e n  th o u g h  i t  w a s  k n o w n  to  b e  a  c o m p o u n d '. (T h is  re c a lls  th e  
'm o le c u le  in te g ra n te ' p ro p o se d  b y  H a tiy  fo r  th e  a n a ly s is  o f  c ry s ta ls .)

B y  1 8 3 0  n o t  o n ly  B e rz e l iu s  a n d  L ie b ig , b u t  a ls o  B u n s e n  a t G o tt in g e n , 
w e r e  a l l  s o ld  o n  r a d ic a l s .  T h e  p r o b le m  w a s  th a t  f o r  to o  m a n y  w e ll-k n o w n  
s u b s ta n c e s  d if fe re n t  ra d ic a ls  c o u ld  b e  fo u n d , a n d  th e  c h o ic e  o f  d if f e re n t rad ica ls  
c o u ld  le a d  to  c o n flic tin g  re su l ts . T h e re  w ere  e n d le s s  d is a g re e m e n ts  a b o u t how  
m o le c u le s  c o m b in e d , p a rtly  b e c a u se  o f  c o n fu s io n  a b o u t a to m ic , e q u iv a le n t and  
m o le c u la r  w e ig h ts .  (T h is  w a s  a  g e n e ra tio n  b e fo re  M e n d e le y e v  so r te d  o u t such  
m a tte r s , )  B y  th e  m id -1 8 3 0 s  th e  te rm  ra d ic a l  c a m e  to  in d ic a te  a  h y d ro c a rb o n  
g r o u p  o r  c h a in ,  s o  th a t  t h e  f u n d a m e n ta l  n u c le u s  b e c o m e s  a n  u n sa tu ra te d  h y 
d r o c a rb o n , C 8H 12. (S tr ic t ly  a h y d ro c a rb o n  is  a n y  c h e m ic a l c o m p o u n d  c o n ta in 
in g  o n ly  h y d r o g e n  a n d  c a r b o n , b u t  th e  n u m b e r  o f  su c h  c o m p o u n d s  is ve ry  
g r e a t .)

I n  th e  m id -1 8 4 0 s  so m e  o r d e r  w a s  b ro u g h t  b y  th e  'h o m o lo g o u s ' se rie s  in 
t r o d u c e d  b y  th e  F r e n c h  c h e m is t  C h a r le s  G e r h a r d t  (1 8 1 6 -5 6 ) , w ho  h a d  e arlie r  
s tu d ie d  w ith  L ie b ig . T h is  is  th e  so -ca lle d  'lad d e r  o f  com b u stio n ': th e  fo rm u la  
C nH 2n0 2  f o r  p r im a ry  a lco h o ls , is  a n  ex am p le , w ith  eac h  successive  va lu e  o f  n 
d e n n in g  o n e  m e m b e r  o f  th is  class.

I n  1 8 4 7 , a  y o u n g  m a n  w ith  th e  u n lik e ly  n a m e  o f  F r ie d r ich  A u g u s t K ek u le  
v o n  S t ra d o n itz ,  h a v in g  c o m e  to  G ie s s e n  to  s tu d y  a rc h ite c tu re , f e l l  u n d e r  th e  
s p e l l  o f  L ie b ig ,  w h o  a d v is e d  h im  to  s tu d y  c h e m is try  in  P a r is , O n c e  th e re  h e  
b e c a m e  a  f r i e n d  o f  G e rh a rd t. A s  c h e m is ts , th o u g h  n o t as frien d s , th e  tw o  w ere  
so o n  to  p a r t  c o m p a n y . K e k u le  fo rso o k  G e rh a rd t’s p r in c ip le  b a sed  O i l  o n e  key  
ty p e  o f  a to m  f o r  o n e  in  w h ic h  'n o  a to m  w a s  m o re  im p o rta n t th a n  a n o th e r  in  a 
c o n s t i tu t io n a l  fo rm u la '. K e k u le 's  m e th o d  o f  c la s s if ic a tio n  d e p e n d e d  on  how  
m a n y  o th e r  a to m s o r  g ro u p s  a  g iv e n  a to m  c o m b in ed  w ith , so  th a t, fo r  exam ple , 
c a rb o n  is  c la s s e d  a s  4 , b o th  o x y g e n  a n d  su lp h u r  as 2 . In  1859  K e k u le  in tro d u c ed  
th e  p r in c ip le  o f  c a te n a tio n , a c c o rd in g  to  w h ic h  c a rb o n  a to m s w e re  lin k e d  in  a 
c h a in .

A c c o rd in g  to  s o m e  so u r c e s  th e  id e a  c a m e  to  K e k u le  in  th e  s u m m e r  o f  
1 8 5 4 , w h e n  h e  f e l l  a s le e p  o n  th e  t o p  o f  a  L o n d o n  o m n ib u s ; b u t, h o w e v e r  
th a t  m a y  b e ,

I n  th e  c a s e s  o f  s u b s ta n c e s  w h ic h  c o n ta in  s e v e ra l a to m s  o f  c a rb o n , i t  m u s t  
b e  a s s u m e d  th a t  a t  le a s t so m e  o f  th e  a to m s  a re  in  th e  sa m e  w a y  h e ld  in  th e  
c o m p o u n d  b y  th e  a f f in i ty  o f  c a rb o n , a n d  th a t th e  ca rb o n  a to m s  a tta c h  th e m 
s e lv e s  to  o n e  a n o th e r , w h e re b y  a  p a r t  o f  the  a ffin ity  o f  the  o n e  is  n a tu ra l ly  e n 
g a g e d  w i th  a n  e q u a l p a r t  o f  th e  a ffin ity  o f  th e  o th e r ... F o r  e x a m p le  a  g r o u p  o f
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tw o  c a r b o n  a to m s , C 2 ... w ill  f o r m  a  c o m p o u n d  o f  s ix  a to m s  o fm o n a to m ic  e le 
m en ts , o r  g e n e r a lly  w ith  so  m a n y  a to m s  th a t th e  su m  o f  th e  c h em ic a l u n its  o f  
th e se  is  e q u a l  to  six.

A n  e le m e n ta ry  e x a m p le  o f  th is  is  c a rb o n  a n d  h y d ro g en  c o m b in in g  to  fo rm  
e th a n e  (С гН б). T h e  m le  s ta te d  b y  K e k u le  is  fu n d a m e n ta l, and  le d  f in a l ly  to  h is  
d e f in in g  o r g a n ic  c h e m is try  as 'th e  c h e m is try  o f  c a rb o n  c o m p o u n d s '. A t  th e  
s a m e  tim e  i t  w a s  a lso  a p p lie d  to  th e  g e n e ra l p r in c ip le  o f  v a len c y  (d e v e lo p e d  b y  
E d w a rd  F r a n k la n d  (1 8 2 5 -9 9 )  in  E n g la n d )  w h ic h  g o v e rn s  a ll s t ru c tu ra l c h e m is 
tr y , b y  s ta t in g  p r e c is e  n u m e ric a l  r u le s  a c c o rd in g  to  w h ic h  a to m s  b in d  to 
g e th e r  to  f o r m  m o le c u le s .  T h is  le d  to  th e  f a m i l ia r  g ly p tic  o r  'c ro q u e t  b a ll ' 
m o d e ls  o f  m o le c u le s .  T h e  s ta n d a rd  th re e -d im e n s io n a l v e rs io n  sh o w s  a  m o le 
c u l e  o f  p h o s p h o r u s  p e n to x id e  (P 4O 10)  a n d  to  b e  fo u n d  in  a n y  in tro d u c to ry  
te x tb o o k , w a s  o n ly  in tro d u c e d  b y  th e  D u tc h  c h e m is t J a c o b u s  v a n 't  H o ff  (1 8 5 2 -  
1 9 1 1 )  in  1 8 7 4 .

V a n 't  H o f f  a ls o  p ro p o se d  th a t  th e  fo u r  c a rb o n  b o n d s  a re  d ire c te d  to  th e  
c o m e r s  o f  a  te tr a h e d ro n , w h ic h  th e n  d e te rm in e s  th e  a rra n g e m e n t o f  th e  a to m s  
in  th e  m o le c u le  o f  a n y  c a rb o n  c o m p o u n d . M o re  g e n era lly , a c c o rd in g  to  th e  
R u s s ia n  p h y s ic i s t  A le x a n d r  B u tle ro v  (1 8 2 8 -8 6 ) ,  w h o  h a d  p o p u la r i s e d  th e  
p h r a s e  'c h e m ic a l  s t ru c tu re ',

O n ly  o n e  ra tio n a l fo r m u la  is  p o s s ib le  f o r  e a c h  c o m p o u n d , a n d  w h e n  th e  
g e n e r a l  la w s  g o v e rn in g  th e  d e p e n d e n c e  o f  c h e m ic a l p ro p e r tie s  o n  c h e m ic a l  
s tr u c tu r e  h a v e  b e e n  d e rive d , th is  f o r m u la  w i l l  e x p re ss  a l l  o f  these  p ro p ertie s .

T h is  w a s  a n  o v e rs im p lif ic a tio n , a n d  b y  th e  1 920s i t  w a s  b e c o m in g  c le a r  
th a t  th e  q u e s t io n  o f  s tru c tu re  w as  e x tre m e ly  p r o b le m a t i c a l .

K e k u le  i s  b e s t  k n o w n  f o r  h i s  d is c o v e r y  o f  th e  b e n z e n e  r in g  - a t l e a s t  in  
th e  w o r ld  o f  c h e m is try .  O u ts id e , K e k u le 's  r e n o w n  is  m o re  p r o b le m a tic ,  i f  
o n ly  b e c a u s e  t h e  p r o b le m  o f  b e n z e n e  is  n o t  v e ry  tr a n s p a r e n t .  B e n z e n e  w a s  
f i r s t  id e n t i f ie d ,  i n  c o m p re s s e d  o i l  g a s ,  b y  F a r a d a y  in  1 8 2 5  ( w h e n  h e  w a s  
s t i l l  w o r k i n g  a s  a  c h e m is t  u n d e r  th e  s h a d o w  o f  D a v y ) . T h is  r e s u l t  w a s  p u b 
l i s h e d  ( a l t h o u g h  th e  n a m e  b e n z e n e ’ w a s  c o in e d  b y  E i lh a rd  M it s c h e r l ic h  a t 
B e r l i n  i n  1 8 3 4 ) . I n  1 8 5 0 , th e  G e r m a n  c h e m is t ,  A u g u s t  v o n  H o ff m a n  (1 8 1 8 -  
9 2 )  s h o w e d  th a t  b e n z e n e  b e lo n g e d  to  th e  c h e m ic a l  f a m i ly  o f  a ro m a tic s ,  o f  
w h ic h  i t  is  n o w  th e  p ro to ty p e .

T h e  p r o b le m  w a s  h o w  to  r e c o n c i l e  i t s  c h e m ic a l  f o r m u la ,  C gH g, in to  
t h e  b o n d in g  p r in c i p le s  e s ta b l i s h e d  b y  K e k u l e  f o r  th e  c a r b o n  a to m .  
O n c e  a g a in ,  t r a d i t io n  h a s  i t  th a t  t h e  s o lu t io n  c a m e  to  K e k u le  i n  a  d r e a m , 
t h i s  t im e  a f t e r  h e  h a d  f a l l e n  a s le e p  b y  h i s  f i r e s id e .  T h e  a n s w e r  w a s  to  f o rm  
a  r i n g  o f  s i x  c a r b o n  a to m s ,  e a c h  o f  w h ic h  w a s  b o n d e d  to  a  h y d r o g e n  a to m . 
A f t e r  h e  h a d  d r e a m t o f  th is  so lu t io n , K e k u le  a sk e d , 'W h a t  e ls e  c o u ld  a  
c h e m is t  h a v e  d o n e  w ith  tw o  v a le n c ie s  le f t  o v e r? ' K e k u le  th o u g h t h e  h a d  d is 
c o v e r e d  'a n  in e x h a u s t ib le  t r e a s u r e  t r o v e 1, a n d  a t  a  m e m o r ia l  le c tu re  in  L o n 
d o n , tw o  y e a r s  a f te r  h i s  d e a th  i n  1 8 9 6 , i t  w a s  s ta te d  th a t  K e k u le 's  b e n z e n e
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th e o ry  w a s  th e  m o st b rillian t p iece  o f  scientific production  to  b e  fo u n d  in  the  w ho le  
o f  o rg a n ic  c h e m is try ... th ree -fo u r th s  o f  m o d e m  o rg a n ic  c h e m is try  is , d ir e c tly  o r  
in d ire c tly , th e  p ro d u c t o f  h is  theo ry .

O r g a n ic  c h e m is t r y ,  a s  p r a c t i s e d  in  t h e  n in e te e n th  c e n tu r y ,  to o k  l i t t l e  
a c c o u n t  o f  t h e  f a c t  th a t  th e  w h o le  c h e m is t ry  o f  p l a n t  a n d  a n im a l  l i f e  ( in  
g e o lo g ic a l  t im e  th e  s o u r c e  o f  m a n y  o rg a n ic  c o m p o u n d s ,  s u c h  a s  a l l  f o s s i l  
f u e ls )  w a s  a l s o  b a s e d  o n  m o le c u le s  c o n ta in i n g  c a r b o n  a to m s .  T h i s  is  th e  
r e a lm  o f  b io c h e m i s t r y ,  a  s c ie n c e  th a t  d id  n o t  d e v e lo p  s ig n i f ic a n t ly  b e fo r e  
t h e  tw e n t i e t h  c e n tu r y ,  a l th o u g h  s o m e  p h e n o m e n a ,  s u c h  a s  p h o to s y n t h e 
s i s ,  h a d  b e e n  e x a m in e d  m u c h  e a r l i e r .  I n  th e  s e c o n d  h a l f  o f  t h e  tw e n ti
e th  c e n tu r y , m o le c u la r  b io lo g y  le d  to  a n y  n u m b e r  o f  r e m a r k a b le  d is c o v e r 
i e s ,  a n d  w i th  th e  c o m p le t e  d e c o d in g  o f  th e  h u m a n  g e n o m e ,  t h e s e  a r e  s e t  
t o  c o n t in u e  i n  t h e  p r e s e n t  c e n tu r y .  T h i s  d e fin e s  a  s c ie n c e  q u ite  b e y o n d  
a n y th in g  th a t  K e k u le , th e  g re a t  d r e a m e r  o f  n in e te e n th -c e n tu ry  c h e m is try , e v e r  
c o n c e iv e d  o f. I t  is  a lso  b e y o n d  th e  s c o p e  o f  th is  b o o k .

The magic of crystals

C ry s ta ls ,  o n e  o f  th e  m o s t c o m m o n  fo rm s  ta k e n  b y  so lid  m a tte r , have  
p la y e d  a  p a r t  in  h u m a n  c u ltu re  s in c e  p re h is to ric  tim es , w ith  m a g ic a l p o w e rs  o f 
t e n  b e in g  a s c r ib e d  to  th e m . T h e i r  a p p e a ra n c e , a l th o u g h  f a r  f ro m  u n ifo rm , a l
w ay s  d is c lo se s  s o m e th in g  o f  th e ir  d is t in c t iv e  p ro p e r tie s . T h e s e  a re  rem a rk ab ly  
w id e  ra n g in g , a n d  re la te  to  o p tic s , e le c tr ic i ty ,  c h e m is try , g e o lo g y  a n d  e v e n  the  
l i f e  s c ie n c e s . C r y s ta ls ' c lo se  re la tio n sh ip  to  m in e ra ls , th e  b a s ic  su b s ta n c e  o f  
ro c k s , d e f in e s  su c h  c h a ra c te r is t ic  p r o p e r tie s  as h a rd n e s s ,  lu s t re ,  c o lo u r,  c le a v 
a g e  a n d  f ra c tu re . T h e  p r o b le m  is  th e  sh e e r  d iv e rs i ty  o f  c ry s t a l l i n e  m in e ra ls , 
s o  th a t  c la s s if i c a t io n  h a s  a lw a y s  b e e n  a n  im p o r ta n t  p a r t  o f  c ry s ta llo g ra p h y . 
S o m e  c ry s ta ls ,  s u c h  as q u a rtz , a re  e x tre m e ly  c o m m o n . E v e n  so , th is , th e  m ost 
a b u n d a n t  o f  a l l  m in e ra ls  in  th e  e a r th 's  su rfa ce , o c c u rs  n o t  o n ly  a s  com m on  
r o c k  c ry s ta l  b u t  a ls o  a s  a m e th y s t, c h a lc e d o n y , a g a te  a n d  ja sp e r . I t  is  n o  w o n d er 
th e n  th a t  it  h a s  a lw a y s  a t t r a c te d  h u m a n k in d , a n d  c o n tin u e s  to  d o  so  in  its 
m o d e m  a p p lic a t io n s  in  tim e p ie c e s , e le c tro n ic s ,  o p tic a l in s tru m e n ts  a n d  a b ra 
s iv e s  -  to  s a y  n o th in g  o f  je w e lle ry .

I n  th e  w ri tte n  re c o rd  o f  s c ie n c e , g o in g  b a c k  to  a n tiq u ity , c ry s ta ls  a re  seen  
to  h a v e  in te r e s te d  a n y  n u m b e r  o f  g r e a t  m e n . D e m o c r itu s , P la to  a n d  A ris to tle  - 
e a c h  w ith  h is  o w n  th e o r ie s  o n  th is  s u b je c t  -h e a d  th e  lis t , b u t  i t  g o e s  o n  to  in 
c lu d e  N e w to n , H o o k e , B o y le , H u y g e n s ,  v a n  L e e u w e n h o e k , L a v o i s ie r ,  L in 
n a e u s ,  a n d  m a n y  o th e rs : th e  l is t  c o u ld  c o n tin u e  in d e fin ite ly . T h e re  a re  a lso  
th e  le s s e r- k n o w n  a c to r s  s u c h  a s , n o ta b ly , th e  A b b e  R e n e  J u s t  H a t iy  (1 7 4 3 - 
1 8 2 2 ) , w h o  g a v e  L in n a e u s  th e  h o n o u r  o f  b e in g  th e  f a th e r  o f  c ry s ta llo g ra p h y , a 
t i t le  h e  c o u ld  w e l l h a v e  c la im e d  fo r  h im se lf .
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I n  r e c e n t  h is to ry  th e  su b je c t w a s  tra n s fo rm e d  b y  o n e  s in g le  e v en t, th e  d is 
c o v e r y , i n  1 9 1 2 , b y  th e  G e rm a n  p h y s ic is t ,  M a x  v o n  L a u e  (1 8 7 9 -1 9 6 0 ) , th a t  X - 
r a y s  w e r e  d if f r a c te d  b y  c ry s ta ls .  N o t  o n ly  d id  th is  d e m o n s tra te  th a t  X -ra y s  b e 
lo n g e d  to  a  sp e c if ic  b a n d  o f  w av e le n g th s  in  th e  e le c tro m a g n e tic  sp e c tru m , b u t 
i t  a ls o  e s ta b l is h e d  X -ra y  c ry s t a l lo g r a p h y  a s  o n e  o f  th e  m o s t u s e fu l  m e th o d s  
o f  m o d e r n  s c ie n c e . T h is  lin k e d  o n e  o f  th e  m o s t a n c ie n t b ra n c h e s  o f  s c ie n c e , 
c ry s ta l lo g r a p h y , to  o n e  o f  th e  m o s t  m o d e m , e le c tro m a g n e tic  w a v e  th e o ry . R e 
tu r n in g ,  f i r s t ,  t o  s c ie n c e  a s  i t  w a s  b e fo r e  th is  b r e a k th r o u g h ,  w h a t , a t  th e  e n d  
o f  th e  d a y , is  th e  d e n n in g  c h a r a c te r is t ic  o f  c ry s ta ls ?  T h e  a n s w e r  w a s  g iv e n  
b y  H e n r y  B a k e r  (1 6 9 8 -1 7 7 4 ) , w h o , a f te r  s k e tc h in g  d o z e n s  o f  c ry s ta l l in e  
s u b s ta n c e s  o b s e rv e d  w ith  h is  m ic ro sc o p e , n o te d  h o w  'w e  s e e  e v e ry  S p e c ie s  
w o rk in g  o n  a  d if f e r e n t  p la n , p r o d u c in g  C u b e s , R h o m b s , P y ra m id s , P e n ta 
g o n s , H e x a g o n s ,  O c ta g o n s , o r  so m e  o th e r  c u r io u s  f ig u re s ,  p e c u lia r  to  i t s e l f .  
A ll  th e s e  o b je c ts  a re  g e o m e tr ic a l  so lid s , w ith  p la n e  fa c e s , in te r s e c tin g  in  
s t r a ig h t  l in e s .  W h a t  is  m o re , a s  n o te d  b y  A ris to t le ,  th e s e  c u r io u s  sh a p e s  - 
w h ic h  in  a n y  g iv e n  c ry s t a l  ta k e  o n ly  o n e  f o rm  m u s t  h a v e  th e  c a p a c i ty  to  
f i l l  sp a c e .

T h is  f u n d a m e n ta l  d e f in in g  p r o p e r ty  o f  a n y  c ry s t a l  le a d s  im m e d ia te ly  to  
t h e  g e o m e tr y  o f  th r e e  d im e n s io n s , a  c o n s ta n t  a n d  o f te n  c o n tro v e rs ia l  le i tm o 
t iv  o f  th e  w h o le  h is to ry  o f  c ry s ta l lo g ra p h y . T h e  b a s ic  p r in c ip le  is  s im p le : th e  
u n i t  c e l l  in  a n y  c ry s t a l  s y s te m  m u s t  b e  a  p a ra l le le p ip e d , th a t  is  a  s o l id  w ith  
s ix  f a c e s ,  a l l  o f  w h ic h  a re  p a ra l le lo g ra m s , s o  th a t  th e y  d iv id e  u p  in to  th re e  
g r o u p s  o f  tw o ,  w ith  th e  tw o  fa c e s  in  e a c h  g r o u p  b e in g  p a ra lle l. S u b je c t to  th is  
l im ita t io n ,  th e r e  a re  s e v e n  p o s s ib le  c ry s ta l  s y s te m s , o f  w h ic h  th e  s im p le s t  is 
th e  c u b ic .

A  s y s te m  c a n  b e  d e f in e d  b y  th e  le n g th s  o f  th e  s id e s  c o n v e r g in g  a t a 
s in g l e  v e r t e x ,  a n d  th e  a n g le s  b e tw e e n  th e m . D e s ig n a t in g  th e  f o r m e r  a s  a, 
b  a n d  c, a n d  th e  l a t t e r  a s  a ,  /? a n d  y ,  w i th  a  b e in g  th e  a n g le  b e tw e e n  b  
a n d  c , /?, t h a t  b e tw e e n  с  a n d  a , a n d  y , th a t  b e tw e e n  a  a n d  b, th e  s e v e n  s y s 
te m s  a re  a s  fo l lo w s :

( 1 ) c u b ic :  a  -  b  -  с  a n d  a  = /3 =  у  -  9 0 ° ,
( 2 ) te t r a g o n a l :  a  = Ь ф с  a n d  a  =  /? =  )>= 9 0 ° ;
( 3 )o r t h o r h o m b ic :  а  фЪ Фс a n d  a  =  /? =  y =  9 0 ° ;
( 4 )h e x a g o n a l :  a  = b  =  с  a n d  a  -  /?=  уф 90°;
(5 ) tr i g o n a l :  a  = Ь ф с  a n d  a  = = уФ 90°;
( 6 ) m o n o c l in ic :  а  ФЬ ф с a n d  a  = y=  9 0 °  ф(3;
( 7 ) t r i c l i n i c :  a  =  b  = с  a n d  a  ф р  Фу.

I f  t h i s  i s  th o u g h t  o f  a s  b e in g  m a d e  o f  s o m e  e la s t ic  m a te r ia l  -  s a y  I n d ia  
r u b b e r  -  a l l  p o s s ib l e  c ry s t a l l i n e  f o rm s  c a n  th e n  b e  o b ta in e d  b y  sq u a s h in g  it  
i n  d i f f e r e n t  d ir e c t io n s , b u t  a lw a y s  in  s u c h  a  w ay  th a t  n o t  o n ly  o p p o s i te  f a c e s  
b u t  a ls o  t h e  s id e s  o f  e a c h  fa c e  r e m a in  p a r a l le l .  G iv e n  th is  r e s t r ic t io n ,  o n ly  
th e  s e v e n  fo rm s  g iv e n  a b o v e  a re  p o s s ib le .  W ith  th e  s im p le s t fo rm , th e  c u b e , a ll
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f a c e s  a re  p e r f e c t  sq u a re s  a n d  a ll  a n g les  a re  9 0 ° . W ith  th e  m o s t c o m p le x , tr i-  
c lin ic , a ll a d ja c e n t  f a c e s  tire d if fe re n t, a s  a re  th e  a n g le s  b e tw e e n  th e m , n o n e  o f  
w h ic h  is  9 0 ° . A n y  u n ifo rm  s u b s ta n c e , w ill ,  i f  c ry s ta llin e , c o n ta in  o n ly  o n e  
f o rm  o f  c ry s t a l .  (W ith  a g g re g a te s , n e ed le ss  to  say , a n y  n u m b e r  o f  d if fe re n t 
fo rm s  a re  p o s s ib le .)

T h e  d e v e lo p m e n t  o f  c ry s t a l  sy s te m s  to  th e i r  p r e s e n t  c a n o n ic a l  fo rm  
c o n tin u e d  u n ti l  w e l l in to  th e  n in e te e n th  c en tu ry , b y  w h ic h  tim e  
i t  h a d  b e c o m e  c le a r  th a t  a ll k n o w n  c ry s ta ls  (w h ic h  a re  c o u n te d  in  th o u sa n d s )  
b e lo n g  to  j u s t  o n e  o f  th e m , a n d  th a t  th is  d e f in e s  m a n y  d is t in c t iv e  p ro p e r tie s  o f  
th e  in d iv id u a l c ry s ta l. I t  w as  o n ly  a t th e  e n d  o f  th e  e ig h te e n th  c e n tu ry  th a t 
L a v o is ie r  a n d  o th e rs  e s ta b l ish e d  th a t  th e  c o n s ta n t  re p e t i t io n  o f  d e f in i te  g e o 
m e tr ic a l  f ig u r e s  w a s  th e  e ssen t ia l d e n n in g  p r in c ip le , e v e n  th o u g h  v a n  L e e u 
w e n h o e k ’s m ic ro s c o p ic  in v e s tig a tio n s  s h o u ld  h a v e  m a d e  th is  c le a r  m u c h  e a r 
lie r .

H u y g e n s , e v e n  e a r lie r ,  h a d  e s ta b l ish e d  th e  fu n d a m e n ta l c ry s ta l- lo g ra p h ic  
la w  th a t  th e  c o n s ta n c y  o f  in te rfa c ia l a n g les  c o m e s  f ro m  re g u la r  r e p e titio n . (In  
h is  T r e a ti s e  o n  L ig h t,  p u b lis h e d  in  1 6 9 0 , h e  h a d  n o te d  h o w  th e  s a m e  c ry s ta ls  
f o u n d  in  F r a n c e ,  C o r s ic a  a n d  I c e la n d  w e re  c o m p le te ly  id e n tic a l) .  H u y g e n s ' 
m e a s u re m e n ts  o f  in te r fa c ia l a n g les  w e re  e x tre m e ly  a c c u ra te , a n d  h is  e x a m in a 
t io n  o f  th e  I c e la n d  c ry s t a l  le d  to  th e  f i r s t  e v e r  'a c c u ra te  m a th e m a tic a l  a n a ly s is  
o f  th e  f o rm  o f  a n y  c ry s ta llin e  su b s ta n c e ', e s ta b l ish in g  a lso  th e  im p o r ta n c e  o f  
th e  c ry s ta l a x is . T h e s e  re su l ts  w e re  n e g le c te d  fo r  m o re  th a n  a  c e n tu ry , s im p ly  
b e c a u s e  'th e  f a i t h  o f  s c ie n t is ts  in  m a th e m a tic s  a s  th e ir  m o s t p o te n t  to o l  a n d  
a s  th e  la n g u a g e  o f  s c ie n t if i c  e x p re s s io n  w a s  n o t  y e t  so  f i r m ly  e n tre n c h e d  
th a t  th e y  w e r e  p r e p a r e d  to  a c c e p t  th e  f a c t  th a t  th e  w o rd in g  c o u ld  b e  e x 
tr e m e ly  c o m p le x '.  W h e re  K ep ler, a fte r  p a g e s  o f  c o m p lic a te d  m a th e m a tic s , w as  
a b le  to  s ta te  h is  th re e  la w s o f  p la n e ta ry  m o tio n  in  s im p le  fo rm , H u y g e n s , in 
p r e s e n tin g  h is  r e s u l ts  w ith  c ry s ta ls , w a s  u n a b le  to  d o  lik e w ise .

A s  th e  g e o m e tr y  o f  c ry s ta ls  b e c a m e  c le a re r ,  th e re  w a s  s t i l l  c o n s ta n t d e 
b a te  a s  to  w h e th e r  th e y  w ere  lin k e d  to  sp e c if ic  c h e m ic a l fo rm s , su c h  a s  ac id s , 
a lk a lis  o r  sa lts . E v e r y  su c h  lin k  h a d  its  o w n  a d v o c a te s , b u t  in  th e  e n d  c o u n te r 
e x a m p le s  w e r e  a lw a y s  fo u n d  to  d isp ro v e  th e  c a se . O n  th e  o th e r  h a n d , fro m  
a b o u t  1 7 2 0 , it  w a s  c le a r  th a t  a ll m e ta ls  w e re  c ry s ta llin e .

A n o th e r  k e y  q u e s t io n  re la te d  to  th e  fo rc e s  th a t  b o u n d  c ry s ta ls  to g e th e r . 
T h e  d iv e r s e  p r o p e r t ie s  o f  c ry s ta ls  m a d e  i t  d if f ic u l t  to  e s ta b l ish  a  p r in c ip le  
g o v e rn in g  a l l  c a s e s .  M a n y  c ry s ta ls  a re  s u b je c t  to  c le a v a g e , b u t  o n ly  in  c e r ta in  
d ir e c t io n s ,  w h ic h  e x p la in s  w h y  m ic a , f o r  in s t a n c e ,  c a n  b e  r e d u c e d  to  v e ry  
t h in  s h e e ts  ( w i th  c o u n tle s s  e x p e r im e n ta l  u s e s .)  W h a t fo rc e  is  i t  th a t  b in d s  
m ic a  in  o n e  d i r e c t io n  b u t  n o t  in  o th e rs ?  A n y  n u m b e r  o f  th e o r ie s  w e r e  p u t  
f o rw a rd  to  a n s w e r  th is  a n d  o th e r  q u e s tio n s  d e riv e d  f ro m  p a r t ic u la r  p r o p e r t ie s  - 
m e c h a n ic a l ,  o p t ic a l ,  o r  w h a te v e r  -  o f  c ry s ta ls .  T h e  g re a t  m e n  o f  th e  d a y  w ere  
a t  o d d s , so  th a t  N e w to n  e m p h a s is e d  c o h e s iv e  fo rc e  w h e re  H u y g e n s  re je c te d  
th is  p o s s ib i l i ty .  I t  is  n o w  k n o w n  th a t  'th e  p la n e s  o f  c le a v a g e .. .  a re  th o se
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a c r o s s  w h ic h  th e  fo rc e s  b e tw e e n  th e  a to m s  a re  w e a k e s t ' a n d  th a t  th is  ’m a y  b e  
d u e  to  th e  ty p e  o f  a to m ic  b o n d  o r  to  a  g r e a te r  sp a c in g  o f  a to m s  o r  io n s  in  th e  
c r y s t a l  a t  r i g h t  a n g le s  to  th e  p la n e  o f  c le a v a g e 1. T h is ,  h o w e v e r, is  th e  s c i
e n c e  o f  th e  tw e n tie th  c e n tu ry . T h e re  w e re  s t i l l  m a n y  b r id g e s  to  c ro ss  to  g e t to  
th is  p o in t ,  a lth o u g h  f ro m  th e  e n d  o f  th e  e ig h te e n th  c e n tu ry  i t  w a s  g e n e ra lly  
a c c e p te d  th a t  th e  w a y  m o le c u le s  w e r e  s u p e r im p o s e d  w ith in  a  c ry s t a l  e x 
p l a in e d  th e  d if fe re n t  fo rm s.

W ith  c o u n tle s s  in s ta n c e s  o f  k n o w n  c ry s ta ls ,  b y  th e  e n d  o f  th e  e ig h te e n th  
c e n tu r y  i t  h a d  b e c o m e  c le a r  th a t  sy s te m a tic  c la s s if ic a t io n  w as  e s s e n t ia l  to  rea l 
p r o g re s s  in  u n d e rs ta n d in g  th e m . T h e  h is to ry  o f  sc ie n c e  c o n s ta n t ly  sh o w s h o w  
'th e  d e v e lo p m e n t o f  c o m p re h e n s iv e  th e o re t ic a l  sy s te m s  s e e m s  to  b e  p o s s ib le  
o n ly  a f te r  a  p re lim in a ry  c la s s if ic a tio n  o f  k in d s  h a s  b e e n  a ch ie v ed '. W h e n  it  
c a m e  to  c ry s ta ls ,  th e  p ro b le m  w as  s im ila r ity  o f  fo rm  a m o n g  d iv e rs e  s u b s ta n c e s  
c o m b in e d  w i th  v a r ia t io n  in  s h a p e  in  th e  s a m e  su b s ta n c e : h o w  th e n  w e re  b o th  
th e  s im ila r i t y  a n d  th e  d iv e rs ity  to  b e  e x p la in e d ?

C la s s i f ic a t io n  c h a ra c te r is e s  th e  m in d -c a s t o f  th e  n a tu ra lis t r a th e r  th a n  th a t 
o f  th e  p h y s ic i s t ,  f o r  w h e re  th e  fo rm e r  'lo o k s  fo r  th e  re g u la r itie s  o f  g iv e n  
f o rm s ’ th e  la t te r  's ee k s  th e  f o rm  o f  g iv e n  re g u la r itie s '.  I t  is  n o t  su rp ri s in g , th e n , 
th a t  C a ro lu s  L in n a e u s  (1 7 0 7 -7 8 ) , f a m o u s  f o r  h is  sy s te m  o f  b o ta n ic a l c la s s if ic a 
t io n , a ls o  tu rn e d  h is  h a n d  to  th e  'm in u te  a n d  a cc u ra te  d e sc r ip tio n  o f  th e  sh a p es  
o f  m a n y  c ry s ta ls  a n d  e x p la in e d  in  w h a t w ay s  c e r ta in  c o n fig u ra tio n s  w e re  re 
la te d  to  o r  d if f e re d  f ro m  o th e rs ',  n o r  th a t  th is  le d  to  h is  b e in g  c a l le d  th e  fo u n 
d e r  o f  th e  s c ie n c e  o f  c ry s ta llo g ra p h y .

T h e  p e r s o n  r e s p o n s ib le  f o r  th is  t r ib u te  w a s  th e  A b b e  R e n e  J u s t  H aiiy  
(1 7 4 3 -1 8 8 2 ) ,  to  w h o m  i t  m ig h t  e q u a l ly  a p p ly , w e re  i t  n o t  f o r  th e  f a c t  th a t  a l
m o s t  a l l  h is  fu n d a m e n ta l th e o rie s  in  th e  e n d  p ro v e d  to  b e  m is ta k e n . H a iiy  c a m e  
f ro m  a  h u m b le  b u t  d e v o u t  p r o v in c i a l  f a m i ly  th a t m o v e d  to  P a r is  w h en  h e  w as 
s e v e n  y e a r s  o ld . A lth o u g h  h e  t r a in e d  fo r  th e  p rie s th o o d , h e  a lso  s tu d ie d  s c i
e n c e , b e c o m in g  a  M a s te r  o f  A rts  in  1761  lo n g  b e fo re  b e c o m in g  a p r ie s t  in  
1 770 .

A s  a  s c ie n t is t  h e  s ta r te d  in  b o ta n y , b u t  a  s e rie s  o f  le c tu re s  in  m in e ra lo g y  
a t  t h e  J a r d i n  d u  R o i  tu r n e d  h is  in te r e s t  to  c ry s ta l lo g r a p h y . I n s p i r a t io n  c a m e  
to  h im ,  s o  i t  is  to ld ,  a f t e r  h e  h a d  d r o p p e d  o n  to  th e  f lo o r  a  g r o u p  o f  c a lc i te  
m in e r a ls  th a t  h a d  c ry s ta l l i s e d  in  th e  s h a p e  o f  h e x a g o n a l p r ism s . T h e  f ra g 
m e n ts  w e r e  r h o m b o h e d r a ,  in  p r e c i s e ly  t h e  s h a p e  o f  I c e l a n d  c r y s t a l ,  a n d  
f o l lo w in g  A rc h im e d e s  ( t r a n s la te d  in to  F re n c h )  h e  c rie d  o u t  ’to u t  e s t  tro u v e '. 
W h a t  h e  c la im e d  to  h a v e  d is c o v e re d  w a s  th a t  rh o m b o h e d ra  m u s t  b e  th e  n u c le i  
o f  a l l  c a lc i te  c ry s t a ls .  T h is  w a s  a c tu a l ly  r e d is c o v e ry  o f  a  f a c t  a lre a d y  q u ite  
w e l l  k n o w n , a l th o u g h  n o t ,  a p p a r e n t ly ,  t o  H a iiy . I n  a n y  c a s e , h e  w a s  s e t  o n  
th e  p a th  o f  e s ta b l is h in g  th e  ta x o n o m y  o f  c ry s ta ls  a c c o rd in g  to  a n  in tr ic a te  
s c h e m e  la rg e ly  o f  h is  o w n  d e v is in g .

H a t iy 's  p ro b le m  w a s  th a t  a t a  tim e  w h e n  in c re a s in g ly  a c c u ra te  m e a su re 
m e n ts ,  u s in g  a n  in s t ru m e n t k n o w n  a s  th e  g o n io m e te r, w e re  b e in g  m a d e  o f  th e
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a n g le s  b e tw e e n  c ry s ta l fa c e s , h e  s tu c k  to  a n  e le m e n ta ry  g e o m e tr ic a l th e o ry , 
w h ic h  th e  n e w  m e a su re m e n ts  f a ile d  to  s u p p o r t. H aiiy  d is c o v e r e d  th ro u g h  
c le a v a g e  o f  a  v a r ie ty  o f  su b s ta n c e s  th a t  th e  n u m b e r  o f  d i f f e r e n t  n u c le i  c o u ld  
b e  r e d u c e d  to  s ix  p r im it iv e  fo rm s  b u t  in  th e  e n d  it  a ll  c a m e  to  n e x t  to  n o th in g . 
H e  p e r s i s t e d  i n  h is  w o rk  d u r in g  th e  p e r io d  o f  th e  F re n c h  R e v o lu tio n , in 
w h ic h  l i f e  fo r  a  p r ie s t  w a s  v e ry  u n c e r ta in , a n d  h e  is  s t i l l  re g a rd e d  a s  o n e  o f  th e  
f i r s t  m o d e m  c ry s ta llo g ra p h e rs .  A t  th e  s a m e  tim e , th e  w a y  in  w h ic h  h is  theo ries  
w e re  fa u lte d  b y  o th e rs  p ro d u c e d  im p o r ta n t re su l ts  n o t  o n ly  f o r  c ry s ta llo g ra p h y  
b u t  a lso  f o r  c h e m is try  a n d  o p tic s . T h e  th re e -d im e n s io n a l g e o m e try  o f  c ry s ta ls , 
d e p e n d in g  o n  w h ic h e v e r  o f  th e  s e v e n  c ry s ta l sy s te m s  d e fin e s  a n y  g iv e n  case , 
te lls  n o th in g  o f  th e  n u m b e r  a n d  o rd e r in g  o f  m o le c u le s , a to m s  a n d  io n s , in  each  
u n i t  c e l l .  H o w e v e r ,  th e  c o m p le te  r e g u la r ity  o f  c ry s ta l s tru c tu re , e ssen t ia l to 
H a u y 's  th e o ry , m e a n s  th a t  w h a te v e r  th e  p a tte rn , i t  is  re p e a te d , lik e  so m e  th ree- 
d im e n s io n a l w a llp a p e r, in  a n  in d e fin ite  se rie s  o f  la ttic es . T h e  c h a ra c te r is t ic  o f  
a n y  su c h  s e r ie s  w il l  in  tu r n  d e p e n d  u p o n  th e  d ire c tio n , d e f in e d  b y  a n  a x is  o f  
t h e  c ry s ta l,  in  w h ic h  th e  la ttic es  d e f in in g  it  a re  s u p e rim p o se d  u p o n  e a c h  o ther. 
T h is  is  c r i t ic a l  f o r  c le a v a g e , w h ic h  o c c u rs  w h e re  th e  b o n d in g  b e tw e e n  th e  s u 
p e r im p o s e d  la t t ic e s  is  w eak .

I n  th e  f i r s t  h a l f  o f  th e  n in e te e n th  c e n tu ry , a  G e rm a n  c h e m is t, E iih a rd t 
M its c h e r l ic h  (1 7 9 4 -1 8 6 3 ) , w as  th e  f i r s t  c le a rly  to  re c o g n ise  a  p h e n o m e n o n  
k n o w n  a s  a  s o l id  so lu t io n . T h is  a p p a re n t  c o n tra d ic tio n  in  te rm s  d e sc r ib e s  a 
c o m p o u n d  s o l id  in  w h ic h  io n s  o f  o n e  c h em ic a l e le m e n t m a y  b e  su b s ti tu te d  fo r 
a n o th e r .  T h is  h a p p e n s  w ith  c e r ta in  a llo y s , a s  o f  g o ld  a n d  c o p p er , b u t i t  a lso  o c 
c u rs  w ith  s o m e  s o -c a lle d  d o u b le  sa lts . I n  a n y  c ase  th e  p ro ce ss  o n ly  occu rs in 
c ry s ta ls : i t  is  th e n  a  s im p le  f o rm  o f  iso m o rp h ism , w h e re  c h e m ic a l ly  re la ted  
s u b s ta n c e s  ta k e  s im ila r  fo rm s . S o m e tim e s , th e  o n e  e le m e n t  s u b s t i tu te s  
m o r e  o r  le s s  a t  r a n d o m  f o r  th e  o th e r  in  th e  la t t ic e s ,  b u t in  o th e rs , th is  occu rs 
in  a  r e g u la r  p a tte rn , in  w h ic h  a se ries  o f  su p e rla ttice s  is  c re a te d . N o n e  o f  th is  fits 
in  w ith  H a u y 's  th e o re tic a l struc tu re ; n o r  d o e s it  f i t  th e  re la te d  p h e n o m en o n , a lso  
s tu d ie d  b y  M itsch e rlich , o f  po lym orph ism . H aiiy  kn e w  o f  M itsche rlich 's  w ork , bu t 
b y  n e v e r  c o m in g  to  te rm s w ith  it  en su re d  th e  ec lip se  o f  h is  o w n  theory .

A t  le a s t  u n t i l  1912 , th e  m o s t in te res tin g  p ro p er tie s  o f  c ry s ta ls  w ere  optical. 
S o m e , su c h  a s  d o u b le  refrac tio n , f irs t no te d  in  Ice lan d  c ry s ta l b y  E rasm u s  B a r
th o lin  (1 6 2 5 -9 8 )  in  1669 , h a d  lo n g  b e e n  know n , a lth o u g h  - in  sp ite  o f  th e  in te rest 
o f  m e n  su c h  a s  H u y g en s  a n d  N ew to n  -  n e v e r  e x p la in e d . T h e  o p tic a l p ro p ertie s  
a ll  d e p e n d  u p o n  lo c atin g  op tica l axes, o f  w h ic h  th e re  m a y  b e  o n ly  o n e , in  the  
c ry s ta l  i ts e lf .  T h e  d e n n in g  p ro p e r ty  o f  an  a x is  o f  a  c ry s ta l  is  sy m m etry , w h ich  
m e an s  th a t  i f  th e  c ry sta l ro ta tes  a b o u t th e  ax is, th ro u g h  a  g iv e n  an g le , i t  w ill c o in 
c id e  w ith  its p re v io u s  position . A  cu b e , fo r  ex am p le , ro ta t in g  a b o u t a  lin e  jo in in g  
th e  c en tre  p o in ts  o f  tw o  o p p o site  fac es , w ill ach ieve  th is  r e su l t w h ere  th e  an g le  is 
9 0 ° : th is  is  th e  c ase  o f  fou rfo ld  sym m etry , s ince  co in cid e n ce  o ccu rs  fo u r  rim es in  a 
c o m p le te  ro ta t io n  o f  360°. In  fac t o n ly  tw o-, th ree -, fo u r-an d  s ix fo ld  sy m m etry  
( fo r  w h ic h  th e  a n g les  o f  ro ta t io n  a re  180°, 120°, 9 0 °  a n d  60°, resp e ctiv e ly ) are
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p o ss ib le  if , as req u ire d , space  is  to  b e  f ille d . T h e  c u b ic  sy s te m  is  u n iq u e  in  h a v in g  
th e  f i r s t  th r e e  ty p e s  o f  sy m m etry , a n d  f o r  e a c h  o f  th e m , th e  a x es  o f  ro ta t io n  in 
te rs e c t  a t r ig h t  an g les . S u c h  a  sy s te m  is  iso m etric , a n d  is th e  o n ly  in  w h ic h  d o u b le  
r e f ra c t io n  d o e s  n o t  o c cu r . T h e  c u b ic  sy s te m , to  w h ic h  m a n y  c ry s ta ls  b e lo n g , 
a lo n e  h a s  th is  p ro p e r ty .

I n  c ry s ta ls  b e lo n g in g  to  th e  o th e r  sy s te m s , e ith e r  o n e  o r  tw o  o f  th e  a x e s  a re  
o p tic a l:  a n  o p t ic a l  a x is  h a s  th e  u n iq u e  p ro p e r ty  o f  d e fin in g  a  d irec tio n  in  w h ich  
lig h t tra n s m itte d  th ro u g h  th e  c ry s ta l is  n o t  su b je c t to  d o u b le  re fra c tio n . C ry s ta ls  
b e lo n g in g  to  te tra g o n a l, h e x ag o n a l a n d  tr ig o n a l sy stem s h a v e  on ly  o n e  su c h  ax is, 
a n d  a re  u n ia x ia l:  q u a rtz  a n d  to u rm a lin e  a re  ex am p le s . T h o se  b e lo n g in g  to  rh o m 
b ic , m o n o c lin ic  a n d  tr ic lin ic  sy ste m s a re  biax ia l:  m ic a  is th e  m o s t fa m ilia r  c ry s ta l 
w ith  th is  p ro p e r ty .

I n  th e  u n ia x ia l case , a  lig h t ra y  n o t  pa ra lle l to  th e  o p tic a l ax is , o n  e n te r in g  th e  
c ry s ta l d iv id e s  in to  tw o  ray s th a t a re  p o la ris e d  w ith  th e  lig h t w aves a t r ig h t angles 
to  e a c h  o th e r. T h e  o rd in a ry  ray , so -ca lle d  b ecau se  it  obeys th e  no rm al law s o f  re
fra c t io n  v ib r a te s  in  a  d ir e c t io n  p e rp e n d ic u la r  to  b o th  th e  d ire c tio n  o f  p ro p ag a tio n  
a n d  th e  o p tic a l a x is . T h e  e x tra o rd in a ry  ray , n o t  sub jec t to  th e  no rm al law s o f  re 
f ra c tio n , v ib ra te s  in  a  p la n e  con ta in ing  it  a n d  th e  o p tic a l a x is , w ith  th e  d ire c tio n  
o f  v ib r a t io n  d e p e n d in g  o n  th e  a n g le  b e tw e e n  th e  tw o . T h e  b ia x ia l case , a lth o u g h  
m o re  c o m p lic a te d , is  su b je c t to  s im ila r  ru le s  re la tin g  to  e a c h  o f  th e  tw o  o p tic a l 
ax es . T h e  p r o b le m  f o r  H a iiy  w a s  th a t  h is  th e o ry  d id  n o t  a llo w  f o r  th e  d is t in c t 
o p t ic a l  s ta tu s  o f  e i th e r  o n e  o r  tw o  o f  a  c ry s ta l 's  axes.

D o u b le  r e f ra c t io n  re q u ire d  E tie n n e  M a lu s 's  (1 7 7 5 -1 8 1 2 )  d is c o v e ry  o f  th e  
p o la r i s a t io n  o f  lig h t  in  1 8 0 9 , b e fo r e  i t  c o u ld  b e  p ro p e r ly  u n d e rs to o d , w h ic h  
e x p la in s  w h y  H u y g e n s ’, N e w to n 's  a n d  H a iiy 's  e x p la n a tio n s  a ll  fa ile d . E v e n  so  
M a lu s  f a i l e d  to  a c c o u n t  fo r  th e  d if fe re n c e  b e tw ee n  u n ia x ia l a n d  b ia x ia l c ry s 
ta ls ,  w h ic h  h a d  to  a w a it th e  d is c o v e ry , b y  J e a n -B a p tis te  B io t  ( 1 7 7 4 -1 8 6 2 )  o f  
b ia x ia l i ty  in  1 8 1 2 . I t  is  o d d , in  th is  c o n te x t, th a t p o la ris a tio n , w h ic h  is  fu n d a 
m e n ta l  to  th e  u n d e rs ta n d in g  o f  l ig h t , to o k  so  lo n g  to  b e  d is c o v e re d , w h e n  it  
c a n  s o  e a s i l y  b e  d e m o n s tr a te d .  T h is  is  b e c a u s e  l ig h t  in c id e n t  o n  a  p la n e  
m ir r o r  a t  a n  a n g le  o f  s o m e  5 7 °  b e c o m e s  p o la r i s e d  o n  r e f le c tio n , so th a t  d o u 
b le  r e f le c t io n  in  tw o  p la n e s  a t  r ig h t  a n g le s  to  e a c h  o th e r  w ill  e x t in g u is h  it. 
T h is  m e a n s  th a t  th e  g la re  f ro m  a  r e f le c tin g  su rfa c e  is  p a rtia lly  p o la ris e d  in  th e  
v e r t ic a l  p la n e  (d e p e n d in g  o n  h o w  c lo s e  th e  a n g le  o f  re f le c tio n  is  to  57°): P o la r 
o id  s u n - g la s s e s ,  b a s e d  o n  a  d o u b le  r e f ra c t in g  m a te r ia l th a t  p o la r i s e s  l ig h t  a t 
r ig h t  a n g le s ,  th e n  f i l te r  o u t  so m e  o f  th e  g la re .

I n  1 7 5 6  th e  G e r m a n  p h y s ic is t  F r a n z  A e p in u s  (1 7 2 4 -1 8 0 2 ) , e x p e r im e n t
in g  w i th  c ry s t a l  to u r m a lin e , d is c o v e r e d  th a t  o p p o s i te  f a c e s  a c q u ire d  p o la r i s e d  
e le c tr ic  c h a r g e s  a s  th e  r e s u l t  o f  h e a tin g . T h is , th e  p h e n o m e n o n  o f  p y ro e le c tric 
i ty ,  w a s  a  f u r th e r  d e m o n s tra tio n  o f  th e  im p o r ta n c e  o f  th e  c ry s t a l  a x is .  T h is  
r e s u l t  w a s  a ls o  k n o w n  to  H a iiy , b u t  h is  th e o ry  o f  c ry s ta l s t r u c tu re  c o u ld  n o t  
a c c o m m o d a te  it. H a iiy  w a s  g re a t ly  r e s p e c te d  in  h is  o w n  l i f e tim e , a n d  N a p o 
le o n  c o m m iss io n e d  h im  to  w ri te  a  p h y s ic s  te x tb o o k  to  b e  u s e d  in  a ll  F re n c h  ly-
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cee s:  h i s  d is c o v e ry , a t  a  r e la tiv e ly  e a r ly  s ta g e , th a t c ry s ta ls  a lw a y s  b r e a k  to  
p r o d u c e  rh o m b o id a l  f ra g m e n ts  le d  to  th e  fo rm u la tio n  o f  th e  b a s ic  la w s o f  c ry s 
ta llo g ra p h y . H a iiy , h o w e v e r, m a d e  to o  m u c h  o f  a  g o o d  th in g  a n d  in s i s te d  o n  
m a in ta in in g  th e o re t ic a l  c o n s tru c ts ,  w h ic h , h o w e v e r  s im p le  a n d  e le g a n t, 
f a i l e d  to  h o ld  u p  in  th e  f a c e  o f  a c c u ra te  o b se rv a tio n  o f  th e  c ry s ta llin e  p h e n o m 
e n a  d e s c r ib e d  a b o v e .

C h r is t ia n  W e is s  (1 7 8 0 -1 8 5 6 ) , h a v in g  a tta in e d  h is  d o c to ra te  a t  L e ip z ig  
w h e n  h e  w a s  o n ly  tw e n ty , b e c a m e  in te r e s te d  in  m in e ra lo g y , a n d  a s  a  y o u n g  
m a n  f re e  to  t r a v e l  e n d e d  u p  in  180 7  a t  th e  f e e t  o f  H a iiy  in  P a r is .  (H e  w a s  a l 
r e a d y  b u s y  tr a n s la t i n g  H a t ty 's  T r a ite  d e  m in e r a lo g ie  in to  G e rm a n .)  H atty  
p r o v e d  to  b e  a  ty r a n t ,  in to le ra n t o f  a n y  c rit ic ism , so  th a t W eiss , o n  in s is tin g  on  
v ie w s  w h ic h  c o n tra d ic te d  h is  o w n , w as  b a n ish e d  f ro m  h is  c irc le . N o  m a tte r, 
W e iss  r e tu rn e d  to  L e ip z ig  a s  p ro fe s so r , a n d , u n d e r  h is  d irec tio n , n in e tee n th -  
c e n tu ry  c ry s ta llo g ra p h y  'b e ca m e  c o n ce rn e d  w ith  e s tab l ish in g  th e  m a th em atica l 
re la tio n sh ip s  e v id e n c e d  in  th e  c ry s ta llin e  e n d  p ro d u c ts  o f  n a tu ra l p rocesses '. 
T h e re  h e  to o k  th e  f irs t s tep s to  e stab lish in g  th e  c ry sta l sy stem s as th e y  a re  u se d  to 
da y , b u t  h e  w a s  h e s ita n t a b o u t a c c ep tin g  th e  p o ss ib i lity  o f  sy m m etry  s y s te m s  in  
w h ic h  th e  a x e s  w e r e  n o t  m u tu a l ly  p e rp e n d ic u la r .  W eiss 's  c o n tem p o ra ry  F r ie 
d r ic h  M o h s  (1 7 7 3 -1 8 3 9 ) , b y  g ra sp in g  th is  p a rtic u la r  n e ttle , e s ta b l ish e d  th e  p re 
s e n t t r ic lin ic  a n d  m o n o -c l in ic  c ry s ta l sy ste m s. A cc o rd in g  to  M o h s , th e  m a in  c o n 
c e rn  o f  c ry s ta llo g ra p h y  w as  sim p ly  fig u red  sp ace , so  th a t ge o m etry  sh o u ld  d e te r
m in e  e v e ry th in g . T h e  m a th em atic s  o f  sy m m etry  b e ca m e  th e  m a in  p reo c cu p a tio n  
o f  c ry s ta llo g ra p h ers . C h e m is try  c o u ld  n o t  b e  e n tire ly  d is re g a rd ed , b ecau se  
M its c h e r l ic h  h a d  s h o w n  th a t d if fe re n t sub s ta n c es  c o u ld  c ry sta llise  in  th e  sam e  
f o rm  a n d  th e  s a m e  su b s ta n c e  in  d if fe re n t fo rm s .

F o l lo w in g  M o h s ’ p r in c ip le s  o f  c la s s if ic a tio n , th ree  ty p e s  o f  sym m etry  
c o m b in e  to  a s s ig n  a n y  c ry s ta l to  o n e  o f  th e  th irty -tw o  p ossib le  c la sses  o r  po in t 
g ro u p s , b e lo n g in g  to  s ix  c ry sta l sy stem s. O p tic a l a n d  e lec tr ic  p ro p e r tie s  o f  any 
c ry s ta l a re  th e n  d e te rm in e d  a cc o rd in g  to  th e  c lass  a n d  sy s te m  to  w h ic h  it  b e longs. 
In te rn a l sy m m e try  is  c o n s tra in e d  b y  th e  ru le  th a t a n y  p a rtic le  c o m p o n en t is a  
n o d e  in  a  th re e -d im e n s io n a l sp a ce  la ttice , so th a t a ll p a rtic le s  o f  a  g iv e n  ty p e , say 
s il ic o n  a to m s, h a v e  id e n tic a l la ttic e  env ironm en ts .

I n  th e  c o u rs e  o f  th e  n in e te e n th  c en tu ry , fou rteen  d ifferen t sp a ce d  lattices 
p ro v e d  to  b e  p o ss ib le , e a c h  su b je c t to  tw o  add itiona l sym m etry  o pe ra tions. E ven  
so , W e is s 's  a n d  M o h s’ g e o m e try  to ld  n o th in g  ab o u t th e  sh ap es o f  th e  e lem en ts  
th a t  w e re  th e  b a s ic  c o n s titu e n ts . T h e  g e o m etr ic a l p ro b lem  w as  f in d in g  th e  n u m 
b e r  o f  sy m m e tr ic a l  w ay s  o f  a rra n g in g  p o in ts  in  sp a ce  so  th e  e a c h  o n e ’s e nv iron 
m e n t  w a s  id e n tic a l to  th o se  o f  th e  o th e rs , b u t  n o t  n e ce ssa r ily  s im ila rly  o rd e red  in 
th e  sp a ce  la ttic e . C o rre la tio n  b e tw ee n  ac tua l c ry stals w ith  sp a ce  g ro u p s  le d  to  a 
p ro c e d u re  w ith  so  m a n y  a lte rn a tiv e s th a t a  f in a l so lu tio n  to  th is  p ro b le m  d e feated  
th e  n in e te e n th -c e n tu ry  c ry s ta llo g ra p h ers . T h is  h a d  to  w a it u n til 1912 , th e  y e a r  o f  
o n e  o f  th e  m o s t  fa r -re ac h in g  e v en ts  in  th e  h is to ry  o f  sc ien tific  e x p er im e n t -  th e
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d isc o v e ry  o f  X -ra y  d if f ra c tio n  b y  th e  G erm a n  p h y s ic is t M a x  v o n  L a u e  (1 8 7 9 - 
1960 ).

A lth o u g h  v o n  L a u e  g o t  m o s t  o f  th e  c re d it (an d  a  N o b e l p r iz e  tw o  y e a rs  
la te r )  th e  a c tu a l  e x p e r im e n t w as  c a r r ie d  o u t  b y  a  re se a rc h  a s s is ta n t a n d  a  d o c 
to r a l  c a n d id a te ,  w h o , b y  p a s s in g  a  n a rro w  X -ra y  b e a m  th ro u g h  a  c ry s ta l o f  
c o p p e r  su lp h a te , r e c o rd e d  a n  im a g e  o n  a  p h o to g ra p h ic  p la te . A  s im ila r  im a g e  
w a s  o b ta in e d  a fte r  su b s ti tu tin g  z in c  b le n d e . V o n  L a u e  th e n  d e m o n s tra te d  th a t 
o n ly  th e  d if f ra c t io n  o f  v e ry  s h o r t  e le c tro m a g n e tic  w av e s b y  a  re g u la r  a rra n g e 
m e n t  o f  a to m s  o r  m o le c u le s  in  th e  c ry s ta l c o u ld  a c c o u n t fo r  th is  p h e n o m en o n . 
T h is  c o u ld  o n ly  m e a n  th a t  X -ra y s  w ere  p a r t  o f  th e  e le c tro m a g n e tic  s p e c tru m  in  
th e  r a n g e  10 -n  to  10-9 c en tim e te rs , b e ca u se  o n ly  th e se  lim its  c o u ld  b e  a c c o m 
m o d a te d  b y  th e  d im e n s io n s  o f  th e  k n o w n  p a r t ic le  s tru c tu re  o f  th e  c ry s ta ls . 
P h y s ic i s ts ,  su c h  a s , n o ta b ly , J. J . T h o m so n , h a d  u se d  X -ra y s  in  th e  la b o ra to ry  
e v e r  s in c e  th e ir  d is c o v e ry  b y  R o n tg e n  in  1895 , b u t  b e fo re  v o n  L a u e 's  e x p e r i
m e n t  th e i r  t r u e  n a tu re  w as  u n k n o w n . O d d ly  e n o u g h , v o n  L a u e  h im s e lf  a lm o s t  
im m e d ia te ly  tu r n e d  to  o th e r  m a t te r s .

E v e n  so , th e  im p o r ta n ce  o f  X -ra y  d if f ra c tio n  as a  re se a rch  to o l w as  re a lis e d  
a lm o s t  im m e d ia te ly .  I ts  u se fu ln e s s  w as  m u c h  in c re a s e d  in  1 913 , w h e n  th e  
A m e r ic a n  p h y s ic is t  W illia m  C o o lid g e  (1 8 7 3 -1 9 7 5 )  fo u n d  a  n e w  m e th o d  fo r 
p r o d u c in g  X -ra y s , b y  d ire c tin g  a c c e le ra te d  e lec tro n s  o n  to  a  m e ta l ta rg e t  u n d e r  
a  h ig h  v a c u u m . I n  1916  h e  a d d e d  a n o th e r  im p ro v e m e n t: a  h o t tu n g s te n  c a th o d e  
in  p la c e  o f  a  c o ld  a lu m in iu m  c a th o d e . (T h e  C o o l id g e  tu b e  is  th e  p ro to ty p e  o f  
a l l  m o d e m  X -ra y  a p p a ra tu s : its  in v e n to r , d y in g  a t 102, h a d  n e a r ly  s ix ty  ye a rs  to  
e n jo y  its  su c c e s s .)  A b o v e  a il , a  f a th e r  a n d  so n  te am , W illia m  (1 8 6 2 -1 9 4 2 )  and  
L a w re n c e  B ra g g  (1 8 9 0 -1 9 7 1 )  (w h o  w o u ld  sh a re  th e  N o b e l p r iz e  fo r  p h y s ic s  in  
1 9 1 5 , a  y e a r  a f te r  v o n  L au e ) , u s in g  X -ra y  d if f ra c tio n  w ith  th e ir  o w n  im p ro v e d  
'B ra g g ’ s p e c tr o m e te r  d e te rm in e d  th e  a rran g e m e n t o f  a to m s in  c o m m o n  sa lt, py - 
r i te ,  f lu o r i te  a n d  c a lc ite . T h is  w a s  o n ly  th e  b e g in n in g .

A t  th e  s a m e  tim e  L a w re n c e  s ta te d  th e  epo n y m o u s B ra g g  la w , w h ic h  r e 
la te d  th e  w a v e le n g th  o f  th e  X -ra y s  to  th e  se p a ra t io n  d is tan c e  o f  th e  la y e rs  o f  a t
o m s  fo rm in g  th e  c ry s ta l p la n e s  a n d  th e  a n g le  o f  inc id en c e  o f  th e  X -ra y s . C ru 
c ia lly , th e  s e p a ra t io n  d is ta n c e  o f  th e  c ry s ta l p la n e s  is o f  th e  s a m e  m ic ro sc o p ic  
o r d e r  o f  le n g th  a s  th e  w a v e le n g th  o f  th e  in c id e n t  X -ra y s ; i f  it  w e re  o th e rw is e ,  
th e re  w o u ld  b e  n o  d if f ra c tio n . T o  a  la rg e  e x te n t,  th e  B ra g g s ' re su l ts  c o n firm e d  
th e  a lre a d y  e s ta b l ish e d  th e o ry  o f  th e  sp a ce  la t t ic e  a n d  g ro u p s  d e s c r ib e d  a b o v e , 
b u t  e v e n  s o  X -r a y  c ry s ta llo g ra p h y , a s  a n  e x p e r im e n ta l te c h n iq u e , o p e n e d  up  
w h o le  n e w  b r a n c h e s  o f  s c ie n c e , su c h  a s  so l id -s ta te  p h y s ic s  (w h ic h  re la te s  to  
t h e  e le c tr ic a l  p ro p e r tie s  o f  se m ic o n d u c to r s )  a n d , a t a  la te r  s ta g e , m o le c u la r  b i-  

o lo g y -
O n e  m a n , m o r e  th a n  a n y  o th e r ,  re a l is e d  th e  fu ll  p o te n tia l o f  th is  n e w  

f ie ld .  T h is  w a s  L in u s  P a u lin g  (1 9 0 1 -9 4 ) ,  w h o  w e n t o n  to  w in  tw o  N o b e l 
p r iz e s  - f o r  c h e m is try  in  1 9 5 4  a n d  p e a c e  in  1 962 .
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O re g o n , in  1 901 , w a s  s ti ll s o m e th in g  o f  a  f ro n t ie r  s ta te , a n d  th e re  P a u lin g  
w a s  b o m , th e  f i r s t  o f  th e  th re e  c h i ld r e n  o f  a n  u n su c c e s s fu l d r u g g is t ,  w h o  
w o u ld  d ie  in  1 9 1 0 . A lth o u g h  b o m  in  th e  d e p th s  o f  th e  c o u n try s id e , P a u lin g  
g r e w  u p  in  P o r t l a n d ,  th e  s ta te 's  l a rg e s t  c ity .  A t  W a sh in g to n  H ig h  S c h o o l,  h e  
w a s  r e m e m b e re d  a s  b e in g  b r ig h t  a n d  v e ry  su re  o f  h im se lf : h e  le ft , h o w e v e r, 
w ith o u t  a  d ip lo m a , a f te r  re fu s in g  to  ta k e  a  r e q u ire d  c o u rse  in  c iv ic s .

T h is  d id  n o t  p r e v e n t  h im  f ro m  g a in in g  a  p la c e  a t  th e  O re g o n  A g ric u l
tu r a l  C o l le g e , w h e re  h is  f e llo w  s tu d e n ts  w e re  im m e d ia te ly  ta k e n  b y  th e  e ase  
w i th  w h ic h  h e  p a s s e d  th ro u g h  f ir s t-y e a r  c o u rse s .  H e  a ls o  p u b lis h e d  ( in  1 9 2 0 )  
h is  f i r s t  p a p e r :  th e r e  w a s  l i t t l e  p re m o n i t io n  o f  h is  fu tu re  a c h ie v e m e n ts  in  its 
t i t l e ,  'T h e  M a n u fa c tu re  o f  C e m e n t in  O re g o n ’. O n c e  a t  c o lle g e  P a u lin g 's  a b i l
i ty  w a s  o b v io u s ly  n o te d  b y  th e  p ro fe s so r s , w h o  in  h is  th ird  y e a r  o f fe re d  h im  fo r 
$ 1 0 0  a  m o n th  a  j o b  a s  in s t ru c to r  f o r  th e  se c o n d -y e a r  c o u rse  in  q u a n tita tiv e  
a n a ly s i s  th a t  h e  h a d  j u s t  ta k e n  h im s e lf . T h is  w a s  a  l ife -s a v e r , f o r  P a u lin g  h a d  
to  s u p p o r t  h i s  g r a v e ly  i l l  m o th e r .

A lth o u g h  P a u lin g  h a d  th o u g h t o f  b e c o m in g  a  c h e m ic a l e n g in e e r  a fte r  
g ra d u a tio n , in  th e  c o u rse  o f  h is  s tu d ie s  h e  s e t  h is  s ig h ts  o n  b e c o m in g  a  p ro fe s 
s io n a l  s c ie n t is t .  H is  sp e c ia l in te re s ts  w e re  in  c h em ic a l b o n d in g  ( th e  w ay  in 
w h ic h  a to m s  a re  b o u n d  in to  m o le cu les , a n d  m o le c u le s  to  e a c h  o th e r)  a n d  th e  
p ro p e r t ie s  o f  c ry s ta ls ,  s u c h  a s  h a rd n e s s ,  c le a v a g e  a n d  c o lo u r.  A lth o u g h  
P a u lin g 's  f i r s t  c h o ic e  f o r  g ra d u a te  s tu d y  w a s  th e  U n iv e rs i ty  o f  C a lifo rn ia  at 
B e rk e le y , c h a n c e  h a d  i t  th a t  h e  s h o u ld  g o  to  th e  C a lifo rn ia  I n s titu te  o f  T e c h 
n o lo g y  a t  P a s a d e n a  -  lo n g  k n o w n ,  f a m i l ia r ly ,  a s  C a lte c h  th e  le a d in g  
A m e ric a n  r e s e a r c h  in s t itu te  fo r  c h e m ic a l b o n d in g . H e  a rriv e d  th e re , tw e n ty -o n e  
y e a r s  o ld ,  in  S e p te m b e r  1922 .

P a u lin g 's  d o c to ra l  r e se a rc h  w o u ld  b e  o n  th e  s tru c tu re  o f  c ry s ta ls , u s in g  
th e  te c h n iq u e s  o f  X -r a y  d if f r a c t i o n  a s  d e v e lo p e d  b y  th e  B ra g g s  in  E n g la n d . 
P a u l in g  r e c o r d e d  th e  v a lu e  o f  th is  te c h n iq u e , a s  h e  sa w  it  a t th e  e n d  o f  h is  
l i f e ,  in  th e s e  w o rd s : 'O u r  p re s e n t  u n d e rs ta n d in g  o f  th e  n a tu re  o f  th e  w o rld  o f  
a to m s , m o le c u le s ,  m in e ra ls  a n d  h u m a n  b e in g s  c an  b e  a ttr ib u te d  in  la rg e  p a rt 
to  c ry s ta l lo g ra p h y . ' A n d  n o -o n e  m a d e  b e t te r  u s e  o f  i t  th a n  P a u lin g . B u t  w h a t 
th e n  w a s  h e  lo o k in g  fo r?

G iv e n  P a u l in g 's  l o n g  l i f e  in  s c ie n c e , th is  q u e s t io n  h a s  a n y  n u m b e r  o f  
a n sw e rs .  A  k e y  e v e n t w as  th e  d is c o v e ry  o f  q u a n tu m  m e ch a n ics , m a in ly  by  
p h y s ic is ts  in  G e rm a n y  in  1 925 . A  y e a r  la te r  P a u lin g  h im s e lf  w a s  in  G erm a n y , 
w h e r e  h e  s p e n t  m u c h  o f  h is  tim e  a t  t h e  I n s t i tu t e  o f  T h e o r e t ic a l  P h y s ic s  in  
M u n ic h .  J u s t  a s  h e  a rr iv e d , in  1926 , E rw in  S c h ro d in g e r  h a d  p u b lis h e d  h is  
k e y  p a p e r  o f  w a v e  m e c h a n ic s , o n e  p a r t ic u la r  a sp e c t o f  q u a n tu m  m e c h a n ic s . 
P a u lin g  r e a c te d  b y  in v e s tig a tin g  th e  c h e m ic a l a p p lica tio n s .

B e f o re  t h e s e  d e v e lo p m e n ts , B o h r ’s th e o ry  o f  th e  e l lip tic a l o rb its  o f  e le c 
tro n s  in  a to m s , w ith  th e ir  c ap a c ity  to  b e  u s e d  in  c h e m ic a l  b o n d in g ,  w a s  th e  
l a s t  w o rd  in  p h y s ic a l  c h e m is t ry  a t  th e  a to m ic  le v e l .  T h is  th e o ry  d id  n o t,  
h o w e v e r ,  g o  f a r  e n o u g h : it  c le a rly  h a d  p o te n tia l f o r  d e v e lo p m e n t, b u t  th e  w a y
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fo rw a rd  o p e n e d  u p  in  1925  w h e n  a  g e n e ra tio n  o f  y o u n g  p h y s ic is ts , d e  B ro g lie , 
H e is e n b e rg , S c h ro d in g e r , D ira c  a n d  B o m , e s ta b l ish e d  q u a n tu m  m e ch a n ics .

P a u lin g  a p p lie d  q u a n tu m  m e c h a n ic s  to  r e se a rc h  in to  th e  s tru c tu re  a n d  
p r o p e r t ie s  o f  su b s ta n c e s ,  p a r t ic u la r ly  c ry s ta ls  a t le a s t  in  th e  e a r ly  d a y s . H e  
w a s  p a r t ic u la r ly  s u c c e s s fu l in  in v e s tig a tin g  th e  tw o  ty p e s  o f  p o s s ib le  b o n d in g , 
io n ic  a n d  c o v a le n t, in  s il ic a te  c ry s ta ls . I n  th e  la tte r  c a se , in  w h ic h  o u te r  o rb ita l 
e le c tr o n s  a re  s h a re d  b e tw e e n  d if f e r e n t  a to m s in  a  m o le c u le , h is  m e th o d s  le d  to  
a  c o r r e c t  u n d e rs ta n d in g  o f  m a n y  b a s ic  su b s ta n c e s ,  su c h  a s  b e n z e n e  a n d  g ra p h 
i te . H e  a d h e r e d  c o n s is te n t ly  to  th e  p r in c ip le ,  s ta te d  b y  E d d in g to n  in  r e la tio n  to  
p h y s ic s , th a t  sc ie n c e  is  a  q u e s t fo r  s tru c tu re  ra th e r  th a n  substance .

P a u lin g  il lu s tr a te d  th e  p o in t  b y  c o m p a r in g  d ia m o n d s  w ith  g rap h ite , b o th  
c o n s is tin g  o n ly  o f  c a rb o n  a to m s. T h e  p a lp a b le  d if fe ren c e  b e tw ee n  th e  tw o  is  ex 
p la in e d  b y  th e  so -ca lle d  q u a d riv a le n ce  o f  d iam o n d s, in  w h ich  e v ery  a tom  is  bound  
to  th e  fo u r  o th e rs  c lo se s t to  i t  in  a  r e g u la r  p a tte rn  th a t d e fin e s  th e  c ry s ta l (w h ich  
b e lo n g s to  a  s im p le  cu b ic  o r  isom etric  system ). I t  is c harac teristic  o f  a ll h a rd  sub
s ta n ce s  th a t  th e re  a re  b o n d s  c onnec ting  a ll  th e  a tom s in  a  c ry stal in to  o n e  g ian t 
m o le cu le . T h is  is th e  case  w ith  qu a rtz  ( S i0 2), h e ld  to g e th e r  b y  s tro n g  silicon - 
o x y g e n  b o n d s . A lte rn a tiv e  a rran g e m e n ts  p ro d u c e  m ica, w h ic h  sp lits  in to  sheets , 
a n d  a sb e s to s , w h ic h  sp lits in to  f ib res . X -ray  cry sta llo g rap h y  p ro v ed  to  b e  th e  ideal 
m e a n s  o f  in v e s tig a tin g  su c h  s tru c tu re s  w ith  u n p rec ed e n ted  p rec is ion . I ts  scope as 
a n  inve stig a tiv e  to o l has  tran sfo rm ed  sub jects, su c h  as b io c h em istry , o n ly  rem o te ly  
c o n n e c te d  to  c ry s ta llo g ra p h y . T h e  co m p le te  m ap p in g  o f  th e  h u m a n  genom e, the  
m o s t  r e c e n t  t r iu m p h  o f  m o le cu la r  b io lo g y , a cco rds perfec tly  w ith  th e  p rin cip les  and  
p ra c tic e  o f  P a u lin g  - o n e  o f  th e  m o s t cre a tiv e  m inds o f  th e  tw e n tie th  cen tury .
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PART II

M e n d e le y e v 's  p e r io d i c  ta b le

F o r  m o re  th a n  a  h u n d re d  y e a rs  th e  p e r io d ic  ta b le  h a s  b e e n  a n  ic o n  f o r  
c h e m is t ry ,  a  s ta tu s  -  to  j u d g e  f ro m  th e  t i t l e  o f  P r im o  L e v i 's  T h e  P e r io d ic  
T a b le  -  e x te n d in g  f a r  o u ts id e  th e  d is c ip l in e . F o r  th o se  w h o  k n o w  h o w  to  rea d  
th e  ta b le ,  w h ic h  m e a n s  a lm o s t  a n y  s e r i o u s  c h e m is t ,  t h e  k e y  p r o p e r t i e s  o f  
t h e  d i f f e r e n t  e le m e n ts ( o f  w h ic h  s o m e th in g  o v e r  n in e ty  o c c u r  in  n a tu re ) , sy s 
te m a t ic a l ly  a r r a n g e d  in  th e  o r d e r  o f  th e ir  a to m ic  w e ig h ts ,  a re  im m e d ia te ly  a p 
p a re n t.  N o n e  th e  le s s ,  b e fo r e  its  d is c o v e r y  in  1 8 6 9  b y  D im it ry  Iv a n o v ic h  
M e n d e le y e v  ( 1 8 3 4 -1 9 0 7 ) ,  th e  in c h o a te  w o rld  o f  c h e m is try  w a s  o n ly  b e g in 
n in g  to  d i s c o v e r  th e  o r d e r  e s t a b l i s h e d  b y  h is  ta b le  o f  e le m e n ts .

T h e  l i f e  o f  M e n d e le y e v  g iv e s  a  d is t in c t iv e  R u s s ia n  tw is t  to  th e  f a m ilia r  
s to ry  o f  th e  p r e c o c io u s  s c h o o lb o y , w h o , a f te r  r u n n in g  th ro u g h  a  g a m u t o f  
a c a d e m ic  d is t in c t io n s ,  m a k e s  i t  to  fo i l  p r o fe s s o r  a t th e  age  o f  th irty . H is  appea r
a n ce , w ith  g le a m in g  e y e s , lo n g  h a ir  a n d  a n  e v e n  lo n g e r  be a rd , is  th a t  o f  a  c h a rac 
te r  f ro m  T o ls to y . T h is  w o u ld  f i t  in  w ith  h is  b e in g  b o m  in  S ib e r ia . T h e  c ity  o f  
T o b o ls k , h o w e v e r ,  w a s  f a r  f ro m  b e in g  th e  b a c k  o f  b e y o n d  a t  le a s t , c u l tu r 
a l ly .  M e n d e le y e v  w a s  th e  y o u n g e s t  o f  s e v e n te e n  c h i ld re n . H is  f a th e r  w as th e  
r e c to r  o f  th e  lo c a l  g y m n a s iu m  - e q u iv a le n t  to  a n  E n g lish  g ram m ar  sc h o o l. T he 
c i ty  w a s  a lso  h o m e  to  a  n u m b e r  o f  D e c e m b ris t e x i le s ,  s o  n a m e d  b e c a u s e  o f  th e  
p a r t  t h e y  h a d  p la y e d  i n  th e  u n s u c c e s s fu l  co u p  d 'e ta t  o f  D e c e m b e r  1825, 
w h ic h  w a s  s ta g e d  a s  p a r t  o f  th e  su c c e s s io n  c r is is  o f  th e  d e a th  o f  T s a r  A le x a n 
d e r  I. T h is  p r o v id e d  th e  c ity  w ith  a n  in te llig e n ts ia ,  w h o se  p r e s e n c e  b ro u g h t 
c o n ta c ts  w ith  m e tr o p o lita n  c u ltu re  m u c h  a p p re c ia te d  w ith in  th e  M en d eley ev  
fam ily .

U n fo r tu n a te ly  th e  r e c to r  b e c a m e  b l in d  a n d  lo s t h is  jo b  w h e n  h is  y o u n g e s t 
s o n  w a s  o n ly  a  y e a r  o ld . T h e  fa m i ly  w a s  re s c u e d  b y  h is  w ife ,  a n  in te l l ig e n t  
a n d  e n e r g e t i c  w o m a n , w h o  to o k  o v e r  a n d  re s to re d  to  p ro sp e r ity  a  sm a ll fam 
ily  g la s s -w o rk s , m a in ly  p ro d u c in g  f o r  p h a rm a c is ts , in  A re m z y a n sk o y e , tw e n ty  
m ile s  o u ts id e  T o b o lsk . T h e  y o u n g e s t M e n d e le y e v  th e re fo re  g re w  u p  w ith  m o l
te n  g la s s ,  le a rn in g  th e  tr a d e  f ro m  th e  c ra ftsm e n  e m p lo y e d . In  1 840 , h o w ev e r, 
th e  f a m i ly  r e tu r n e d  to  T o b o ls k  so  th a t  h e  c o u ld  g o  to  sc h o o l.

A lth o u g h  o n ly  s ix  y e a rs  o ld , M e n d e le y e v  so o n  p ro v e d  to  b e  a  b r illi a n t 
p u p il  in  m a th e m a tic s ,  p h y s ic s  a n d  g e o g ra p h y , a lth o u g h  h e  h a te d  L a tin . In  
18 4 7  h is  f a th e r  d ie d , a n d  h is  m o th e r  s e t  o f f  f o r  M o sc o w  w ith  th e  y o u n g e r  
c h i ld re n , tr a v e l l in g  th e  w h o le  w a y  b y  c o ac h . T h e  o b je c t  w a s  to  e n ro l  th e  
y o u n g e s t ,  s t i l l  o n ly  th ir te e n  y e a rs  o ld ,  in  th e  u n iv e rs ity . H e  w a s  re je c te d , b e 
c a u s e  h is  g y m n a s iu m  d ip lo m a  f ro m  T o b o ls k  w a s  n o t  r e c o g n is e d .  T h is  
m e a n t  a n o th e r  m o v e , to  th e  c a p ita l c ity , S t. P e te rs b u rg , w h ere  M e n d e le y e v  w as  
a d m it te d  to  th e  M a in  T e a c h e r  T ra in in g  C o l le g e  to  s tu d y  m a th e m a tic s  a n d  th e
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n a tu ra l  s c ie n c e s .  H e  s ti ll  c o u ld  n o t  e sc a p e  m is fo r tu n e : in  1 850 , w h e n  h e  w as 
o n ly  s ix te e n , th e  d e a th s  o f  b o th  h is  m o th e r  a n d  h is  o ld e r  s is te r  le f t  h im  o n  h is  
o w n .

I n  S t . P e te rs b u rg  M e n d e le y e v  d id , h o w e v e r, h a v e  th e  a d v a n ta g e  o f  b e in g  
ta u g h t  b y  a  b r i l l i a n t  c h e m is t ,  P r o f e s s o r  A le x a n d e r  V o sk re se n sk y , a t  a  tim e  
w h e n , fo l lo w in g  th e  w o rk  o f  D a l to n  a n d  B e r z e l iu s ,  g re a t  a d v a n c e s  w e r e  b e 
in g  m a d e  in  th e  w o rld  o f  c h e m is t ry .  I n  th is  f a v o u r a b le  c l im a te ,  M e n 
d e le y e v  c o m p le t e d  m a jo r  r e se a rc h  in to  iso m o rp h ism , th e  p ro c e ss  in  w h ic h  
s im ila r  e le m e n ts  r e p la c e  e a c h  o th e r  in  so m e  c h em ic a l co m b in a tio n s w ith o u t 
c h a n g in g  th e ir  c ry s ta llin e  fo rm .

T h is  w a s  s ig n ific an t fo r  M e n d e le y ev 's  fu tu re  re se a rch , s in c e  'th e  sim ila rity  o f  
b e h a v io u r  o f  a tom s o f  d iffe ren t e lem e n ts  w as  ... o n e  o f  th e  m o s t im p o rta n t c h a rac 
te ris tic s  o n  th e  b a s is  o f  w h ic h  e lem e n ts  m a y  b e  g ro u p ed  in  th e ir  na tu ra l o rd e r’. A f
te r  ta k in g  h is  d e g re e  a n d  w in n in g  a  g o ld  m e d a l a t th e  M ain  T ea ch e r  T ra in in g  C o l
le g e  in  1 855 , M e n d e le y ev  p u b lish ed  h is  'Iso m o rp h ism  in  C o n n e c t io n  w ith  O the r 
R e la tio n s  b e tw e e n  C ry s ta llin e  F o rm s  a n d  C h e m ic a l C o n s t itu tio n s ' in  1856.

L ik e  a n y  yo u n g  aca d em ic , M e n d e le y ev  looked  fo r  a  jo b , p re fe rrin g  a lo c atio n  
w ith  a  g o o d  c lim a te  b e c a u se  o f  ill-h e a lth . I n  R u ss ia  th is  m e a n t th e  B la c k  Sea  
c o as t: h is  f i r s t  c h o ice  w as  O d essa , b u t  a  b u rea u cra t ic  e rro r  le d  to  a n o th e r  m a n  b e 
in g  a p p o in te d  th e re , so  h e  e n d e d  u p  in s te a d  in  S im feropo l in  th e  C r im e a . T h e  c li
m a te  w a s  ju s t  a s  g o o d , b u t,  b e c a u s e  o f  w a r  w ith  th e  F re n c h  a n d  E n g lis h  ( r e 
m e m b e r e d  b y  th e  la t te r  f o r  th e  C h a rg e  o f  th e  L ig h t  B r ig a d e  a n d  F lo re n ce  
N ig h tin g a le ), th e  u n iv e rs ity  h a d  c lo sed  M e n d e le y ev ’s  d e p ar tm e n t. S o  as w in te r  
a p p ro a c h e d  h e  to o k  o f f  fo r  O d e ss a  a n y w a y , w e a rin g  a  sh o r t f u r  c o a t, b e a rsk in  
b o o ts  a n d  a  ta l l  fu r  h a t.

T h is  tu rn e d  o u t  to  b e  a  g o o d  m o v e : M e n d e le y e v  fo u n d  a  j o b  a t th e  local 
g y m n a s iu m  th a t  c o m b in ed  w e ll w ith  re se a rc h  a t th e  N o v o ro s s iisk  U n iv e rsity . H e 
w ro te  u p  h is  su b je c t , sp e c if ic  v o lu m e , in  a  th e s is  p rese n te d  to  th e  U n iv e rs i ty  o f  
S t. P e te rs b u rg  in  1856 , w h ic h  le d  to  h is  b e in g  a p p o in ted  rea d er in  c h em is try  th e  
fo llo w in g  y e a r. H e  w as  o n ly  tw e n ty -th re e .

M e n d e le y ev , c lea rly  re c o g n ise d  a s  a  h ig h -fly er, so o n  g a in ed  p e rm iss io n  to  
s tu d y  ab ro a d . H is  c h o sen  d e s tin a tio n  w as  H eid elb e rg , a lre ad y  k n o w n  fo r  B u n se n  
a n d  K irc h h o f f  s re se a rc h  in to  sp e c tra l a naly sis . H o w ev e r, in  h is  tw o  ye a rs  in  G e r 
m a n y  (1 8 5 7 -5 9 ) h e  c h o se  n o t  to  w o rk  in  th e ir  s h a d o w , p re fe r r in g  to  re se a rc h  
m o le c u la r  c o h es io n  in  h is  o w n  sm a ll labo ra to ry . T h e re  h e  rese a rch e d  'constan t' 
g a s e s ,  w h ic h , a cc o rd in g  to  th e  p re v a ilin g  w isd o m , c o u ld  n e v e r  b e c o m e  liqu id . 
M e n d e le y e v 's  w o rk  o n  l iq u e fa c tio n  a n d  a b so lu te  b o ilin g  p o in ts  sh o w e d  th a t  the re  
w e re  n o  su c h  g a se s  -  a  k e y  re su l t, lo n g  c o n firm e d  b y  th e  s ta te  o f  th e  a rt in  lo w - 

te m p e ra tu re  p h y sic s .
O n ly  tw o  ye a rs  a fte r  r e tu rn in g  to  S t. P e te rs b u rg  M e n d e le y ev  p u b lish ed  O r

g a n ic  C h e m istry  (1861), a  rev o lu tio n ary  tex tb o o k . T h is  w o rk  e n u n c ia te d  th e  key  
p r in c ip le  th a t  'e v e ry  liv ing  p h e n o m en o n  is  th e  r e s u l t  n o t  o f  so m e  p e c u lia r  fo rc e  o r  
p e c u lia r  r e a so n , b u t  o f  th e  g e n e ra l  la w s  o f  n a tu re .  T h e re  is  n o t  o n e  l iv in g
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p r o c e s s ,  ta k e n  se p a ra te ly , th a t m a y  b e  a ttr ib u te d  to  a  p e c u lia r  p o w e r . ' T h is  r e 
s u l t  m a y  h a v e  b e e n  a n tic ip a te d  b y  C h a r le s  D a r w in  (w h o s e  O r ig in  o f  S p e c ie s  
w a s  p u b lis h e d  in  1859 ), a n d  L o u is  P a s te u r  w as  w o rk in g  to w a rd s  i t  in  F rance  
d u r in g  th e  186 0 s, b u t e v e n  so  M e n d e le y ev  w as a h e a d  o f  h is  t im e s . ( N o t  su rp r i s 
in g ly  h is  o u ts p o k e n  m a te r ia l is m  w o u ld  la te r  c o m m e n d  h im  to  S o v ie t  s c ie n 
t is ts .)  D u rin g  th e  1 860s M e n d e le y e v  a lso  w o rk e d  o n  s o lu t io n s ,  r e a c h in g  th e  
p a ra d o x ic a l c o n c lu s io n  th a t  th e ir  p ro p e r tie s  (d en s i ty , c o n d u c tiv i ty ,  e tc .)  
'c h a n g e  in  le a p s  a g a in s t th e  b a c k g ro u n d  o f  th e  g e n e ra l s te a d y  c h a n g e  in  th e  
p ro p o r t io n s  o f  th e  c o m p o n e n ts  o f  th e  so lu t io n s '. T h is  f o l lo w e d  f ro m  te s ts  
m a d e  w ith  2 8 3  d if fe re n t  su b s ta n c e s , w ith  th e  c h a n g e s  a lw ay s  ta k in g  p la ce  at 
's p e c ific  p o in ts ', w h o se  s tu d y  b e c a m e  c rit ic a l in  p h y s ic a l c h e m is try .

I n  1 8 6 2  M e n d e le y e v , s e ld o m  lu c k y  in  f a m i ly  lif e , m a d e  a n  u n h a p p y  
m a rr ia g e  to  F e o z v a  L e s h c h e v a , w h o  n e v e r  sh o w e d  th e  in te re s t a n d  su p p o r t th a t 
a  R u s s ia n  o f  h is  g e n e ra tio n  e x p e c te d  f ro m  a  w ife .  I n  187 6  h e  g o t  a  d iv o rce , 
h a v in g  m e t  h is  t r u e  lo v e , A n n a  P o p o v a . H is  m a rr ia g e  to  h e r  in  1 8 8 0  tr a n s 
f o rm e d  h is  h o m e  in to  a  s a lo n  o p e n  to  th e  s c ien t is ts  o f  th e  d a y . U n d e r  R u ss ian  
la w , h o w e v e r ,  i t  w as  b ig a m o u s , s in c e  le s s  th a n  se v en  ye a rs  h a d  e la p se d  since  
th e  d iv o rc e . T h e  T sa r, in fo rm e d  o f  th is  la p se , o b se rv e d , 'M e n d e le y e v  m ay  
h a v e  tw o  w iv e s , b u t  R u s s ia  h a s  o n ly  o n e  M e n d e le y e v .’

I n  186 7  M e n d e le y e v , s ti ll  o n ly  th ir ty - th re e , su c ce ed e d  V o sk re se n sk y  to  th e  
to p  c h a ir  a t  S t  P e te rs b u rg , w h ere  h is  le c tu re s , in  w h ic h  h e  w o u ld  o f te n  'd ig ress  
in to  m e c h a n ic s ,  p h y s ic s ,  a s tro n o m y  c o sm o g o n y , m e te o ro lo g y , g e o lo g y , th e  
p h y s io lo g y  o f  a n im a ls  a n d  p la n ts , a g ro n o m y  a n d  a lso  in to  d if fe re n t b ra n c h e s  o f  
te c h n o lo g y , in c lu d in g  a ir  n a v ig a t io n  a n d  a rti lle ry ', w ere  g re e te d  w ith  rap tu re .

T o  m e e t  th e  n e e d s  o f  h is  s tu d e n ts ,  M e n d e le y e v  s ta r te d  w o rk in g  o n  a 
g e n e r a l  m a n u a l  f o r  c h e m is try .  T ry in g  to  e s ta b l is h  a  b a s ic  p r in c ip le  f o r  sy s- 
t e m a t i s in g  c h e m ic a l  k n o w le d g e  b y  c o m p a r in g  a to m ic  w e ig h ts ,  M e n d e le y e v  
c o n c lu d e d  th a t  'th e  p r o p e r t ie s  o f  t h e  e le m e n ts  a re  in  p e r io d i c  d e p e n d e n c e  
o n  th e i r  a to m ic  w e ig h ts '.  T h is  fu n d a m e n ta l  in s ig h t  c a m e  to  h im  in  a  d rea m  
o n  17 F e b ru a ry  1869 ; h e  h a d  ta k e n  a  b r ie f  n a p  w h ile  w o rk in g  o n  h is  b o o k , 
a n d  'w h e n  h e  a w o k e , h e  s e t  o u t  th e  c h a r t ,  in  v i r tu a l ly  its  f in a l fo rm ’.

M e n d e le y e v 's  ta b le  o f  e le m e n ts  w a s  p r e s e n te d  to  t h e  n e w  R u s s ia n  
C h e m ic a l  S o c ie ty  o n  18 M a rc h  1 8 6 9 . T h e  fu n d a m e n ta l  la w  w a s  th e n  s ta ted  
in  h is  F o u n d a tio n s  o f  C hem istry , p u b lish ed  la te r  in  th e  y e a r  a n d  d e sc r ib e d  by  
M e n d e le y e v  a s  'h is  f a v o u r ite  c h i ld ’, a n d  A n  O u tlin e  o f  th e  S y s te m  o f  th e  E le 
m e n ts  w as  c irc u la ted  ou tsid e , a s  a  p a m p h le t ,  in  1 870 .

M e n d e le y e v  k n e w  o f  61 s e p a r a te  e le m e n ts : th e s e  c o u ld  b e  o r d e r e d  a c 
c o rd in g  to  th e i r  in c re a s in g  a to m ic  w e ig h ts . T h is  w a s  c le a rly  th e  s ta r t in g  p o in t 
f o r  a n y  sy s te m a tic  c la ss if ic a tio n . E le m en ts  c o u ld  a ls o  b e  c la s s if ie d  a c c o rd in g  
to  th e ir  p r o p e r t ie s ,  so  th a t  th e  a lk a li m e ta ls  (e .g . so d iu m  a n d  p o ta s s iu m )  b e 
lo n g e d  to g e th e r , a s  d id  th e  a lk a l in e  e a r th  e le m e n ts  ( e .g .  m a g n e s iu m  a n d  c a l 
c iu m )  a n d , a t th e  o th e r  e x tre m e , th e  n o n -m e ta ll ic  h a lo g e n s  ( e .g .  c h lo r in e  a n d  

io d in e ) .



T h e  p e r io d ic  ta b le  th e n  sh o w s h o w , w ith  th e  in c re ase  in  a to m ic  w e ig h t, 
e le m e n ts  a t f i r s t  a c q u ire  e n tir e ly  n e w , c h a n g in g  p ro p e r tie s , a n d  th e n  h o w  th e se  
p r o p e r t ie s  r e c u r  in  a  Dew p e r io d , in  a  n e w  lin e  a n d  ro w  o f  th e  e le m e n ts  a n d  in  
th e  s a m e  s e q u e n c e  a s  in  th e  p re c e d in g  ro w . T h u s  th e  la w  o f  p e r io d ic ity  m ay  
b e  e x p re s s e d  as fo llo w s: th e  p ro p er tie s  o f  th e  e lem e n ts , a n d  th u s  th e  p ro p e r tie s  
o f  s im p le  o r  c o m p o u n d  b o d ie s  o f  th e s e  e le m e n ts , a re  d e p e n d e n t in  a  p e rio d ic  
w a y  o n  th e  m a g n itu d e  o f  th e  a to m ic  w e ig h t o f  th e  e lem e n ts .

I n  c o m p il in g  th e  p e r io d ic  ta b le  M e n d e le y e v  fa c e d  f o u r  d if f e re n t  p ro b le m s 
(a l th o u g h  th e  la s t  r e m a in e d  h id d e n  f ro m  h im ). F i rs t , n in e  o f  th e  a to m ic  w e ig h ts  
i n  th e  r e c o rd s  w e re  in c o rre c t ,  so  th a t  th a t  o f  b e ry ll iu m  w as  re c o rd e d  as 13.7 
in s te a d  o f  9 , a n d  th a t  o f  c a lc iu m  a s  2 0  in s te a d  o f  4 0 . M e n d e le y e v  m a d e  th e  
n e c e s sa ry  c o rre c tio n s , a s  h e  d id  a ls o  w i th  g o ld , p la t in u m , o sm iu m , i r id iu m , 
y t t r iu m , in d iu m  a n d  e rb iu m . In  a l l  th e s e  c a se s  th e  f a u l t  la y  w ith  in a c c u ra te  
w o rk  d o n e  b y  o th e rs  e a r l ie r  in  th e  c e n tu ry .

S e c o n d , i f  th e re  w a s  a n y  r e g u la r ity  in  th e  r a te  o f  in c re a s e , th e n  th e re  w ere  
a t  le a s t  s ix  g a p s  in  th e  ta b le . T h e s e  in  f a c t  re p re se n te d  as y e t u n d isc o v e re d  e le 
m e n ts . T h a t  th re e  o f  th e  g a p s  re la te d  c lo se ly  to  b o ro n , a lu m in iu m  a n d  s ilico n  in  
th e  p e r io d ic  sy s te m  le d  M e n d e le y ev  to  n a m e  th e  m is s in g  e le m e n ts  e k a -b o ro n , 
e k a - a lu m in iu m  a n d  e k a - s i l ic o n  -  e k a  b e in g  th e  S a n s k r i t  f o r  'o n e '.

I n  1 8 7 5  a  F r e n c h  c h e m is t,  L e c o q  d e  B o is b a u d r a n  ( 1 8 3 8 -1 9 1 2 ) , in  a  
s p e c tr a l  a n a ly s is  o f  z in c  b le n d e  f ro m  a  m in e  in  th e  P y re n e e s , n o te d  th e  p re s 
e n c e  o f  a n  u n k n o w n  e le m e n t,  w h o se  p ro p e r tie s  c o rre sp o n d e d  to  th o se  o f  e k a -  
a lu m in iu m  p re d ic te d ' b y  M e n d e le y e v . D e  B o isb a u d ra n , p a tr io tic a lly  m in d e d , 
n a m e d  th e  n e w ly  d is c o v e re d  e le m e n t  ’g a lliu m '.  I ts  d is c o v e r y  le d  to  s o m e 
th in g  o f  a  d i s p u te  b e tw e e n  th e  A c a d e m ic  d e s  S c ie n c e s  in  P a r i s  a n d  th e  
R u s s i a n  P h y s ic a l-C h e m ic a l S o c ie ty . M e n d e le y e v  im m e d ia te ly  sa w  h is  o w n  
p r e d ic t io n  c o n firm e d , b u t  w h ile  d e  B o isb a u d ra n 's  a to m ic  w e ig h t, 68 , w a s  a c 
c e p ta b le ,  h is  m e asu re  o f  d e n s ity , a t 4 .7 ,  w as  in c o n s is te n t w ith  th e  v a lu e , p r e 
d ic te d  a c c o rd in g  to  th e  p e r io d ic  sy s te m , o f  5 .9 . B o th  s id e s  s tu c k  to  th e i r  g u n s , 
b u t  in  th e  e n d  M e n d e le y e v  w a s  p r o v e d  r ig h t  ( a l th o u g h , i r o n ic a l ly ,  th e  u n 
d is p u t e d  n u m b e r  f o r  a to m ic  w e ig h t w as  to  p ro v e  to  b e  to o  lo w ).

M e n d e le y ev  ЬяН a n  e a s ie r  rid e  w ith  e k a-bo ron  a n d  e ka-silicon : th e  form er, 
iso la te d  b y  a  S w e d ish  c h em is t in  1879 , w as app rop ria te ly  n a m ed  'scan d iu m '; th e  
la tte r  w as  n a m ed  'ge rm an ium ' a fte r  b e in g  iso la ted  by  C lem e n s W in k le r  (1838- 
1 904 ) in  1886 . In te rna tio n a lly  th is  w as  a n  im portan t b reak th rough  fo r  th e  p e riod ic  
sy ste m , s in c e , fo r th e  se co n d  tim e, M endeleyev 's  p red ic te d  v a lu es  fo r  a tom ic  
w e ig h t a n d  d e n s ity  h a d  independen tly  p ro v ed  c o rrec t -as w as  im m ed ia te ly  rec o g 
n ise d  a n d  a ck n o w le d g ed  b y  th e  finders  in  b o th  cases . M o reo v e r, W in k le r 's  g e rm a 
n iu m  w o u ld  d isso lve  in  w a te r  b u t  n o t in  ac id s, h a d  a n  o x id iz a tio n  fo rm u la  G e 0 2, 
a n d  p ro d u c e d  a  c h lo rine  co m pound , G eC U , w ith  a  bo ilin g  p o in t o f  8 3°C  a n d  a  spe 
c ific  w e ig h t o f  1.887 - in  n e a r  pe rfec t a cc o rd  w ith  M e n d e le y ev ’s  p red ic tio n s.

M e n d e le y e v ’s th ir d  p r o b le m  w a s  th a t  i f  th e  c la s s if ic a t io n  in  th e  c o lu m n s  
w a s  t o  b e  c o n s is te n t  w ith  w h a t h is  s y s te m  re q u ire d , th e n  te l lu r iu m  a n d  io d in e
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sh o u ld  c h a n g e  p la c e s , a s  sh o u ld  c o b a l t  a n d  n ic k e l, e v e n  th o u g h  th is  w o u ld  r e 
v e rs e  th e  o r d e r  b a s e d  o n  a to m ic  w e ig h t. M e n d e le y e v  m a d e  th e  n e c e s sa ry  
c h a n g e s , b u t  th e  fu l l  e x p lan a tio n  a s  to  w h y  th e y  w ere  c o rrec t h a d  to  a w a it th e  
d is c o v e ry  in  1 9 1 3 , s ix  y e a r s  a f te r  h i s  d e a th , o f  a to m ic  n u m b e rs  b y  H e n ry  
M o s e le y  (1 8 8 7 -1 9 1 5 ) .

T h e  f o u r th  p r o b le m  w as  s o m e w h a t e so te r ic : a lth o u g h  n e v e r  s u sp e c te d  
b y  M e n d e le y e v , th e re  w e re  g a p s  a t  th e  e n d  o f  e v e ry  ro w  in  th e  ta b le ,  so  th a t, 
m o v in g  to  th e  n e x t  ro w  f ro m  flu o r in e , c h lo rin e , b ro m in e  a n d  io d in e  in  c o lu m n  
7  le d  d ir e c t ly  to  so d iu m , p o ta s s iu m , r u b id iu m  a n d  c a e s iu m  in  c o lu m n  1. 
(N o te  h o w  th e  r e s p e c t iv e  s u f f ix e s ,  'i n e ' a n d  'iu m ' r e f le c t  th e  c o m m o n  p r o p 
e r t i e s  o f  t h e  e le m e n ts  in  th e  tw o  c o lu m n s ; th is  is  th e  w h o le  p o in t  to  th e  p e r i
o d ic  ta b le ) .  M e n d e le y e v  m ig h t  h a v e  n o te d  in  a ll  th e s e  c a se s  a  r e la tiv e ly  la rg e  
in c re m e n t ,  o f  th e  o r d e r  o f  4  o r  5  ( w h e re  o th e rw is e  th e re  is  a  m a x im u m  o f  
a b o u t  3 )  in  a to m ic  w e ig h t, b u t, i f  so , h e  d id  n o t  r e a lis e  its  s ig n ific an c e .

John Dalton 
A New System of Chemical Philosophy.

A  N e w  S y s te m  o f  C h e m ic a l P h ilo so p h y . L o n d o n :  R .B ick er s ta ff, 1808-27 .

O n  th e  C o n s t itu tio n  o f  So lid s

A  s o l id  b o d y  is  o n e , th e  p a rtic le s  o f  w h ic h  a re  in  a  s ta te  o f  e q u ilib r iu m  b e 
tw ix t  tw o  g re a t  p o w ers , a ttra c tio n  a n d  rep u ls io n , b u t in  su c h  a  m a n n e r , th a t  no  
c h a n g e  c a n  b e  m a d e  in  th e ir  d is tan c es  w ith o u t c o n s id e ra b le  fo rc e . I f  a n  a p 
p ro x im a tio n  o f  th e  p a rtic le s  is  a ttem p ted  b y  fo rc e , th e n  th e  h e a t r e s is ts  it; i f  a  
s e p a ra t io n , th e n  th e  a ttra c tio n  re s is ts  it. T h e  n o tio n  o f  B o sc o v ic h  o f  a lte rn a tin g  
p la n e s  o f  a t tr a c tio n  a n d  rep u ls io n  se em s un n e ce ssa ry ; e x c e p t th a t  u p o n  fo rc ib ly  
b r e a k in g  th e  c o h e s io n  o f  a n y  b o d y , th e  n e w ly  e x p o se d  su rfa ce  m u s t re c e iv e  such  
a  m o d if ic a t io n  in  its  a tm o sp h e re  o f  h e a t, as m a y  p re v e n t th e  fu tu re  ju n c t io n  o f  
th e  p a rts , w ith o u t g re a t fo rce .

T h e  e s se n t ia l d is t in c t io n  b e tw ee n  liq u id s  a n d  so lid s , p e rh a p s  c o n s is ts  in  
th is , th a t  h e a t  c h a n g e s  th e  f ig u re  o f  a rra n g e m e n t o f  th e  u ltim a te  p a rtic le s  o f  th e  
fo rm e r  c o n tin u a l ly  a n d  g rad u a lly , w h ils t th e y  re ta in  th e ir  l iq u id  fo rm ; w h e re a s  in 
th e  la tte r , i t  is  p ro b a b le , th a t ch an g e  o f  te m p e ra tu re  d o e s  n o  m o re  th a n  c h an g e  
th e  s iz e , a n d  n o t  th e  a rran g e m e n t o f  th e  u ltim a te  pa rtic le s .

N o tw ith s ta n d in g  th e  h a rd n e ss  o f  so lid  b o d ie s , o r  th e  d if f ic u lty  o f  m o v in g  
th e  p a r tic le s  o n e  a m o n g s t ano ther, th e re  a re  se v e ra l th a t a d m it o f  su c h  m o tio n  
w ith o u t  f ra c tu re , b y  th e  a p p lica tio n  o f  p ro p e r  fo rc e , e sp e c ia l ly  i f  a s s is te d  by  
h e a t. T h e  d u c tility  a n d  m a lle ab il ity  o f  th e  m e ta ls , n e e d  o n ly  to  b e  m e n tio n e d . It 
s h o u ld  s e e m  th e  p a rtic le s  g lid e  a lo n g  e a c h  o th e rs  su rface , so m e w h a t l ik e  a  p ie c e  
o f  p o l is h e d  iro n  a t  th e  e n d  o f  a  m a g n e t, w ith o u t b e in g  a t a ll w e a k e n e d  in  th e ir  
c o h e s io n . T h e  a b so lu te  fo rc e  o f  co h es io n , w h ic h  c o n s titu te s  th e  s tr e n g th  o f  b o d 
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ie s , is  a n  e n q u iry  o f  g re a t p ra c tic a l im p o rtan ce . I t h a s  b e e n  fo u n d  b y  ex p erim en t, 
th a t w ires  o f  th e  se v e ra l m e ta ls  b e n ea th , b e in g  e a c h  1 /1 0  o f  an  in c h  in  d iam eter, 
w ere  ju s t  b ro k e n  b y  th e  a n n e x e d  w eig h ts .

L ead .....
Tin
C opper.
B n
S ih

G o

19 1 /4  
49 1 /4
299 1 /4
3 6 0  } P ounds.
370
4 5 0
500

A  p ie c e  o f  g o o d  oa k , a n  in c h  sq u a re  a n d  a  y a rd  lo n g , w ill  ju s t  b e a r  in  th e  
m id d le  3 3 0  lb s .  B u t  su c h  a  p ie c e  o f  w o o d  sh o u ld  n o t in  p rac tic e  b e  tru s te d , fo r 
a n y  le n g th  o f  tim e , w ith  a b o v e  1/3 o r  1 /  4  o f  th a t w eig h t. I ro n  is  a b o u t 10 tim es  
a s  s tro n g  as o a k , o f th e  s a m e  d im e n s io n s .

O n e  w o u ld  b e  a p t to  su p p o se  th a t  s tre n g th  a n d  h a rd n e ss  o u g h t to  b e  found  
p ro p o rt io n a te  to  e a c h  o th e r; b u t  th is  is  n o t th e  case . G la ss  is  h a rd e r  th a n  iro n , ye t 
th e  la tte r  is  m u c h  th e  s tro n g e r  o f  th e  tw o .

C r y s ta l l iz a t io n  e x h ib i ts  to  u s  th e  e ffe c ts  o f  th e  n a tu ra l a r r a n g e m e n t o f  th e  
u ltim a te  p a r t ic le s  o f  v a r io u s  c o m p o u n d  b o d ie s ; b u t  w e  a re  s c a rc e ly  y e t  s u f f i
c ie n tly  a c q u a in te d  w ith  c h e m ic a l  sy n th e s is  a n d  a n a ly s is  to  u n d e rs ta n d  th e  ra 
tio n a le  o f  th is  p r o c e s s .  T h e  rh o m b o id a l  fo rm  m a y  a r is e  f ro m  th e  p r o p e r  p o s i
t io n  o f  4 ,  6 ,  8  o r  9  g lo b u la r  p a r t i c le s ,  th e  c u b ic  f o rm  f ro m  8 p a r tic le s ,  th e  tr i 
a n g u la r  fo rm  f ro m  3 , 6  o r  10 p a r t ic le s ,  th e  h e x a h e d ra l  p r is m  f ro m  7 p a rtic le s , 
e tc . P e rh a p s , in  d u e  t im e , w e  m a y  b e  e n a b le d  to  a s c e r ta in  th e  n u m b e r  a n d  o r 
d e r  o f  e le m e n ta ry  p a r t ic le s ,  c o n s t i tu t in g  a n y  g iv e n  c o m p o u n d  e le m e n t,  a n d  
f ro m  th a t  d e te r m in e  th e  f ig u re  w h ic h  i t  w il l  p r e f e r  o n  c ry s ta lliz a tio n , a n d  v ice  
v ersa ;  b u t  i t  s e e m s  p r e m a tu r e  to  fo rm  a n y  th e o ry  o n  th is  s u b je c t , t i l l  w e  h a v e  
d is c o v e re d  f ro m  o th e r  p r in c ip le s  th e  n u m b e r  a n d  o r d e r  o f  th e  p r im a ry  e le 
m e n ts  w h ic h  c o m b in e  to  f o rm  s o m e  o f  th e  c o m p o u n d  e le m e n ts  o f  m o s t f re 

q u e n t  o c c u r re n c e .

W h e n  a n y  b o d y  e x is ts  in  th e  e la s t ic  s ta te , its  u ltim a te  p a rtic le s  a re  se p a ra ted  
f ro m  e a c h  o th e r  to  a  m u c h  g re a te r  d is ta n c e  th a n  in  a n y  o th e r  s ta te ; e a c h  p a rtic le  
o c c u p ie s  th e  c e n tre  o f  a  c o m p a ra t iv e ly  la rg e  sp h e re , a n d  s u p p o r ts  its  d ig n ity  by  
k e e p in g  a ll th e  re s t , w h ic h  b y  th e ir  g rav ity , o r  o th e rw is e  a re  d isp o se d  to  e n 
c ro a c h  u p  it, a t  a  r e sp e c t fu l d is tan c e . W h e n  w e  a tte m p t to  c o n c e iv e  th e  n u m b er  
o f  p a rtic le s  in  a n  a tm o sp h e re , i t  is  so m e w h a t lik e  a tte m p tin g  to  c o n ce iv e  th e  
n u m b e r  o f  s ta rs  in  th e  u n iv e rs e ; w e  a re  c o n fo u n d e d  w ith  th e  th o u g h t. B u t i f  w e  
l im it th e  su b je c t , b y  ta k in g  a  g iv e n  v o lu m e  o f  a n y  g a s , w e  s e e m  p e rsu a d e d  th a t,

O n  C h e m ic a l S y n th es is
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le t th e  d iv is io n s  b e  e v e r  so  m in u te , th e  n u m b e r  o f  p a rtic le s  m u s t  b e  fin ite ; ju s t  as 
in  a  g iv e n  sp a c e  o f  th e  u n iv e rse , th e  n u m b e r  o f  sta rs  a n d  p la n e ts  c a n n o t b e  in fi
n ite .

C h e m ic a l a n a ly s is  a n d  sy n th e s is  go  n o  fa r th e r  th a n  to  th e  se p a ra t io n  o f  p a r
tic le s  o n e  f ro m  a n o th e r , a n d  to  th e ir  reu n io n . N o  n e w  c re a tio n  o r  d e s tru c tio n  o f  
m a tte r  is  w ith in  th e  r e a c h  o f  c h e m ic a l agency .

W e  m ig h t a s  w e ll a tte m p t to  in tro d u c e  a  n e w  p la n e t in to  th e  so la r  sy stem , 
o r  to  a n n ih ila te  o n e  a lre a d y  in  e x is te n ce , a s  to  c re a te  o r  d e s tro y  a  p a rtic le  o f  hy 
d ro g en . A ll th e  c h a n g e s  w e  c an  p ro d u ce , c o n s is t in  se p a ra t in g  p a rtic le s  th a t  a re  
in  a  s ta te  o f  c o h e s io n  o r  co m b in a t io n , a n d  jo in in g  th o se  th a t w ere  p rev io u s ly  a t a  
d is tance .

In  a ll c h e m ic a l in v e s tig a tio n s , it  h a s  ju s t ly  b e e n  c o n s id e re d  an  im p o rtan t 
o b je c t to  a sc e rta in  th e  re la tiv e  w e ig h ts  o f  th e  s im p les  w h ic h  c o n s titu te  a  c o m 
po u n d . B u t  u n fo r tu n a te ly  th e  e n q u iry  h a s  te rm in a te d  h e re ; w h e re a s  fro m  the  
re la tiv e  w e ig h ts  in  th e  m a ss , th e  re la tiv e  w e ig h ts  o f  th e  u ltim a te  p a rtic le s  o r  a t
o m s o f  th e  b o d ie s  m ig h t  h a v e  b e e n  in fe rred , f ro m  w h ic h  th e ir  n u m b e r  and  
w e ig h t in  v a rio u s  o th e r  c o m p o u n d s  w o u ld  a p p ea r, in  o rd e r  to  a s s is t a n d  to  gu ide  
fu tu re  in v e s tig a tio n s , a n d  to  c o rrec t th e ir  re su lts . N o w  i t  is  o n e  g re a t o b je c t o f  
th is  w o rk , to  sh e w  th e  im p o rta n c e  a n d  a d v an ta g e  o f  a sc e rta in in g  th e  re la tive  
w e ig h ts  o f  th e  u ltim a te  p a r tic le s ,  b o th  o f  s im p le  a n d  c o m p o u n d  bod ies , th e  num - 
h e r  o f  s im p le  e le m e n ta ry  p a r t ic le s  w h ic h  c o n s titu te  o n e  c o m p o u n d  p a r tic le , a n d  
th e  n u m b e r  o f  le s s  c o m p o u n d  p a r t ic le s  w h ic h  e n te r  in to  th e  fo r m a tio n  o f  one  
m o re  c o m p o u n d  p a r tic le .

I f  th e re  a re  tw o  b o d ie s , A  a n d  B , w h ic h  a re  d isp o se d  to  c o m b in e , th e  fo l
lo w in g  is  th e  o rd e r  in  w h ic h  th e  c o m b in a tio n s  m a y  ta k e  p la ce , b e g in n in g  w ith  
th e  m o s t s im p le : n a m e ly ,

I  a to m  o f  A  + 1 a to m  o f B - l  a to m  o f  C, binary.
1 a to m  o f  A  + 2  a to m s  o fB =  1 a tom  o f  D , ternary .
2  a to m s  o f  A  +  1 a to m  o fB =  1 a to m  o f  E , ternary.
1 a to m  o f A  + 3 a to m s  o fB =  I a tom  o fF , qua ternary .
3  a to m s  o f  A  + 1 a to m  o f  В  = 1 a tom  o f  G, qu a tern a ry , e tc. etc.

T h e  fo llo w in g  g e n e ra l ru le s  m a y  b e  ad o p ted  as g u id e s  in  a ll  o u r  in v e s tig a 

tio n s  re sp e c t in g  c h e m ic a l sy n th e s is .
1st. W h e n  o n ly  o n e  c o m b in a t io n  o f  tw o  b o d ie s  c a n  b e  o b ta in e d , i t  m u s t b e  

p resu m ed  to  b e  a  b in a ry  o n e , u n le ss  som e  c au se  a p p ea r  to  th e  co n tra ry .
2d . W h e n  tw o  c o m b in a t io n s  a re  o bse rved , th e y  m u s t b e  p re su m e d  to  b e  a 

b in a ry  a n d  a  te rnary .
3d . W h e n  th re e  c o m b in a t io n s  a re  ob ta in ed , w e  m a y  e x p e c t o n e  to  b e  a  b i

n a ry ,  a n d  th e  o th e r  tw o  te rnary .
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4 th . W h e n  fo u r  c o m b in a t io n s  a re  o b se rv e d , w e  s h o u ld  e x p e c t o n e  binary , 
tw o  te rn a ry ,  a n d  o n e  qu a te rn a ry ,  e tc .

5 th . A  b in a ry  c o m p o u n d  sh o u ld  a lw ay s  b e  sp e c if ic a lly  h e a v ie r  th a n  the  
m e re  m ix tu re  o f  its  tw o  in g red ien ts .

6 th . A  te rn a ry  c o m p o u n d  s h o u ld  b e  sp e c if ic a lly  h e a v ie r  th a n  th e  m ix tu re  o f  
a  b in a ry  a n d  a  s im p le , w h ic h  w o u ld , i f  co m b in ed , c o n s titu te  it; e tc.

7 th . T h e  a b o v e  ru le s  a n d  o b se rv a tio n s  e q u a lly  a p p ly , w h e n  tw o  b od ies , 
su c h  a s  С  a n d  D , D  a n d  E , e tc . a re  co m b in ed .

F r o m  th e  a p p lic a tio n  o f  th e s e  ru le s , to  th e  c h em ic a l fa c ts  a lre ad y  w e ll a s 
c e r ta in e d , w e  d e d u c e  th e  fo llo w in g  c o n c lu s io n s ; 1st. T h a t w a te r  is  a  b in a ry  c o m 
p o u n d  o f  h y d ro g e n  a n d  o x y g e n , a n d  th e  re la tiv e  w eig h ts  o f  th e  tw o  e lem e n ta ry  
a to m s a re  a s  1 :  7 ,  n e a r ly ; 2 d . T h a t  a m m o n ia  is  a  b in a ry  c o m p o u n d  o f  h y d ro g en  
a n d  a zo te , a n d  th e  re la tiv e  w e ig h ts  o f  th e  tw o  a tom s a re  a s  1 :  5 , n e a r ly ; 3d . T h a t 
n itro u s  g a s  is  a  b in a ry  c o m p o u n d  o f  a z o te  a n d  o x y g e n , th e  a to m s o f  w h ic h  
w e ig h  5  a n d  7 re sp e c t iv e ly ; th a t  n itr ic  a c id  is  a  b in a ry  o r  te rn a ry  c o m p o u n d  a c 
c o rd in g  as i t  is  d e riv e d , a n d  c o n s is ts  o f  o n e  a to m  o f  a zo te  a n d  tw o  o f  o x y g e n , 
to g e th e r  w e ig h in g  19; th a t n itro u s  o x id e  is  a  c o m p o u n d  s im ila r  to  n itr ic  a c id , and  
c o n s is ts  o f  o n e  a to m  o f  o x y g e n  a n d  tw o  o f  a zo te , w eig h in g  17; th a t n itro u s  ac id  
is  a  b in a ry  c o m p o u n d  o f  n itr ic  a c id  a n d  n itro u s  gas, w eig h in g  3 1 ; th a t o xyn itr ic  
a c id  is  a  b in a ry  c o m p o u n d  o f  n i tr ic  a c id  a n d  o x y g e n , w e ig h in g  2 6 ; 4 th . T h a t c a r
b o n ic  o x id e  is  a  b in a ry  c o m p o u n d , c o n s is tin g  o f  o n e  a to m  o f  c h a rco a l, a n d  o n e  
o f  o x y g e n , to g e th e r  w e ig h in g  n e a r ly  12 ; th a t c a rb o n ic  a c id  is  a  te rn a ry  c o m 
p o u n d , (b u t  so m e tim es  b in a ry )  c o n s is tin g  o f  o n e  a to m  o f  c h a rco a l, a n d  tw o  o f  
o x y g e n , w e ig h in g  19; e tc . e tc . I n  a ll  th e se  case s  th e  w e ig h ts  a re  e x p re s se d  in  a t
o m s  o f  h y d ro g e n , e a c h  o f  w h ic h  is  d e n o te d  b y  un ity .

I n  th e  s e q u e l, th e  f a c ts  a n d  e x p e r im e n ts  f ro m  w h ic h  th e s e  c o n c lu s io n s  a re  
d e riv e d , w ill  b e  d e ta ile d ; a s  w e ll as a  g re a t v a rie ty  o f  o th e rs  f ro m  w h ic h  a re  in 
fe r re d  th e  c o n s titu t io n  a n d  w e ig h t o f  th e  u ltim a te  p a rtic le s  o f  th e  p r in c ip a l ac id s, 
th e  a lk a lis , th e  e a r th s , th e  m e ta ls , th e  m e ta l lic  o x id e s  a n d  su lp h u re ts , th e  long  
tr a in  o f  n e u tra l  sa lts , a n d  in  sh o r t, a ll  th e  c h e m ic a l co m p o u n d s  w h ic h  h a v e  h ith 
e rto  o b ta in e d  a  to le ra b ly  g o o d  a n a ly s is . S e v e ra l o f  th e  c o n c lu s io n s  w ill  b e  su p 
p o r te d  b y  o r ig in a l e x p e r im e n ts .

F r o m  th e  n o v e lty  as w e l l as im p o r ta n c e  o f  th e  id e a s  su g g e s te d  in  th is  c h a p 
te r ,  it  is  d e e m e d  e x p e d ie n t to  g iv e  p la te s , e x h ib itin g  th e  m o d e  o f  c o m b in a t io n  in 
so m e  o f  th e  m o re  s im p le  c ase s . A  sp e c im e n  o f  th e se  a cc o m p a n ie s  th is  f i r s t  pa rt. 
T h e  e le m e n ts  o r  a to m s  o f  su c h  b o d ie s  a re  c o n c e iv e d  a t p re se n t to  b e  s im p le , a re  
d e n o te d  b y  a  sm a ll c irc le , w ith  so m e  d is t in c t iv e  m a rk ; a n d  th e  c o m b in a tio n s  
c o n s is t  in  th e  ju x ta -p o s itio n  o f  tw o  o r  m o re  o f  th e se ; w h e n  th re e  o r  m o re  p a rti
c le s  o f  e la s t ic  f lu id s  a re  c o m b in e d  to g e th e r  in  o n e , it  is  to  b e  su p p o se d  th a t  th e  
p a r tic le s  o f  th e  sa m e  k in d  rep e l e a c h  o th e r,  a n d  th e re fo re  ta k e  th e ir  s ta tio n s  a c 
c o rd in g ly .
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M ic h a e l  F a r a d a y
C h e m ic a l  H is to r y  o f  a  C a n d le  to  W h ic h  is  A d d e d  A  L e c tu r e  o n  P l a t i n u m .

C h e m ic a l H is to r y  o f  a  C a n d le  to  W h ich  is  A d d e d  A  L e c tu re  o n  P la tin u m . E d ite d  
b y  W illia m  C ro o k e s. L o n d o n :  G riffin , B o h n , a n d  C o m p a n y , 1861 .

C a rb o n  o r  C h a rco a l— C o a l G as— R e sp ira t io n  a n d  its  A n a lo g y  to  th e  B u rn in g  o f  
a  C a n d le — C o n c lu s io n .

A  L a d y  w h o  h o n o u rs  m e  b y  h e r  p re se n c e  a t th e se  le c tu re s , has c o n fe rre d  a 
s ti ll  fu rth e r  o b lig a tio n  b y  s e n d in g  m e  th e s e  tw o  c an d le s , w h ic h  a re  f ro m  Ja p an , 
a n d , I  p re su m e , a re  m a d e  o f  th a t su b s ta n c e  to  w h ic h  I r e fe r re d  in  a fo rm e r  le c 
tu re . Y o u  se e  th a t  th e y  a re  e v e n  f a r  m o re  h ig h ly  o rn a m e n te d  th a n  th e  F re n ch  
c a n d le s , a n d , I s u p p o se , a re  c a n d le s  o f  lu x u ry , ju d g in g  f ro m  th e ir  ap p ea ra n ce . 
T h e y  h a v e  a  r e m a rk a b le  p e c u lia r ity  a b o u t th e m ; n a m ely , a  h o llo w  w ick ,— th a t 
b e a u tifu l p e c u lia r ity  w h ic h  A rg a n d  in tro d u c e d  in to  th e  lam p  a n d  m a d e  so  v a lu 
a b le . T o  th o se  w h o  re c e iv e  su c h  p re se n ts  f ro m  th e  E a s t, I  m a y  ju s t  sa y  th a t th is  
a n d  s u c h  lik e  m a te r ia ls , g ra d u a lly  u n d e rg o  a  c h a n g e  w h ic h  g iv e s  th e m  o n  th e  
su r fa c e  a  d u ll a n d  d e a d  a p p ea ra n ce ; b u t  th e y  m a y  e a s ily  b e  r e s to re d  to  th e ir  
o r ig in a l b e a u ty  i f  th e  su rfa ce  b e  ru b b e d  w ith  a  c le a n  c lo th  o r  s i lk  h a n d k erch ie f , 
s o  a s  to  p o l is h  th e  lit t le  ru g o s ity  o r  ro u g h n ess : th is  w ill  re s to re  th e  b e a u ty  o f  th e  
co lo u rs . I  h a v e  s o  ru b b e d  o n e  o f  th e s e  c an d le s , a n d  y o u  s e e  th e  d if fe re n c e  b e 
tw e e n  i t  a n d  th e  o th e r  w h ic h  h a s  n o t  b e e n  p o lis h e d , b u t w h ic h  m a y  b e  re s to re d  
b y  th e  s a m e  p ro ce ss . O b se rv e , a lso , th a t  th e se  m o u ld e d  c a n d le s  f ro m  Ja p a n  a re  
m a d e  m o re  c o n ic a l th a n  th e  m o u ld e d  c a n d le s  in  th is  p a r t  o f  th e  w o rld .

I to ld  y o u , w h e n  w e  la s t m e t, a  g o o d  d e a l a b o u t c a rb o n ic  a c id . W e  fo u n d  by  
th e  l im e -w a te r  te s t, th a t w h e n  th e  v a p o u r  f ro m  th e  to p  o f  th e  c a n d le  o r  la m p  w as 
re c e iv e d  in to  b o ttle s  a n d  te s te d  b y  th is  so lu t io n  o f  lim e-w a te r  ( th e  c o m p o s itio n  
o f  w h ic h  I  e x p la in e d  to  y o u , a n d  w h ic h  y o u  c a n  m a k e  fo r y o u rse lv e s ) , w e  h a d  
th a t w h ite  o p a c ity  w h ic h  w as  in  f a c t c a lc a re o u s  m a tte r, lik e  sh e lls  a n d  c o ra ls , 
a n d  m a n y  o f  th e  ro c k s  a n d  m in e ra ls  in  th e  e a r th . B u t I  h a v e  n o t y e t to ld  y o u  fu lly  
a n d  c le a rly  th e  c h e m ic a l h is to ry  o f  th is  su b s ta n c e , c a rb o n ic  a c id , a s  w e  h a v e  it 
f ro m  th e  c an d le , a n d  I  m u s t n o w  re su m e  th a t  su b je c t . W e  h a v e  s e e n  th e  p ro d 
u c ts , a n d  th e  n a tu re  o f  th e m , as th e y  is su e  f ro m  th e  c an d le . W e  h a v e  tr a c e d  th e  
w a te r  to  its  e le m e n ts , a n d  n o w  w e  h a v e  to  se e  w h ere  a re  th e  e le m e n ts  o f  th e  c a r 
b o n ic  a c id  s u p p lie d  b y  th e  can d le : a  few  e x p e r im e n ts  w ill  sh o w  th is . Y o u  r e -  
m e m b e r  th a t  w h e n  a  c a n d le  b u m s  b a d ly  it  p ro d u c e s  sm o k e ; b u t  i f  i t  is  b u rn in g  
w e ll, th e re  is  n o  sm o k e . A n d  y o u  k n o w  th a t  th e  b r ig h tn e ss  o f  th e  c a n d le  is  d u e  to  
th is  sm o k e , w h ic h  b e c o m e s  ig n ited . H e re  is  a n  e x p e r im e n t to  p ro v e  th is : so  lo n g  
a s  th e  s m o k e  re m a in s  in  th e  f la m e  o f  th e  c a n d le  a n d  b e c o m e s  ig n ite d  i t  g iv e s  a  
b e a u tifu l lig h t , a n d  n e v e r  a p p ea rs  to  u s  in  th e  fo rm  o f  b la c k  p a rtic le s . I  w ill  l ig h t  
so m e  fu e l, w h ic h  is  e x tra v a g a n t in  its  b u rn in g ; th is  w ill  s e rv e  o u r  p u rp o se — a  l i t 
t l e  tu rp e n tin e  o n  a  sp o n g e . Y o u  se e  th e  s m o k e  r is in g  f ro m  i t ,  a n d  flo a t in g  in to  
th e  a ir  in  la rg e  q u a n titie s ; a n d  re m e m b e r  n o w , th e  c a rb o n ic  a c id  th a t  w e  h a v e
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f ro m  th e  c a n d le  is  f ro m  su c h  sm o k e  a s  th a t. T o  m a k e  th a t e v id e n t to  y o u , I  w ill 
in tro d u c e  th is  tu rp en tin e  b u rn in g  o n  th e  sp o n g e  in to  a f la s k  w h e re  I  h a v e  p le n ty  
o f  o x y g e n , th e  r ic h  p a rt o f  th e  a tm o sp h e re , a n d  y o u  n o w  se e  th a t th e  sm o k e  is  a ll 
c o n su m e d . T h is  is  th e  f ir s t p a rt o f  o u r  e x p er im e n t, a n d  n o w  w h a t fo llo w s?  T h e  
c a rb o n  w h ic h  y o u  sa w  f ly in g  o f f  f ro m  th e  tu rp en tin e  f lam e  in  th e  a ir  is  n o w  e n 
ti r e ly  b u rn e d  in  th is  o x y g e n , a n d  w e  sh a ll f in d  th a t  it  w ill, b y  th is  r o u g h  a n d  te m 
p o ra ry  e x p e r im e n t, g iv e  u s  e x a c tly  th e  s a m e  c o n c lu s io n  a n d  re s u l t  as w e  h a d  
f ro m  th e  c o m b u s tio n  o f  th e  c an d le . T h e  re a so n  w h y  I  m a k e  th e  e x p e r im e n t in  
th is  m a n n e r  is  so le ly  th a t I  m a y  c a u s e  th e  s tep s o f  o u r  d e m o n s tra tio n  to  b e  so  
s im p le  th a t  y o u  c an  n e v e r  f o r  a  m o m e n t lo se  th e  tra in  o f  r e a so n in g , i f  y o u  o n ly  
p a y  a tten t io n . A ll th e  c a rb o n  w h ic h  is  b u rn e d  in  o x y g e n , o r  a ir ,  c o m es  o u t  as 
c a rb o n ic  a c id , w h ils t th o se  p a rtic le s  w h ic h  a re  n o t  so  b u rn e d  sh o w  y o u  th e  s e c 
o n d  su b s ta n c e  in  th e  c a rb o n ic  a c id ; n a m ely , th e  c a rb o n — th a t  b o d y  w h ic h  m a d e  
th e  f la m e  so  b r ig h t w h ils t th e re  w as  p le n ty  o f  a ir, b u t w h ic h  w a s  th ro w n  o f f  in  
e x c e s s  w h e n  th e re  w as  n o t  o x y g e n  e n o u g h  to  b u m  it.

I  h a v e  a lso  to  sh o w  y o u  a  l i t t le  m o re  d is t in c t ly , th e  h is to ry  o f  c a rb o n  a n d  
o x y g e n  in  th e ir  u n io n  to  m a k e  c a rb o n ic  a c id . Y o u  a re  n o w  b e tte r  a b le  to  u n d e r
s ta n d  th is  th a n  b e fo re , a n d  I h a v e  p re p a re d  th re e  o r  fo u r  e x p e r im e n ts  b y  w a y  o f  
illu s tra tio n . T h is  ja r  is  f i l le d  w ith  o x y g e n , a n d  h e re  is  so m e  c a rb o n  w h ic h  has 
b e e n  p la c e d  in  a  c ru c ib le , f o r  th e  p u rp o se  o f  b e in g  m a d e  red -h o t. I k e e p  m y  ja r  
d ry , a n d  v e n tu re  to  g iv e  y o u  a  r e s u l t  im p e rfe c t in  so m e  d e g re e , in  o rd e r  th a t  I 
m a y  m a k e  th e  e x p e r im e n t b r ig h te r. I  a m  a b o u t  to  p u t  th e  o x y g e n  a n d  th e  c a rb o n  
to g e th e r . T h a t  th is  is  c a rb o n  (co m m o n  c h a rc o a l p u lv e riz e d )  y o u  w il l  s e e  b y  th e  
w a y  in  w h ic h  it  b u m s  in  th e  a ir  [ le t tin g  so m e  o f  th e  r e d -h o t c h a rc o a l fa ll  o u t o f  
th e  c ru c ib le ]. I a m  n o w  a b o u t to  b u m  it in  o x y g e n  gas, a n d  lo o k  a t th e  d if fe r
e n ce . I t  m a y  a p p e a r  to  y o u  a t  a  d is ta n c e  a s  i f  i t  w ere  b u rn in g  w ith  a  f lam e; b u t it 
is  n o t  so . E v e ry  little  p ie c e  o f  c h a rc o a l is  b u rn in g  as a  sp a rk , a n d  w h ils t it  so  
b u m s  i t  is  p ro d u c in g  c a rb o n ic  ac id . I sp e c ia lly  w a n t th e s e  tw o  o r  th re e  e x p e r i
m e n ts  to  p o in t  o u t  w h a t I s h a ll  d w e ll u p o n  m o re  d is t in c t ly  b y  a n d  by — th a t  c a r 
b o n  b u m s  in  th is  w ay , a n d  n o t  a s  a  f lam e.

I n s te a d  o f  ta k in g  m a n y  p a rtic le s  o f  c a rb o n  to  b u m  I w il l  ta k e  a  r a th e r  la rge  
p ie c e , w h ic h  w ill e n a b le  y o u  to  se e  th e  fo rm  a n d  s iz e , a n d  to  tr a c e  th e  e ffec ts  
v e ry  d e c id e d ly . H ere  is th e  j a r  o f  o x y g e n , a n d  h e re  is  th e  p ie c e  o f  c h a rc o a l, to  
w h ic h  I h a v e  fa s ten e d  a  lit t le  p ie c e  o f  w o o d , w h ic h  I  c a n  s e t  f ir e  to ,  a n d  so 
c o m m e n c e  th e  c o m b u s tio n , w h ic h  I  c o u ld  n o t  c o n v e n ie n tly  d o  w ith o u t. Y o u  
n o w  se e  th e  c h a rco a l b u rn in g , b u t  n o t  a s  a  f la m e  ( o r  i f  th e re  b e  a  f la m e  it  is  th e  
sm a lle s t p o s s ib le  o n e , w h ic h  I  k n o w  th e  c a u se  o f ; n a m e ly , th e  fo rm a tio n  o f  a  li t
t l e  c a rb o n ic  o x id e  c lo se  u p o n  th e  su rfa c e  o f  th e  c arb o n ). I t  g o e s  o n  b u rn in g , y o u  
se e , s lo w ly  p r o d u c in g  c a rb o n ic  a c id  b y  th e  u n io n  o f  th is  c a rb o n  o r  c h a rc o a l ( th ey  
a re  e q u iv a le n t te rm s)  w ith  th e  o x y g e n . I h a v e  h e re  a n o th e r  p ie c e  o f  c h a rc o a l, a  
p ie c e  o f  b a rk , w h ic h  h a s  th e  q u a lity  o f  b e in g  b lo w n  to  p ie c e s— e x p lo d in g — a s  it  
b u m s . B y  th e  e ffe c t o f  th e  h e a t  w e  sh a ll re d u c e  th e  lu m p  o f  c a rb o n  in to  p a rtic le s  
th a t  w ill  f ly  o ff; s ti ll e v e ry  p a rtic le , e q u a lly  w ith  th e  w h o le  m a ss ,  b u m s  in  th is
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p e c u lia r  w ay — it b u rn s  as a c o a l a n d  n o t  lik e  a  f lam e. Y o u  o b se rv e  a  m u lt itu d e  
o f  li t t le  c o m b u s tio n s  g o in g  on , b u t  n o  flam e . I d o  n o t k n o w  a  f in e r  e x p e r im e n t 
th a n  th is  to  sh o w  th a t  c a rb o n  b u m s  w ith  a  spa rk .

H e re , th e n , is  c a rb o n ic  a c id  fo rm e d  f ro m  its  e lem e n ts . I t  is  p ro d u c e d  at 
o n c e ; a n d  i f  w e  e x a m in e d  i t  b y  lim e -w a te r, y o u  w ill se e  th a t  w e  h a v e  th e  sa m e  
su b s ta n c e  w h ic h  I h a v e  p re v io u s ly  d e sc r ib e d  to  y o u . B y  p u ttin g  to g e th e r  6 
p a r ts  o f  c a rb o n  b y  w e ig h t (w h e th e r  i t  c o m e s  f ro m  th e  f la m e  o f  a  c a n d le  o r  fro m  
p o w d e re d  c h a rc o a l)  a n d  16 p a rts  o f  o x y g e n  b y  w e ig h t, w e  h a v e  2 2  p a rts  o f  c a r 
b o n ic  a c id ; a n d , a s  w e  sa w  la s t  tim e , th e  2 2  p a r ts  o f  c a rb o n ic  a c id  c o m b in ed  
w ith  2 8  p a r ts  o f  lim e , p ro d u c e d  c o m m o n  c a rb o n a te  o f  lim e , I f  y o u  w ere  to  e x 
a m in e  a n  o y s te r -sh e ll a n d  w e ig h  th e  c o m p o n e n t p a rts , y o u  w o u ld  f in d  th a t e v ery  
5 0  p a rts  w o u ld  g iv e  6  o f  c a rb o n  a n d  16 o f  o x y g e n  c o m b in e d  w ith  28  o f  lim e. 
H o w e v e r, I  d o  n o t  w a n t to  t r o u b le  y o u  w ith  th e s e  m in u tiae ; i t  is  o n ly  th e  genera! 
p h i lo s o p h y  o f  th e  m a tte r  th a t w e  c an  n o w  go  in to . S e e  h o w  f in e ly  th e  c a rb o n  is 
d is so lv in g  a w a y  [p o in tin g  to  th e  lu m p  o f  c h a rc o a l b u rn in g  q u ie tly  in  th e  ja r  o f  
o x y g e n ]. Y o u  m a y  say  th a t  th e  c h a rc o a l is  a c tu a lly  d isso lv in g  in  th e  a ir  round  
a b o u t; a n d  i f  th a t  w ere  p e rfe c tly  p u re  c h a rc o a l, w h ic h  w e  c a n  e a s ily  p rep a re , 
th e re  w o u ld  b e  n o  re s id u e  w h a tev e r. W h e n  w e  h a v e  a  p e rfec tly  c le a n se d  a n d  p u 
r if ie d  p ie c e  o f  ca rb o n , th e re  is  n o  a sh  le ft . T h e  c a rb o n  b u m s  a s  a  so lid  d ense  
b o d y , th a t  h e a t  a lo n e  c a n n o t ch a n g e  a s  to  its  so lid ity , a n d  y e t it  p a s se s  a w a y  in to  
v a p o u r  th a t  n e v e r  c o n d en se s  in to  so lid  o r  liq u id  u n d e r  o rd in a ry  c irc u m sta n ce s ; 
a n d  w h a t  is  m o re  c u rio u s  s ti l l  is  th e  f a c t  th a t  th e  o x y g e n  d o e s  n o t  c h a n g e  in  its 
b u lk  b y  th e  s o lu t io n  o f  th e  c a rb o n  in  i t  J u s t  a s  th e  b u lk  is  a t f ir s t, so  i t  is  a t la st, 
o n ly  i t  h a s  b e c o m e  c a rb o n ic  acid .

T h e re  is  a n o th e r  e x p e r im e n t w h ic h  I m u s t g iv e  y o u  b e fo re  y o u  a re  fu lly  a c 
q u a in te d  w ith  th e  g e n e ra l n a tu re  o f  c a rb o n ic  a c id . B e in g  a  c o m p o u n d  b o d y , c o n 
s is t in g  o f  c a rb o n  a n d  o x y g e n , c a rb o n ic  a c id  is  a  b o d y  th a t w e  o u g h t to  b e  a b le  to 
ta k e  a su n d e r . A n d  so  w e  c an . A s  w e  d id  w ith  w a te r , so  w e  c a n  w ith  c a rb o n ic  
ac id ,— ta k e  th e  tw o  p a rts  a su n d er . T h e  s im p le s t a n d  q u ic k e s t w a y  is  to  a c t u p o n  
th e  c a rb o n ic  a c id  b y  a  su b s ta n c e  th a t c a n  a ttr a c t th e  o x y g e n  f ro m  it, a n d  le av e  
th e  c a rb o n  b e h in d . Y o u  r e c o lle c t th a t I  to o k  p o ta s s iu m  a n d  p u t  it  u p o n  w a te r  o r  
ic e , a n d  y o u  sa w  th a t  i t  c o u ld  ta k e  th e  o x y g e n  f ro m  th e  h y d ro g en . N o w , su p p o se  
w e  d o  s o m e th in g  o f  d ie  sa m e  k in d  h e re  w ith  th is  c a rb o n ic  a c id . Y o u  k n o w  c a r 
b o n ic  a c id  to  b e  a h e a v y  g a s: I  w ill n o t  te s t  it  w ith  lim e-w a te r, a s  th a t  w ill  in te r 
fe re  w ith  o u r  s u b se q u e n t e x p er im e n ts , b u t  I  th in k  th e  h e a v in e s s  o f  th e  g a s  a n d  
th e  p o w e r  o f  e x t in g u ish in g  f lam e  w ill  b e  su f fic ie n t fo r  o u r  p u rp o se . I in tro d u c e  a 
f la m e  in to  th e  g a s , a n d  y o u  w ill  s e e  w h e th e r  i t  w ill  b e  p u t o u t. Y o u  se e  th e  lig h t 
is  e x tin g u ish e d . In d ee d , th e  g a s  m a y , p e rh a p s , p u t o u t p h o sp h o ru s , w h ic h  y o u  
k n o w  h a s  a  p re tty  s tro n g  c o m b u s tio n . H e re  is  a  p ie c e  o f  p h o sp h o ru s  h e a te d  to  a 
h ig h  d e g re e . I  in tro d u c e  i t  in to  g a s , a n d  y o u  o b se rv e  th e  lig h t is  p u t o u t,  b u t  it 
w il l  ta k e  f ir e  a g a in  in  th e  a ir, b e c a u se  th e re  it  re -e n te rs  in to  c o m b u s tio n . N o w  le t 
m e  ta k e  a  p ie c e  o f  p o ta ss iu m , a  su b s ta n c e  w h ic h  e v e n  a t  c o m m o n  te m p e ra tu re s  
c a n  a c t  u p o n  c a rb o n ic  ac id , th o u g h  n o t su ffic ie n tly  fo r  o u r  p re se n t p u rp o se , b e 
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c a u s e  it  so o n  g e ts  co v ered  w ith  a  p ro te c tin g  c o a t; b u t i f  w e  w a rm  i t  u p  to  th e  
b u rn in g  p o in t  in  a ir , as w e  h a v e  a  f a ir  r ig h t to  do , a n d  as w e  h a v e  d o n e  w ith  
p h o sp h o ru s , y o u  w ill  see  th a t  i t  c a n  b u m  in  c a rb o n ic  a c id ; a n d  i f  i t  b u m s , it  w ill 
b u m  b y  ta k in g  o x y g e n , so  th a t  y o u  w ill  se e  w h a t is  le ft b e h in d . I  a m  g o in g , th e n , 
to  b u m  th is  p o ta s s iu m  in  th e  c a rb o n ic  a c id , a s  a  p ro o f  o f  th e  e x is te n c e  o f  o x y g e n  
in  th e  c a rb o n ic  ac id . [In  th e  p re lim in a ry  p ro c e ss  o f  h e a tin g  th e  p o ta s s iu m  e x 
p lo d e d .]  S o m etim es  w e  g e t an  a w k w a rd  p ie c e  o f  p o ta ss iu m  th a t  e x p lo d e s , o r  
s o m e th in g  lik e  it, w h en  it  b u m s . I  w ill  ta k e  a n o th e r  p ie ce , a n d  n o w  th a t  i t  is 
h e a te d  I in tro d u c e  it  in to  th e  ja r ,  a n d  y o u  p e rc e iv e  th a t i t  b u m s  in  th e  c a rb o n ic  
a c id — n o t so  w e ll a s , in  th e  a ir , b e c a u se  th e  c a rb o n ic  a c id  c o n ta in s  th e  o x y g e n  
co m b in e d , b u t  i t  d o e s  b u m , a n d  ta k e s  a w a y  th e  o x y g e n . I f  I  n o w  p u t  th is  p o ta s 
s iu m  in to  w a te r , I  f in d  th a t b e s id e s  th e  p o ta sh  fo rm e d  (w h ich  y o u  n e e d  n o t  t ro u 
b le  a b o u t)  th e re  is  a  q u a n tity  o f  c a rb o n  p ro d u ce d . I  h a v e  h e re  m a d e  th e  e x p e r i
m e n t  in  a  v e ry  ro u g h  w ay , b u t  I  a s su re  y o u  th a t  i f  I  w ere  to  m a k e  it  c a re fu lly , 
d e v o tin g  a  d a y  to  it, in s tea d  o f  f iv e  m in u te s , w e  sh o u ld  g e t  a ll th e  p ro p e r  a m o u n t 
o f  c h a rc o a l le ft  in  th e  sp o o n , o r  in  th e  p la c e  w h e re  th e  p o ta ss iu m  w a s  b u rn e d , so 
th a t  th e re  c o u ld  b e  n o  d o u b t  as to  th e  re su l t. H e re , th e n , is th e  c a rb o n  o b ta in e d  
f ro m  th e  c a rb o n ic  ac id , as a  c o m m o n  b la c k  su b s ta n c e ; so  th a t y o u  h a v e  th e  e n 
ti r e  p r o o f  o f  th e  n a tu re  o f  c a rb o n ic  a c id  a s  c o n s is tin g  o f  c a rb o n  a n d  o x y g e n . A n d  
n o w , I  m a y  te ll  y o u , th a t  w h e n e v e r  c a rb o n  b u m s  u n d e r  c o m m o n  c irc u m sta n ce s , 
i t  p ro d u c e s  c a rb o n ic  acid .

S u p p o s e  I  ta k e  th is  p ie c e  o f  w o o d , a n d  p u t  i t  in to  a  b o ttle  w ith  lim e -w a te r. I  
m ig h t s h a k e  th a t lim e-w a te r  u p  w ith  w o o d  a n d  th e  a tm o sp h e re  a s  lo n g  a s  I  
p le a se d , it  w o u ld  s ti ll re m a in  c le a r  a s  y o u  se e  it;  b u t  su p p o se  I b u m  th e  p ie c e  o f  
w o o d  in  th e  a ir  o f  th a t b o ttle . Y o u , o f  c o u rse , k n o w  I  g e t  w ater. D o  I  g e t  c a r 
b o n ic  a c id ?  [T h e  e x p e r im e n t w a s  p e rfo rm e d .]  T h e re  it  is , y o u  see— th a t is  to  say, 
th e  c a rb o n a te  lim e , w h ic h  re su l ts  f ro m  c a rb o n ic  a c id , a n d  th a t c a rb o n ic  a c id  
m u s t b e  fo rm e d  f ro m  th e  c a rb o n  w h ic h  c o m es  f ro m  th e  w ood , f ro m  th e  c a n d le , 
o r  a n y  o th e r  th in g . In d ee d , y o u  h a v e  y o u rse lv e s  fre q u en tly  tr ie d  a  v e ry  p re tty  
e x p e r im e n t, b y  w h ic h  y o u  m a y  se e  th e  c a rb o n  in  w o o d . I f  y o u  ta k e  a  p ie c e  o f  
w o o d , a n d  p a rtly  b u m  it, a n d  th e n  b lo w  i t  o u t, y o u  h av e  c a rb o n  le ft. T h e r e  are  
th in g s  th a t  d o  n o t  sh o w  c a rb o n  in  th is  w ay . A  c a n d le  d o e s  n o t  s o  sh o w  it, b u t  it 
c o n ta in s  ca rb o n . H e re  a lso  is  a  j a r  o f  c o a l-g as , w h ic h  p ro d u c e s  c a rb o n ic  a c id  
a b u n d a n tly ,— y o u  d o  n o t  se e  th e  c a rb o n , b u t  w e  c a n  so o n  sh o w  i t  to  y o u . I  w ill 
l ig h t  it, a n d  a s  lo n g  a s  th e re  is  a n y  g a s  in  th is  c y lin d e r  i t  w ill  g o  o n  b u rn in g . Y o u  
se e  n o  c a rb o n , b u t  y o u  se e  a  f lam e , a n d  b e c a u se  th a t  is  b r ig h t  i t  w il l  le a d  y o u  to  
g u e s s  th a t  th e re  is  c a rb o n  in  th e  f la m e . B u t I  w ill  sh o w  i t  to  y o u  b y  a n o th e r  p ro c 
e ss . I  h a v e  so m e  o f  th e  s a m e  g a s  in  a n o th e r  v e s se l , m ix e d  w ith  a  b o d y  th a t  w ill 
b u m  th e  h y d ro g e n  o f  th e  g a s , b u t  w il l  n o t  b u m  th e  c a rb o n . I  w ill  l ig h t  th e m  w ith  
a  b u rn in g  ta p e r ,  a n d  y o u  p e rc e iv e  th e  h y d ro g e n  is  c o n su m ed , b u t  n o t  th e  ca rb o n , 
w h ic h  is  le ft  b e h in d  a s  a  d e n se  b la c k  sm o k e . I  h o p e  th a t b y  th e s e  th re e  o r  fo u r  
e x p e r im e n ts  y o u  w ill  le a m  to  s e e  w h e n  c a rb o n  is  p rese n t, a n d  u n d e rs ta n d  w h a t
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a re  th e  p ro d u c ts  o f  c o m b u s tio n , w h e n  gas o r  o th e r  b o d ie s  a re  th o ro u g h ly  b u rn ed  
in  th e  a ir.

B e fo re  w e  le a v e  th e  su b je c t o f  c a rb o n , le t u s  m a k e  a  f e w  e x p e r im e n ts  and  
rem a rk s  u p o n  its  w o n d e rfu l c o n d itio n , as re sp e c ts  o rd in a ry  c o m b u s tio n . I  h av e  
sh o w n  y o u  th a t th e  c a rb o n  in  b u rn in g  b u m s  o n ly  a s  a  so lid  b o d y , a n d  y e t y o u  
p e rc e iv e  th a t,  a f te r  it  is  b u rn ed , i t  c ea ses  to  b e  a  so lid . T h e re  a re  v e ry  fe w  fuels 
th a t a c t lik e  th is . I t  is  in  f a c t o n ly  th a t  g rea t so u rce  o f  fu e l, th e  c a rb o n a c e o u s  se
r ies , th e  c o a ls , c h a rc o a ls , a n d  w o o d s , th a t c a n  d o  it. I  d o  n o t  k n o w  th a t  the re  
is  a n y  o th e r  e le m e n ta ry  su b s ta n c e  b e s id es  c a rb o n  th a t  b u m s  w ith  th e se  co n d i
tio n s ; a n d  i f  it  h a d  n o t  I  b e e n  so , w h a t w o u ld  h a p p e n  to  u s?  S u p p o s e  a ll fu e l had  
b e en  lik e  iro n  w h ic h , w h e n  i t  b u m s , i t  b u m s  in to  a  so lid  su b s ta n c e . W e  c o u ld  no t 
th e n  h a v e  su c h  a  c o m b u s tio n  a s  y o u  h a v e  in  th is  f irep la ce . H e re  a lso  is  a no ther 
k in d  o f  fu e l w h ic h  b u m s  v e ry  w ell— a s  w e ll a s , i f  n o t  b e tte r ,  th a n  carbon— so 
w e ll, in d e ed , a s  to  ta k e  f ire  o f  i t s e lf  w h e n  i t  is  in  th e  a ir , a s  y o u  see . [B rea k in g  a 
tu b e  fu ll o f  le a d  p y ro p h o ru s .]  T h is  su b s ta n c e  is  le ad , a n d  y o u  se e  h o w  w o n d er
fu lly  c o m b u s tib le  it  is. I t  is  v e ry  m u c h  d iv id e d , a n d  is  lik e  a  h e a p  o f  c o a ls  in  th e  
f ire -p lac e : th e  a ir  c a n  g e t to  its  su rfa ce  a n d  in s id e , a n d  so  it  b u m s . B u t  w h y  does 
it  n o t b u m  in  th a t w a y  n o w  w h e n  it  is  ly in g  in  a  m a ss?  [E m p ty in g  th e  c o n te n ts  o f  
th e  tu b e  in  a  h e a p  o n  to  a  p la te  o f  iron .]  S im p ly  b e c a u se  th e  a ir  c a n n o t g e t to  it. 
T h o u g h  it  c a n  p ro d u c e  a  g re a t h e a t, th e  g re a t h e a t w h ic h  w e  w a n t in  o u r  fu rnaces 
a n d  u n d e r  o u r  b o ile rs , s till th a t w h ic h  is  p ro d u c e d  c a n n o t g e t  a w a y  f ro m  th e  
p o r tio n  w h ic h  r e m a in s  u n b u m e d  u n d e rn e a th , a n d  th a t  p o r tio n , th e re fo re , is  p re 
v e n te d  f ro m  c o m in g  in  c o n ta c t w ith  th e  a tm o sp h e re , a n d  c a n n o t b e  c o n su m ed . 
H o w  d if fe re n t is  th a t  f ro m  carbon ! C a rb o n  b u m s  j u s t  in  th e  s a m e  w a y  a s  th is  
le a d  d o es, a n d  s o  g iv e s  a n  in te n se  f ire  in  th e  fu rn a ce , o r  w h e re v e r  y o u  ch o o se  
to  b u m  it; b u t  th e n  th e  b o d y  p ro d u ce d  b y  its  c o m b u s tio n  p a s se s  a w a y , a n d  th e  
rem a in in g  c a rb o n  is le ft  c lea r. I sh o w ed  y o u  h o w  c a rb o n  w e n t o n  d isso lv in g  in 
th e  o x y g e n , le a v in g  n o  a sh ; w h erea s , h e re  [p o in tin g  to  th e  h e a p  o f  p y ro p h o ru s] 
w e  h a v e  a c tu a lly  m o re  a sh  th a n  fu el, fo r  it  is  h e a v ie r  b y  th e  a m o u n t o f  th e  o x y 
g e n  w h ic h  has u n ite d  w ith  it. T h u s  y o u  see  th e  d if fe re n c e  b e tw e e n  carbon  
a n d  le a d  o r  iro n : i f  w e  c h o se  iron , w h ic h  g iv e s  so  w o n d erfu l a  r e su l t in  o u r  a p 
p lic a t io n s  o f  th is  fu e l, e i th e r  as lig h t o r  h e a t. If, w h e n  th e  c a rb o n  b u rn t, th e  p ro d 
u c t w e n t o f f  a s  a  so lid  b o d y , y o u  w o u ld  h av e  h a d  th e  ro o m  f ille d  w ith  an  op aq u e  
su b s ta n c e , a s  in  th e  c ase  o f  d ie  p h o sp h o ru s ; b u t w h e n  c a rb o n  b u m s , e v e ry th in g  
p a sses up  in to  th e  a tm o sp h e re . I t  is  in  a  f ix ed , a lm o s t u n c h a n g e a b le  co n d itio n  
b e fo re  th e  co m b u s tio n ; b u t  a fte rw a rd s  it  is in  th e  fo rm  o f  g a s , w h ic h  it  is  v e ry  
d if f icu lt ( th o u g h  w e  h a v e  su c ce ed e d )  to  p ro d u c e  in  a  so lid  o r  l iq u id  s ta te .

N o w  I m u s t ta k e  y o u  to  a  v e ry  in te re s tin g  p a r t  o f  o u r  su b je c t— to  th e  re la 
tio n  b e tw ee n  th e  c o m b u s tio n  o f  a  c a n d le  a n d  th a t  l iv in g  k in d  o f  c o m b u s tio n  
w h ic h  g o e s  o n  w ith in  u s . I n  e v e ry  o n e  o f  u s  th e re  is  a  l iv in g  p ro c e s s  o f  co m b u s
tio n  g o in g  o n  v e ry  s im ila r  to  th a t o f  a  can d le , a n d  I  m u s t  t ry  to  m a k e  th a t p la in  to  
y o u . F o r  i t  is  n o t m e re ly  tru e  in  a  p o e tica l sense— th e  r e la tio n  o f  th e  life  o f  m an  
to  a  ta p er; a n d  i f  y o u  w il l  fo llow , I th in k  I c an  m a k e  th is  c lea r. I n  o rd e r  to  m a k e
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th e  re la tio n  v e ry  p la in , I  h a v e  d e v ised  a  lit tle  a p p ara tu s w h ic h  w e  c an  so o n  b u ild  
up b e fo re  y o u . H ere  is  a  b o a rd  a n d  a  g ro o v e  c u t in  it, a n d  I  c an  c lo se  th e  groove  
a t th e  to p  p a r t  b y  a  lit t le  c o v er; I  c an  th e n  c o n tin u e  th e  g ro o v e  a s  a  ch an n e l by  a 
g lass tu b e  a t e a c h  e n d , th e re  b e in g  a  fre e  p a ssag e  th ro u g h  th e  w h o le . S u p p o se  I 
take  a  ta p e r  o r  c a n d le  (w e  c a n  n o w  b e  lib e ra l in  o u r  u se  o f  th e  w o rd  "cand le,"  
s ince  w e  u n d e rs tan d  w h a t it  m e an s) , a n d  p la c e  it in  o n e  o f  th e  tu b e s ; i t  w ill go 
on, y o u  se e , b u rn in g  v e ry  w e ll. Y o u  o b se rv e  th a t th e  a ir  w h ic h  fe e d s  th e  f lam e 
passes  d o w n  th e  tu b e  a t o n e  e n d , th e n  g o e s a lo n g  th e  h o r iz o n ta l tu b e , a n d  a s 
c en d s th e  tu b e  a t th e  o th e r  e n d  in  w h ic h  th e  ta p e r  is  p la c e d . I f  I  s to p  th e  a pertu re  
th ro u g h  w h ic h  th e  a ir  e n te rs , I  sto p  c o m b u s tio n , a s  y o u  p e rc e iv e . I sto p  th e  su p 
p ly  o f  a ir , a n d  c o n se q u e n tly  th e  c a n d le  g o e s o u t. B u t n o w  w h a t w ill  y o u  th in k  o f  
th is  fac t?  In  a  fo rm e r  e x p e r im e n t I sh o w ed  y o u  th e  a ir  g o in g  fro m  o n e  b u rn in g  
can d le  to  a  se c o n d  c an d le . I f  I to o k  th e  a ir  p ro ce ed in g  f ro m  a n o th e r  c and le , and  
se n t it  do w n  b y  a  c o m p lic a te d  a rran g e m e n t in to  th is  tu b e , I  sh o u ld  p u t th is  b u rn 
ing  can d le  o u t. B u t w h a t w ill  y o u  sa y  w h e n  I te ll  y o u  th a t m y  b re a th  w ill p u t  o u t 
th a t c an d le ?  I d o  n o t m e a n  b y  b lo w in g  a t a ll, b u t s im p ly  th a t  th e  n a tu re  o f  m y 
brea th  is  su c h  th a t a  c a n d le  c a n n o t b u m  in  it. I  w ill n o w  h o ld  m y  m o u th  o v e r  th e  
a p e rtu re , a n d  w ith o u t b lo w in g  th e  f lam e  in  a n y  w ay , le t no  a ir  e n te r  th e  tu b e  bu t 
w h at c o m es  f ro m  m y  m o u th . Y o u  see  th e  resu lt. I d id  n o t b lo w  th e  c a n d le  ou t. I 
m e re ly  le t th e  a ir  w h ic h  I  e x p ire d  p a s s  in to  th e  a p e rtu re , a n d  th e  re su l t w as  th a t 
th e  lig h t w e n t o u t fo r w a n t  o f  o x y g e n , and  fo r  no  o th e r  re a so n . S o m eth in g  or 
o the r— n a m e ly , m y  lu n g s— h a d  ta k e n  a w a y  th e  o x y g e n  f ro m  th e  a ir , a n d  th e re  
w as no  m o re  to  s u p p ly  th e  c o m b u s tio n  o f  th e  candle . I t  is , I th in k , v e ry  p re tty  to  
see  th e  tim e  it  ta k e s  b e fo re  th e  b a d  a ir  w h ic h  I  th ro w  in to  th is  p a rt o f  th e  a p p a ra 
tu s  has r e a c h e d  th e  c a n d le . T h e  c an d le  a t f i r s t  g o e s o n  b u rn in g , b u t so so o n  as 
th e  a ir  h a s  h a d  tim e  to  re a c h  it  g o e s o u t. A n d  n o w  I w ill sh o w  y o u  a n o th e r  e x 
p e rim en t, b e c a u se  th is  is  a n  im p o rta n t p a rt o f  o u r  ph ilo so p h y . H ere  is  a j a r  w h ic h  
c o n ta in s  fre sh  a ir, a s  y o u  c a n  see  by  th e  c irc u m sta n ce  o f  a  c a n d le  o r  ga s-lig h t 
b u rn in g  it. I  m a k e  i t  c lo se  fo r  a lit tle  tim e , a n d  b y  m e an s  o f  a  p ip e  I ge t m y 
m o u th  o v e r  it  so  th a t  I  c a n  in h a le  th e  a ir. B y  p u ttin g  it  o v e r  w a te r , in  th e  w ay  
th a t y o u  see , I  a m  a b le  to  d ra w  u p  th is  a ir  ( su p p o s in g  th e  c o rk  to  b e  qu ite  tig h t), 
take  it  in to  m y  lu n g s , a n d  th ro w  it  b a c k  in to  th e  ja r :  w e  c an  th e n  e x am in e  it, and  
see  th e  re su l t. Y o u  o b se rv e , I f irs t ta k e  up  th e  a ir , a n d  th e n  th ro w  it  b ack , a s  is 
e v id e n t fro m  th e  a sc e n t a n d  d e sc e n t o f  th e  w ater, a n d  n o w , by  p u ttin g  a  ta p e r  
in to  th e  a ir , y o u  w ill  se e  th e  s ta te  in  w h ic h  it  is  by  th e  lig h t b e in g  ex tin g u ish e d . 
E v en  o n e  in sp ira tio n , y o u  se e , h a s  c o m p le te ly  s p o ile d  th is  a ir, so  th a t  it is  no  u se  
m y  try in g  to  b re a th e  it  a  se c o n d  tim e . N o w  y o u  u n d e rs ta n d  th e  g ro u n d  o f  the  
im p ro p r ie ty  o f  m a n y  o f  th e  a rran g e m e n ts  a m o n g  th e  h o u se s  o f  th e  p o o re r  
c la sses , b y  w h ic h  th e  a ir  is  b re a th e d  o v e r  a n d  o v e r  a g a in , fo r  th e  w a n t o f  a  su p 
p ly , b y  m e an s  o f  p r o p e r  v e n tila tio n , su ffic ie n t to  p ro d u c e  a  g o o d  re su l t. Y o u  see  
h o w  b a d  th e  a ir  b e c o m e s  b y  a  s in g le  b re a th in g ; so  th a t  y o u  c an  e as ily  u n d e rs tan d  
h o w  e ssen tia l f re sh  a ir  is  to  us.
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T o  p u rs u e  th is  a  li t t le  fu rth er, le t u s  se e  w h a t w ill  h a p p e n  w ith  lim e-w a te r. 
H e re  is  a  g lo b e  w h ic h  c o n ta in s  a  li t t le  lim e-w a te r, a n d  it  is  so  a rra n g e d  as r e 
g a rd s  th e  p ip e s , a s  to  g iv e  a cc ess  to  th e  a ir  w ith in , so  th a t  w e  c an  a sc e rta in  th e  
e f fe c t  o f  r e s p i re d , o r  u n re sp ire d  a ir  u p o n  it. O f  c o u rse  I  c an  e ith e r  d ra w  in  air, 
a n d  so  m a k e  th e  a ir  th a t fee d s  m y  lu n g s  g o  th ro u g h  th e  lim e-w a te r, o r  I c an  fo rc e  
th e  a ir  o u t  o f  m y  lu n g s  th ro u g h  th e  tu b e , w h ic h  g o e s  to  th e  b o tto m , a n d  so  show  
its  e f fe c t  u p o n  th e  lim e-w a te r. Y o u  w ill o b se rv e  th a t  h o w e v e r  lo n g  I d raw  th e  
e x te rn a l  a ir  in to  th e  lim e-w a te r, a n d  th e n  th ro u g h  it  to  m y  lu n g s , I  sh a ll p ro d u ce  
n o  e f fe c t  u p o n  th e  w a te r— it w ill n o t m a k e  th e  l im e -w a te r  tu rb id ; b u t  i f  I  th row  
th e  a ir  f r o m  m y  lu n g s  th ro u g h  th e  lim e -w a te r, se v e ra l tim es  in  su c ce ss io n , y o u  
se e  h o w  w h ite  a n d  m ilk y  th e  w a te r  is  g e ttin g , sh o w in g  th e  e ffe c t w h ic h  e x p ire d  
a ir  h a s  h a d  u p o n  it;  a n d  n o w  y o u  b e g in  to  k n o w  th a t th e  a tm o sp h e re  w h ic h  w e  
h a v e  sp o ile d  b y  r e sp i ra tio n  is  sp o ile d  b y  c a rb o n ic  a c id , fo r  y o u  se e  i t  h e re  in 
c o n ta c t w ith  th e  lim e-w a te r.

1 h a v e  h e re  tw o  b o ttle s , o n e  c o n ta in in g  lim e -w a te r  a n d  th e  o th e r  c o m m o n  
w a te r , a n d  tu b e s  w h ic h  p a ss  in to  th e  b o ttle s  a n d  c o n n e c t th e m . T h e  a p p a ra tu s  is 
v e ry  ro u g h , b u t  i t  is  u se fu l n o tw ith s tan d in g . I f  I ta k e  th e s e  tw o  b o ttle s , in h a lin g  
h e re  a n d  e x h a lin g  th e re , th e  a rra n g e m e n t o f  th e  tu b e s  w ill  p re v e n t  th e  a ir  go in g  
b a c k w a rd s . T h e  a ir  c o m in g  in  w ill  g o  to  m y  m o u th  a n d  lu n g s , a n d  in  g o in g  ou t, 
w ill  p a s s  th ro u g h  th e  lim e -w a te r, so  th a t  I c a n  g o  o n  b re a th in g  a n d  m a k in g  an 
e x p e r im e n t,  v e ry  re f in e d  in  its  n a tu re , a n d  v e ry  g o o d  in  its  re su l ts . Y o u  w ill o b 
s e rv e  th a t  th e  g o o d  a ir  h a s  d o n e  n o th in g  to  th e  lim e-w a te r; in  th e  o th e r  case  
n o th in g  h a s  c o m e  to  th e  lim e-w a te r  b u t  m y  re sp ira tio n , a n d  y o u  se e  th e  d if fe r
e n c e  in  th e  tw o  c ase s .

L e t  u s  n o w  g o  a  lit t le  fu rth e r. W h a t is  a ll  th is  p ro c e ss  g o in g  o n  w ith in  us 
w h ic h  w e  c a n n o t  d o  w ith o u t, e ith e r  d a y  o r  n ig h t, w h ic h  is  so  p r o v id e d  f o r  b y  th e  
A u th o r  o f  a ll  th in g s  th a t H e  h a s  a rra n g e d  th a t it  sh a ll b e  in d e p e n d e n t o f  a ll w ill?  
I f  w e  re s t ra in  o u r  r e sp ira tio n , as w e  c a n  to  a  c e r ta in  e x te n t, w e  s h o u ld  d e s tro y  
o u rse lv e s . W h e n  w e  a re  a s lee p , th e  o rg a n s  o f  r e sp ira tio n  a n d  th e  p a r ts  th a t a re  
a s so c ia te d  w ith  th e m , s till g o  o n  w ith  th e ir  a c tio n , so  n e ce ssa ry  is  th is  p ro c e s s  o f  
r e sp i ra tio n  to  u s , th is  c o n ta c t o f  th e  a ir  w ith  th e  lu n g s . I  m u s t te ll  y o u , in  th e  
b r ie fe s t  p o s s ib le  m a n n er , w h a t th is  p ro c e ss  is . W e  c o n su m e  fo o d : th e  fo o d  goes 
th ro u g h  th a t  s tra n g e  s e t  o f  v e s se ls a n d  o rg a n s  w ith in  u s, a n d  is b ro u g h t in to  v a r i
o u s  p a r ts  o f  th e  sy s te m , in to  th e  d ig e s tiv e  p a rts  e sp ec ia l ly ; a n d  a lte rn a te ly  th e  
p o r tio n  w h ic h  is  so  c h a n g e d  is  c a r rie d  th ro u g h  o u r  lu n g s  b y  o n e  se t o f  ve sse ls , 
w h ile  th e  a ir  th a t  w e  in h a le  a n d  e x h a le  is  d ra w n  in to  a n d  th ro w n  o u t  o f  th e  lungs 
b y  a n o th e r  s e t  o f  v e sse ls , s o  th a t  th e  a ir  a n d  th e  fo o d  c o m e  d o se  to g e th e r , s e p a 
ra te d  o n ly  b y  a n  e x c e e d in g ly  th in  su rfa ce : th e  a ir  c a n  th u s  a c t  u p o n  th e  b lo o d  by  
th is  p ro c e s s ,  p ro d u c in g  p rec ise ly  th e  s a m e  re su l ts  in  k in d  as w e  h a v e  s e e n  in  th e  
c a s e  o f  th e  c a n d le . T h e  c a n d le  co m b in es  w ith  p a r ts  o f  th e  a ir , fo rm in g  c a rb o n ic  
a c id , a n d  e v o lv e s  h e a t; so  in  th e  lu n g s  th e re  is  th is  c u rio u s , w o n d e rfu l c h an g e  
ta k in g  p la c e . T h e  a ir  e n te r in g , c o m b in es  w ith  th e  c a rb o n  (n o t c a rb o n  in  a  fre e  
s ta te , b u t ,  a s  in  th is  case , p la c e d  rea d y  fo r  a c tio n  a t  th e  m o m e n t) , a n d  m a k e s  c a r 
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b o n ic  a c id , a n d  is  so  th ro w n  o u t  in to  th e  a tm o sp h e re , a n d  th u s  th is  s in g u la r  resu lt 
ta k e s  p la c e ; w e  m a y  th u s  lo o k  u p o n  th e  fo o d  a s  fu el. L e t m e  ta k e  th a t p ie c e  o f  
su g a r, w h ic h  w il l  se rv e  m y  p u rp o se . I t  is  a  c o m p o u n d  o f  c arb o n , h y d ro g en , and  
o x y g e n , s im ila r  to  a  c a n d le , as c o n ta in in g  th e  sa m e  e lem e n ts , th o u g h  n o t  in  th e  
sa m e  p r o p o r t io n ; th e  p ro p o rt io n s  b e in g  a s  s h o w n  in  th is  ta b le :—

T h is  is , in d e e d  a  v e ry  c u rio u s  th in g , w h ic h  y o u  c a n  w e ll rem e m b e r, fo r  th e  
o x y g e n  a n d  h y d ro g e n  a re  in  e x a c tly  th e  p ro p o rt io n s  w h ic h  fo rm  w a te r , s o  th a t 
su g a r  m a y  b e  s a id  to  b e  c o m p o u n d e d  o f  7 2  p a rts  o f  c a rb o n  a n d  99  pa rts  o f  w ater; 
a n d  i t  is th e  c a rb o n  in  th e  su g a r  th a t  c o m b in e s  w ith  th e  o x y g e n  c a r rie d  in  b y  th e  
a ir  in  th e  p ro c e s s  o f  r e sp ira tio n , s o  m a k in g  u s  lik e  c an d le s ; p ro d u c in g  th e se  ac 
tio n s , w a rm th , a n d  f a r  m o re  w o n d e rfu l r e su l ts  b e s id es , f o r  th e  su s te n a n ce  o f  th e  
sy ste m , b y  a  m o s t  b e a u tifu l a n d  s im p le  p ro c e s s . T o  m a k e  th is  s till m o re  s tr ik in g , 
I  w ill  ta k e  a  lit t le  su g a r; o r  to  h a s te n  th e  e x p e r im e n t I  w ill u s e  so m e  sy ru p , 
w h ic h  c o n ta in s  a b o u t th re e -fo u r th s  o f  su g a r  a n d  a  little  w ater. I f  I  p u t a  l i t t le  o il  
o f  v itr io l o n  i t ,  i t  ta k es  a w a y  th e  w a te r , a n d  le a v e s  th e  c a rb o n  in  a  b la c k  m ass. 
[T h e  L e c tu r e r  m ix e d  th e  tw o  to g e th e r .]  Y o u  see  h o w  th e  c a rb o n  is  c o m in g  o u t, 
a n d  b e fo re  lo n g  w e  sh a ll h a v e  a  so lid  m a ss  o f  c h a rc o a l, a ll o f  w h ic h  h a s  co m e  
o u t o f  su g a r. S u g a r , a s  y o u  k n o w , is  fo o d , a n d  h e re  w e  h a v e  a b so lu te ly  a  so lid  
lu m p  o f  c a r b o n  w h ere  y o u  w o u ld  n o t  h a v e  e x p e c te d  it. A n d  i f  I  m a k e  a rra n g e 
m e n ts  so  a s  to  o x id iz e  th e  c a rb o n  o f  su g a r, w e  sh a ll h a v e  a  m u c h  m o re  s tr ik in g  
re su l t. H e r e  is  su g a r, a n d  I h a v e  h e re  an  o x id iz e r— a  q u ic k e r  o n e  th a n  th e  a tm o s 
ph e re ; a n d  so  w e  sh a ll o x id iz e  th is  fu e l b y  a  p ro c e s s  d if fe re n t f ro m  re sp ira tio n  in  
its  fo rm , th o u g h  n o t  d if f e re n t in  its  k in d . I t  is  th e  c o m b u s tio n  o f  th e  c a rb o n  b y  
th e  c o n ta c t  o f  o x y g e n  w h ic h  th e  b o d y  h a s  su p p lied  to  it. I f  I se t th is  in to  a c tio n  a t 
on c e , y o u  w ill  se e  c o m b u s tio n  p ro d u c e d . J u s t  w h a t o c c u rs  in  m y  lu n g s— ta k in g  
in  o x y g e n  f ro m  a n o th e r  so u rce , n a m e ly , th e  a tm o sp h e re , ta k es  p la c e  h e re  b y  a 
m o re  ra p id  p ro ce ss .

Y o u  w il l  b e  a s to n ish e d  w h e n  1 te ll  y o u  w h a t th is  c u rio u s  p la y  o f  c a rb o n  
a m o u n ts  to . A  c a n d le  w ill  b u m  so m e  fo u r, f iv e , s ix , o r  se v en  h o u rs . W h a t th e n  
m u s t b e  th e  d a ily  a m o u n t o f  c a rb o n  g o in g  u p  in to  th e  a ir  in  th e  w ay  o f  c a rb o n ic  
acid! W h a t  a  q u a n tity  o f  c a rb o n  m u s t  go  f ro m  e a c h  o f  u s  in  re sp ira tio n ! W h a t a 
w o n d e rfu l c h a n g e  o f  c a rb o n  m u s t  ta k e  p la c e  u n d e r  th e se  c irc u m sta n c e s  o f  c o m 
b u s t io n  o r  re sp ira tio n !  A  m a n  in  tw e n ty -fo u r  h o u rs  c o n v er ts  a s  m u c h  a s  sev en  
o u n c e s  o f  c a rb o n  in to  c a rb o n ic  a c id ; a  m ilc h  c o w  w ill c o n v e r t se v e n ty  o u n c e s , 
a n d  a  h o r s e  se v e n ty -n in e  o u n c e s , so le ly  b y  th e  a c t  o f  re sp ira tio n . T h a t is , th e  
h o r s e  in  tw e n ty -fo u r  h o u rs  b u m s  s e v e n ty -n in e  o u n c e s  o f  c h a rc o a l, o r  c a rb o n , in  
h is  o rg a n s  o f  re sp ira tio n  to  su p p ly  h is  n a tu ra l w a rm th  in  th a t  tim e . A ll th e  w a rm 
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b lo o d e d  a n im a ls  g e t th e ir  w arm th  in  th is  w ay , b y  th e  c o n v e rs io n  o f  ca rb o n , n o t 
in  a  f re e  s ta te , b u t  in  a  s ta te  o f  co m b in a t io n . A n d  w h a t a n  e x tra o rd in a ry  n o tio n  
th is  g iv e s  u s  o f  th e  a lte ra tio n s  g o in g  o n  in  o u r  a tm o sp h e re . A s m u c h  as 
5 ,0 0 0 ,0 0 0  p o u n d s , o r  5 4 8  to n s , o f  c a rb o n ic  a c id  is fo rm e d  b y  re sp ira tio n  in  L o n 
d o n  a lo n e  in  tw e n ty -fo u r  h o u rs . A n d  w h e re  d o e s  a ll th is  g o ?  U p  in to  th e  a ir . I f  
th e  c a rb o n  h a d  b e e n  lik e  th e  le a d  w h ic h  I  sh o w ed  y o u , o r  th e  iro n  w h ic h , in  
b u rn in g , p ro d u c e s  a  so lid  su b s ta n c e , w h a t w o u ld  h a p p en ?  C o m b u s tio n  c o u ld  no t 
g o  o n . A s  c h a rc o a l b u m s  i t  b e c o m e s  a  v a p o u r  a n d  p a sses  o f f  in to  th e  a tm o s 
p h e re , w h ic h  is  th e  g re a t v e h ic le , th e  g re a t  c a r r ie r  fo r c o n v ey in g  i t  a w a y  to  o th e r  
p la c e s .  T h e n  w h a t b e c o m e s  o f  it?  W o n d e rfu l is  it  to  f in d  th a t  th e  c h a n g e  p ro 
d u c e d  b y  r e sp ira tio n , w h ic h  se em s so  in ju r io u s  to  u s  ( fo r  w e  c a n n o t b re a th e  a ir  
tw ic e  o v e r) , is  th e  v e ry  l i f e  a n d  su p p o r t o f  p la n ts  a n d  v e g e ta b les  th a t g ro w  u pon  
th e  su r fa c e  o f  th e  ea r th . I t  is  th e  sa m e  a ls o  u n d e r  th e  su rfa ce , in  th e  g re a t bo d ies  
o f  w a te r ; f o r  f ish e s  a n d  o th e r  a n im a ls  r e sp ire  u p o n  th e  sa m e  p r in c ip le , th o u g h  
n o t  e x a c tly  b y  c o n ta c t w ith  th e  o p e n  a ir.

S u c h  f is h  as I  h a v e  h e re  [p o in tin g  to  a  g lo b e  o f  g o ld -f ish ]  r e sp ire  b y  th e  
o x y g e n  w h ic h  is  d isso lv e d  f ro m  th e  a i r  b y  th e  w ater, a n d  fo rm  c a rb o n ic  ac id , 
a n d  th e y  a l l  m o v e  a b o u t to  p ro d u c e  th e  o n e  g re a t w o rk  o f  m a k in g  th e  a n im a l and  
v e g e ta b le  k in g d o m s  su b se rv ie n t to  e a c h  o th e r. A n d  a ll  th e  p la n ts  g ro w in g  u p o n  
th e  su r fa c e  o f  th e  e a r th , lik e  th a t  w h ic h  I  h a v e  b ro u g h t h e re  to  s e rv e  as an  illu s 
tr a t io n , a b so rb  c a rb o n ; th e se  le av e s  a re  ta k in g  up  th e ir  c a rb o n  f ro m  th e  a tm o s
p h e re  to  w h ic h  w e  h a v e  g iv e n  i t  in  th e  fo rm  o f  c a rb o n ic  a c id , a n d  th e y  a re  g ro w 
in g  a n d  p ro sp e r in g . G iv e  th e m  a  p u re  a ir  l ik e  o u rs , a n d  th e y  c o u ld  n o t  liv e  in  it; 
g iv e  th e m  c a rb o n  w ith  o th e r  m a tte rs , a n d  th e y  liv e  a n d  re jo ice . T h is  p ie c e  o f  
w o o d  g e ts  a ll  its  ca rb o n , a s  th e  tree s  a n d  p la n ts  g e t th e irs , f ro m  th e  a tm o sp h e re , 
w h ic h , a s  w e  h a v e  se en , c a rrie s  a w a y  w h a t is  b a d  fo r u s  a n d  a t th e  sa m e  tim e  
g o o d  f o r  th e m ,— w h a t is  d ise ase  to  th e  o n e  b e in g  h e a lth  to  th e  o th e r .  S o  a re  w e 
m a d e  d e p e n d e n t  n o t  m e re ly  u p o n  o u r  fe llo w -c re a tu re s , b u t  u p o n  o u r  fe llo w - 
e x is te rs ,  a ll  N a tu re  b e in g  tie d  to g e th e r  b y  th e  la w s th a t m a k e  o n e  p a r t  c o n d u c e  to  
th e  g o o d  o f  a n o th e r .

T h e re  is  a n o th e r  l i t t le  p o in t w h ic h  I  m u s t m e n tio n  b e fo re  w e  d ra w  to  a 
c lo se — a  p o in t  w h ic h  c o n c e rn s  th e  w h o le  o f  th e se  o p e ra tio n s , a n d  m o s t cu rio u s 
a n d  b e a u tifu l i t  is  to  s e e  it  c lu s te rin g  u p o n  a n d  a sso c ia te d  w ith  th e  b o d ie s  th a t 
c o n c e rn  u s—  o x y g e n , h y d ro g en , a n d  ca rb o n , in  d if fe re n t s ta te s  o f  th e ir  e x is 
te n ce . I  sh o w e d  y o u  ju s t  n o w  so m e  p o w d e re d  le ad , w h ic h  I  se t b u rn in g ; a n d  y o u  
sa w  th a t  th e  m o m e n t th e  fu e l w as  b ro u g h t to  th e  a ir  it  a c te d , e v e n  b e fo r e  i t  g o t 
o u t  o f  th e  b o ttle ,—  th e  m o m e n t th e  a ir  c re p t in  i t  a c te d . N o w , th e re  is  a  c a se  o f  
c h e m ic a l a f f in ity  b y  w h ic h  a ll  o u r  o p e ra tio n s  p ro c e e d . W h e n  w e  b re a th e , th e  
s a m e  o p e ra tio n  is  g o in g  o n  w ith in  u s . W h e n  w e  b u m  a  c an d le , th e  a ttr a c tio n  o f  
th e  d if fe re n t  p a r ts  o n e  to  41 o th e r  is  g o in g  o n . H ere  i t  is  g o in g  o n  in  th is  c a s e  o f  
th e  le ad , a n d  i t  is  a  b e a u tifu l in s ta n c e  o f  c h em ic a l a ff in ity . I f  th e  p ro d u c ts  o f  
c o m b u s tio n  ro se  o f f  f ro m  th e  su rfa ce , th e  le ad  w o u ld  ta k e  fire , a n d  g o  o n  b u rn 
in g  to  th e  e n d ; b u t  y o u  re m e m b e r  th a t m l h a v e  th is  d if fe ren c e  b e tw e e n  c h a rc o a l
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a n d  le ad -  th a t,  w h ile  th e  le a d  c an  s ta r t in to  a c tio n  a t o n c e  ill  th e re  b e  a cc ess  o f  
a ir  to  it, th e  c a rb o n  w ill  rem a in  d a y s , w e e k s , m o n th s , o r  y e ars . T h e  m a n u scrip ts  
o f  H e rc u la n e u m  w e re  w ri tte n  w ith  c a rb o n a c e o u s  ink , a n d  th e re  th e y  h a v e  be en  
fo r  180 0  y e a r s  o r  m o re , n o t  h a v in g  b e e n  a t a ll  c h an g e d  b y  th e  a tm o sp h e re , 
th o u g h  c o m in g  in  c o n ta c t w ith  i t  u n d e r  v a rio u s  c irc u m sta n ce s . N o w , w h a t is  th e  
c irc u m s ta n c e  w h ic h  m a k es  th e  le a d  a n d  c a rb o n  d if fe r  in  th is  re sp e c t?  I t is  a  s tr ik 
in g  th in g  to  se e  th a t th e  m a tte r  w h ic h  is  a p p o in ted  to  se rv e  th e  p u rp o se  o f  fuel 
w a i ts  in  its  a c tio n ; i t  d o e s n o t s ta r t  o f f  b u rn in g , lik e  th e  le a d  a n d  m a n y  o th e r  
th in g s  th a t  I  c o u ld  sh o w  y o u , b u t w h ic h  I  h a v e  n o t  en cu m b e re d  th e  ta b le  w ith ; 
b u t  i t  w a its  fo r  a c tio n . T h is  w a itin g  is  a  c u rio u s  a n d  w o n d erfu l th in g . C a n d le s—  
th o se  J a p a n e se  c an d le s , fo r  in s tan c e —  I  d o  n o t  s ta r t in to  a c tio n  a t o n c e  lik e  the  
le a d  o r  iro n  ( fo r  iro n  f in e ly  d iv id e d  d o e s  th e  sa m e  th in g  a s  le ad ) , b u t th e re  they  
w a i t  fo r  y e a r s , p e rh a p s  fo r  ag es , w ith o u t u n d e rg o in g  any  a lte ra tio n . I  h a v e  h e re  a 
s u p p ly  o f  c o a l-g as . T h e  je t  is  g iv in g  fo r th  th e  g a s , b u t  y o u  s e e  i t  d o e s  n o t  ta k e  
f ire — it  c o m e s  o u t in to  th e  a ir, b u t  i t  w a its  ti l l  i t  is  h o t  e n o u g h  b e fo re  it  b u m s . I f  
I m a k e  i t  h o t  e n o u g h , i t  ta k e s  f ire . I f  I  b lo w  i t  o u t, th e  g a s  th a t is  is su in g  fo rth  
w a its  ti l l  th e  lig h t  is  a p p lie d  to  i t  a g a in . I t  is  c u rio u s  to  see  h o w  d if fe re n t su b 
s ta n ce s  w a it— h o w  so m e  w ill w a it ti l l  th e  te m p e ra tu re  is  ra is e d  a  lit tle , a n d  o th 
e rs  ti l l  i t  is  ra is e d  a  g o o d  d e a l. I  h a v e  h e re  a little  g u n p o w d e r  a n d  so m e  g u n 
c o tto n ; e v e n  th e se  th in g s  d if fe r  in  th e  c o n d itio n s  u n d e r  w h ic h  th e y  w ill b u m . 
T h e  g u n p o w d e r  is  c o m p o se d  o f  c a rb o n  a n d  o th e r  su b s ta n c es , m a k in g  i t  h ig h ly  
c o m b u s tib le ; a n d  th e  g u n -c o tto n  is  a n o th e r  c o m b u s tib le  p re p a ra tio n . T h e y  a re  
b o th  w a itin g , b u t  th e y  w ill  s ta r t in to  a c t iv i ty  a t d if f e re n t d e g re es  o f  h e a t, o r  u n 
d e r  d if f e re n t c o n d itio n s . B y  a p p ly in g  a  h e a te d  w ire  to  th e m , w e  s h a ll s e e  w h ic h  
w ill  s ta r t  f i r s t  [ to u ch in g  th e  g u n -c o tto n  w ith  th e  h o t  iron ]. Y o u  se e  th e  g u n 
c o tto n  h a s  g o n e  o ff, b u t  n o t  e v e n  th e  h o tte s t  p a rt o f  th e  w ire  is  n o w  h o t  e n o u g h  
to  f ir e  th e  g u n p o w d e r . H o w  b e a u tifu lly  th a t  sh o w s y o u  th e  d if fe re n c e  in  th e  d e 
g re e  in  w h ic h  b o d ie s  a c t  in  th is  w ay !  I n  th e  o n e  c ase  th e  su b s ta n c e  w ill  w a i t any  
tim e  u n til  th e  a sso c ia te d  b o d ie s  a re  m a d e  a c tiv e  b y  h e a t; b u t,  in  th e  o th e r, as in  
th e  p ro c e s s  o f  re sp ira tio n , i t  w a its  n o  tim e . In  th e  lu n g s , a s  so o n  a s  th e  a ir  e n te rs , 
i t  u n ite s  w ith  th e  c a rb o n ; e v e n  in  th e  lo w e s t te m p e ra tu re  w h ic h  th e  b o d y  c an  
b e a r  s h o r t  o f  b e in g  f ro z e n , th e  a c tio n  b e g in s  a t o n c e , p ro d u c in g  th e  c a rb o n ic  ac id  
o f  re sp ira tio n ; a n d  so  a ll  th in g s  g o  o n  fitly  a n d  p ro p e r ly . T h u s  y o u  see  th e  a n a l
o g y  b e tw e e n  re sp ira tio n  a n d  c o m b u s tio n  is r e n d e re d  s till m o re  b e a u tifu l and  
s tr ik in g . In d e e d , a ll  I  c a n  s a y  to  y o u  a t th e  e n d  o f  th e s e  le c tu re s  ( fo r  w e  m u st 
c o m e  to  a n  e n d  a t o n e  tim e  o r  o th e r)  is  to  e x p re ss  a  w ish  th a t  y o u  m a y , in  y o u r  
g e n e ra tio n , b e  f i t  to  c o m p a re  to  a  c a n d le ; th a t  y o u  m a y , lik e  it, s h in e  a s  lig h ts  to  
th o se  a b o u t  y o u ; th a t, in  a ll  y o u r  a c tio n s , y o u  m a y  ju s t i fy  th e  b e a u ty  o f  th e  ta p e r  
b y  m a k in g  y o u r  d e ed s  h o n o u ra b le  a n d  e ffe c tu a l in  th e  d is c h a rg e  o f  y o u r  d u ty  to  
y o u r  fe llo w -m e n .
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M a rie  S k lo d o w s k a  C u r ie  
T h e  D is c o v e r y  o f  R a d iu m

C urie , E ve . M a d a m e  C u r ie :  A  B io g ra p h y . T ra n s la te d  b y  V in c en t S h e ea n . G a r 
d e n  C ity, N Y :  D o u b le d a y  D o ra n  a n d  C o m p a n y , In c ., 1937.

W h ile  a  y o u n g  w ife  k e p t h o u se , w a sh e d  h e r  b a b y  d a u g h te r  a n d  p u t  p a n s o n  
th e  f ire , in  a  w re tc h e d  la b o ra to ry  a t  th e  S c h o o l o f  P h y s ics  a  w o m a n  p h y s ic is t 
w a s  m a k in g  th e  m o s t  im p o r ta n t d is c o v e ry  o f  m o d e m  sc ien c e . A t th e  e n d  o f  1897 
th e  b a la n c e  sh e e t o f  M a rie 's  a c tiv i ty  sh o w e d  tw o  u n iv e rs ity  d e g re e s , a  fe llo w sh ip  
a n d  a  m o n o g ra p h  o n  th e  m a g n e tiz a tio n  o f  te m p e re d  s te e l . N o  so o n e r  h a d  sh e  r e 
c o v e re d  f ro m  c h ild b ir th  th a n  sh e  w a s  b a c k  a g a in  a t th e  la b o ra to ry .

T h e  n e x t  s ta g e  in  th e  lo g ic a l d e v e lo p m e n t o f  h e r  c a re e r  w as  th e  d o c to r 's  d e 
g re e . S e v e ra l w ee k s  o f  in d e c is io n  c a m e  in  h e re . S h e  h a d  to  c h o o se  a  su b je c t o f  
r e se a rc h  w h ic h  w o u ld  fu rn ish  fe r tile  a n d  o r ig in a l m a te ria l. L ik e  a  w ri te r  w ho  
h e s ita te s  a n d  a sk s  h im s e lf  q u e s tio n s  b e fo re  se ttlin g  th e  su b je c t o f  h is  n e x t  n ove l, 
M a rie , r e v ie w in g  th e  m o s t r e c e n t  w o rk  in  p h y s ic s  w ith  P ie rre , w a s  in  s e a rc h  o f  a 
su b je c t fo r  a  th e s is .

A t  th is  c r i t ic a l  m o m e n t P ie rre ’s a d v ic e  h a d  a n  im p o rta n c e  w h ic h  c a n n o t b e  
n e g le c te d . W ith  re s p e c t  to  h e r  h u sb a n d , th e  y o u n g  w o m a n  re g a rd e d  h e r s e lf  a s  an 
a p p re n tic e : h e  w a s  an  o ld e r  p h y s ic is t, m u c h  m o re  e x p e r ie n c e d  th a n  she . H e  w as  
e v e n , to  p u t  i t  ex ac tly , h e r  ch ie f , h e r  " b o ss .”

B u t  w ith o u t a  d o u b t  M a rie 's  c h a ra c te r , h e r  in tim a te  n a tu re , h a d  a  g re a t  p a rt 
in  th is  a ll- im p o r ta n t ch o ice . F ro m  c h ild h o o d  th e  P o l is h  g ir l  h a d  c a r r ie d  th e  c u r i
o s ity  a n d  d a r in g  o f  a n  e x p lo re r  w ith in  h e r. T h is  w a s  th e  in s t in c t th a t  h a d  d r iv en  
h e r  to  le a v e  W a rsa w  fo r  P a r is  a n d  th e  S o rb o n n e , a n d  h a d  m a d e  h e r  p r e f e r  a  so li
ta ry  ro o m  in  th e  L a t in  Q u a r te r  to  th e  D lu sk is ’ d o w n y  n e s t. In  h e r  w a lk s  in  th e  
w o o d s  sh e  a lw a y s  c h o se  th e  w ild  tr a i l  o r  th e  u n f re q u e n te d  road .

A t th is  m o m e n t sh e  w as  lik e  a  t ra v e le r  m u s in g  o n  a  lo n g  v o y a g e . B e n t o v e r  
th e  g lo b e  a n d  p o in tin g  o u t, in  so m e  f a r  c o u n try , a  s tra n g e  n a m e  th a t  e x c ite s  h is  
im a g in a tio n , th e  t r a v e le r  su d d e n ly  d e c id e s  to  g o  th e re  a n d  n o w h e re  e lse : so 
M a rie , g o in g  th ro u g h  th e  rep o r ts  o f  th e  la te s t e x p e r im e n ta l s tu d ie s , w as  a ttrac ted  
b y  th e  p u b lic a t io n  o f  th e  F re n c h  s c ie n t is t H e n r i B e c q u e re l o f  th e  p re c e d in g  ye a r . 
S h e  a n d  P ie r re  a lre ad y  k n e w  th is  w o rk ; sh e  r e a d  i t  o v e r  a g a in  a n d  s tu d ie d  it  w ith  
h e r  u su a l care .

A fte r  R o e n tg e n ’s d isc o v ery  o f  X  ra y s , H e n r i P o in c a re  c o n c e iv e d  th e  id e a  o f  
d e te rm in in g  w h e th e r  ra y s  lik e  th e  X  ra y  w e re  e m itte d  b y  " flu o re sce n t"  b o d ie s  
u n d e r  th e  a c tio n  o f  ligh t. A ttra c te d  b y  th e  s a m e  p ro b le m , H en r i B e c q u e re l e x a m 
in e d  th e  s a lts  o f  a  " ra re  m e ta l ,"  u ran iu m . In s te a d  o f  f in d in g  th e  p h e n o m e n o n  h e  
h a d  e x p ec ted , b e  o b se rv e d  a n o th e r , a lto g e th e r  d if f e re n t a n d  in c o m p reh e n s ib le : 
h e  fo u n d  th a t u ra n iu m  sa lts  sp o n ta n e o u s ly  e m itte d , w ith o u t e x p o su re  to  lig h t , 
so m e  ra y s  o f  u n k n o w n  n a tu re . A  c o m p o u n d  o f  u ra n iu m , p la c e d  o n  a  p h o to 
g ra p h ic  p la te  su rro u n d e d  b y  b la c k  p a p er , m a d e  a n  im p re s s io n  o n  th e  p la te
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th ro u g h  th e  p a p er . A n d , lik e  th e  X  ra y  th e se  a s to n ish in g  "u ran ic"  sa lts  d is 
c h a rg e d  a n  e le c tro sc o p e  b y  ren d e rin g  th e  su rro u n d in g  a ir  a  c o n d u cto r.

H e n r i  B e c q u e re l m a d e  su re  th a t  th e se  su rp ris in g  p ro p er tie s  w e re  n o t  c au se d  
b y  a  p re lim in a ry  e x p o su re  to  th e  su n  a n d  th a t th e y  p e rs is te d  w h e n  th e  u ra n iu m  
c o m p o u n d  h a d  b e e n  m a in ta in e d  in  d a rk n e ss  fo r  s e v e ra l m o n th s . F o r  th e  f irs t 
tim e , a  p h y s ic is t h a d  o b se rv e d  th e  p h e n o m e n o n  to  w h ic h  M a rie  C u r ie  w as  la te r  
to  g iv e  th e  n a m e  o f  ra d io a c tiv ity . B u t th e  n a tu re  o f  th e  ra d ia tio n  a n d  its o r ig in  
re m a in e d  a n  en ig m a.

B e cq u e re i 's  d is c o v e ry  fa sc in a te d  th e  C u r ie s . T h ey  a sk e d  th e m se lv es  
w h e n c e  c a m e  th e  e n e rg y — tin y , to  b e  su re— w h ic h  u ra n iu m  c o m p o u n d s  c o n 
s ta n tly  d ise n g a g e d  in  th e  fo rm  o f  rad ia tio n . A n d  w h a t w a s  th e  n a tu re  o f  th is  r a 
d ia tio n ?  H e re  w as  a n  e n g ro ss in g  su b je c t o f  re se a rc h , a  d o c to r's  th esis!  T h e  su b 
j e c t  te m p te d  M a rie  m o s t b e c a u se  it  w as  a  v irg in  f ie ld : B e cq u e re i 's  w o rk  w as 
v e ry  r e c e n t a n d  so  f a r  as sh e  kn e w  n o b o d y  in  th e  la b o ra to r ie s  o f  E u ro p e  h a d  y e t 
a tte m p te d  to  m a k e  a  fu n d am e n ta l s tu d y  o f  u ra n iu m  ray s . A s  a  p o in t  o f  d e p a r tu re , 
a n d  as th e  o n ly  b ib lio g ra p h y , th e re  e x is te d  so m e  c o m m u n ic a tio n s  p re se n te d  b y  
H e n r i B e c q u e re l a t th e  A ca d em y  o f  S c ie n c e  d u r in g  th e  y e a r  1896 . I t  w a s  a  leap  
in to  g re a t ad v en tu re , in to  a n  u n k n o w n  rea lm .

T h e re  r e m a in e d  th e  q u e s tio n  o f  w h ere  sh e  w as  to  m a k e  h e r  e x p e r im e n ts—  
a n d  h e re  th e  d if f icu lt ie s  b e g an . P ie rre  m a d e  se v e ra l a p p ro a ch e s  to  th e  d ire c to r  o f  
th e  S c h o o l o f  P h y s ics  w ith  p ra c tic a lly  n o  re su l ts : M a rie  w a s  g iv e n  th e  f re e  u s e  o f  
a  lit t le  g la s se d -in  s tu d io  o n  th e  g ro u n d  f lo o r  o f  th e  sc h o o l. I t  w as  a  k in d  o f  s to re 
ro o m , sw e a tin g  w ith  d am p , w h ere  u n u se d  m a c h in e s  a n d  lu m b e r  w e re  p u t  a w a y . 
I ts  te c h n ic a l e q u ip m en t w as  ru d im e n ta ry  a n d  its  c o m fo r t n il. D e p r iv e d  o f  a n  
ad eq u a te  e le c tr ic a l in s ta lla tio n  a n d  o f  e v e ry th in g  th a t  fo rm s  m a te r ia l f o r  th e  b e 
g in n in g  o f  sc ie n t if ic  re se a rc h , sh e  k e p t h e r  p a tie n c e , s o u g h t a n d  f o u n d  a  m e an s  
o f  m a k in g  h e r  ap p a ra tu s  w o rk  in  th is  h o le . I t  w a s  n o t  e asy . In s tru m e n ts  o f  p re c i
s io n  h a v e  sn e ak in g  e n em ie s : h u m id ity , c h a n g e s  o f  te m p e ra tu re . In c id e n ta lly  th e  
c lim a te  o f  th is  li t t le  w o rk ro o m , fa ta l to  th e  se n s itiv e  e lec tro m ete r , w as  n o t  m u c h  
b e t te r  fo r  M a rie 's  h e a lth . B u t th is  h a d  n o  im p o rta n c e . W h e n  sh e  w as  c o ld , th e  
y o u n g  w o m a n  to o k  h e r  re v e n g e  b y  n o tin g  th e  d e g re es  o f  te m p e ra tu re  in  c e n t i
g ra d e  in  h e r  n o te b o o k . O n  F e b ru a ry  6, 1 898 , w e  fin d , a m o n g  th e  fo rm u la s  a n d  
fig u res : "T em p e ra tu re  h e re  6 °  25 ."  S ix  d e g re es ...!  M a rie , to  sh o w  h e r  d is a p 
p ro v a l, a d d e d  te n  lit t le  e x c la m a tio n  po in ts .

T h e  c a n d id a te  f o r  th e  d o c to r 's  d e g re e  s e t  h e r  f ir s t ta s k  to  b e  th e  m e a s u re 
m e n t o f  th e  "p o w e r o f  io n iz a t io n "  o f  u ra n iu m  ray s— th a t  is  to  sa y , th e ir  p o w e r  to  
r e n d e r  th e  a ir  a  c o n d u c to r  o f  e le c tr ic i ty  a n d  so  to  d is c h a rg e  a n  e le c tro sc o p e . T h e  
e x c e lle n t m e th o d  sh e  u se d , w h ic h  w as  to  b e  th e  k e y  to  th e  su c c e ss  o f  h e r  e x 
p e rim e n ts , h a d  b e e n  in v e n te d  fo r th e  s tu d y  o f  o th e r  p h e n o m e n a  b y  tw o  p h y s i
c is ts  w e l l k n o w n  to  h e r: P ie r re  a n d  J a c q u e s  C u rie . H e r  te ch n ic a l in s ta lla tio n  c o n 
s is te d  o f  a n  " io n iz a tio n  c h am b e r,"  a  C u r ie  e le c tro m e te r  a n d  a  p ie z o e le c tr ic  
q u a rtz . A t  th e  e n d  o f  se v e ra l w ee k s  th e  f ir s t  r e su l t a p p ea re d : M a rie  a c q u ire d  th e  
c e r ta in ty  th a t  th e  in te n s ity  o f  th is  su rp ris in g  ra d ia tio n  w a s  p ro p o rt io n a l to  th e
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q u a n tity  o f  u ra n iu m  c o n ta in e d  in  th e  sa m p le s  u n d e r  e x a m in a tio n , a n d  th a t  th is  
r a d ia tio n , w h ic h  c o u ld  b e  m e asu re d  w ith  p re c is io n , w as  n o t  a ffe c te d  e ith e r  by  
th e  c h e m ic a l s ta te  o f  c o m b in a t io n  o f  th e  u ra n iu m  o r  b y  e x te rn a l fa c to r s  su c h  as 
lig h t in g  o r  te m p e ra tu re . T h es e  o b se rv a tio n s  w ere  p e rh a p s n o t  v e ry  s e n sa t io n a l to  
th e  u n in it ia te d , b u t  th e y  w ere  o f  p a s s io n a te  in te re s t to  d ie  s c ien t is t. I t  o f te n  h a p 
p e n s  in  p h y s ic s  th a t  a n  in e x p lic a b le  p h e n o m e n o n  c an  b e  su b je c te d , a f te r  so m e  
in v e s tig a tio n , to  la w s a lre a d y  k n o w n , a n d  b y  th is  v e ry  fa c t lo se s  its  in te re s t fo r 
th e  re se a rc h  w o rk e r . T h u s , in  a  b a d ly  c o n s tru c te d  d e tec tiv e  s to ry , i f  w e  a re  to ld  
in  th e  th ird  c h a p te r  th a t  th e  w o m a n  o f  s in is te r  a p p ea ra n ce  w h o  m ig h t  h av e  
c o m m itte d  th e  c rim e  is  in  r e a lity  o n ly  a n  h o n e s t li t t le  h o u se w ife  w h o  le a d s  a  life  
w ith o u t s e c re ts , w e  fee l d is c o u ra g e d  a n d  c e a se  to  read .

N o th in g  o f  th e  k in d  h a p p e n e d  h e re .  T h e  m o re  M a rie  p e n e tra te d  in to  in ti
m a c y  w ith  u ra n iu m  ray s , th e  m o re  th e y  se e m e d  w ith o u t p re c e d e n t, e s se n t ia lly  
u n k n o w n . T h e y  w e re  lik e  n o th in g  e lse . N o th in g  a ffe c te d  d ie m . I n  sp ite  o f  th e ir  
v e ry  fe e b le  p o w e r , th e y  h a d  a n  e x tra o rd in a ry  in d iv id u a li ty . T u rn in g  th is  m y stery  
o v e r  a n d  o v e r  in  h e r  h e ad , a n d  p o in tin g  to w a rd  th e  tru th , M a rie  fe lt  a n d  co u ld  
so o n  a ff irm  th a t  th e  in c o m p re h e n s ib le  ra d ia tio n  w as  an  a to m ic  p ro p e r ty . S h e  
qu e s tio n e d : E v e n  th o u g h  th e  p h e n o m e n o n  h a d  o n ly  b e e n  o b se rv e d  w ith  u ra 
n iu m , n o th in g  p ro v e d  th a t  u ra n iu m  w a s  th e  o n ly  c h e m ic a l e le m e n t c a p a b le  o f  
em ittin g  su c h  rad ia tio n . W h y  s h o u ld  n o t  o th e r  b o d ie s  p o sse ss  th e  s a m e  p ow er?  
P e rh a p s  i t  w a s  o n ly  b y  c h a n c e  th a t  th is  ra d ia tio n  h a d  b e e n  o b s e rv e d  in  u ran iu m  
f irs t, a n d  h a d  re m a in e d  a tta c h e d  to  u ra n iu m  in  th e  m in d s  o f  p h y s ic is ts . N o w  it 
m u s t  b e  s o u g h t f o r  e lsew h e re .... N o  so o n e r  sa id  th a n  d o n e . A b a n d o n in g  th e  
s tu d y  o f  u ra n iu m , M a rie  u n d e r to o k  to  e x am in e  a ll  k n o w n  c h e m ic a l b o d ie s , e ith e r  
in  th e  p u re  s ta te  o r  in  c o m p o u n d s . A n d  th e  re s u l t  w as  n o t  lo n g  in  a p p ea rin g : 
c o m p o u n d s  o f  a n o th e r  e le m e n t, th o r iu m , a lso  e m itte d  sp o n ta n e o u s  ray s  like  
th o se  o f  u ra n iu m  a n d  o f  s im ila r  in te n s ity . T h e  p h y s ic is t h a d  b e e n  r ig h t: th e  su r 
p r is in g  p h e n o m e n o n  w as  b y  n o  m e an s  th e  p ro p e r ty  o f  u ra n iu m  a lo n e , a n d  it  b e 
c a m e  n e c e s sa ry  to  g iv e  i t  a  d is t in c t n a m e . M m e  C u rie  su g g e s te d  th e  n a m e  o f  ra 
d io a c tiv ity .  C h e m ic a l su b s ta n c e s  lik e  u ra n iu m  a n d  th o r iu m , e n d o w e d  w ith  th is  
p a rtic u la r  " ra d ia n ce ,"  w ere  c a lle d  ra d io  e lem en ts .

R a d io a c tiv ity  so  fa sc in a te d  th e  y o u n g  sc ie n t is t th a t sh e  n e v e r  t ir e d  o f  e x a m 
in in g  th e  m o s t d iv e rs e  fo rm s  o f  m a tte r , a lw ay s  b y  th e  s a m e  m e th o d . C u r io s i ty , a  
m a rv e lo u s  fe m in in e  c u rio s ity , th e  f irs t  v ir tu e  o f  a sc ie n t is t, w a s  d e v e lo p e d  in 
M a rie  to  th e  h ig h e s t d e g re e . In s te a d  o f  lim itin g  h e r  o b se rv a tio n  to  s im p le  c o m 
p o u n d s , s a lts  a n d  ox id e s , sh e  h a d  th e  d e s ire  to  a sse m b le  sa m p le s  o f  m in e ra ls  
f ro m  th e  c o lle c tio n  a t th e  S c h o o l o f  P h y s ic s ,  a n d  o f  m a k in g  th e m  u n d e rg o  a l
m o s t a t h a z a rd , fo r  h e r  o w n  a m u sem en t, a  k in d  o f  c u s to m s in sp e c t io n  w h ic h  is 
an  e le c tro m e te r  te s t. P ie rre  a p p ro v e d , a n d  c h o se  w ith  h e r  th e  v e in e d  f ra g m e n ts , 
h a rd  o r  c ru m b ly , o d d ly  sh a p ed , w h ic h  s h e  w a n te d  to  e x am in e .

M a rie 's  id e a  w as s im ple— sim p le  a s  th e  s tro k e  o f  gen ius. A t th e  c ro ss ro a d s  
w h ere  M a rie  now  stood , hund reds o f  re se a rc h  w orke rs  m ig h t h a v e  rem a in e d , n o n 
p lu ssed , fo r  m o n th s o r  ev en  years. A fte r  e x am in in g  a ll k n o w n  c h em ic a l su bstances,
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a n d  d isc o v erin g — as M arie  h a d  do n e— th e  rad ia tio n  o f  thorium , th e y  w o u ld  h av e  
c o n tin u ed  to  a sk  them se lves in  v a in  w h en c e  cam e  th is  m ysterious rad ioactiv ity . 
M arie , to o , q uestioned  a n d  w ondered . B u t h e r  su rp rise  w as tran s la ted  in to  fru itfu l 
acts. S h e  h a d  u se d  u p  a ll e v id en t possib ilities . N ow  she  tu rn ed  to w a rd  th e  u n 
p lu m b e d  a n d  th e  unknow n . S h e  k n e w  in  ad v an c e  w h at she  w ou ld  learn  f ro m  an  ex 
a m in a tio n  o f  th e  m ine ra ls , o r  ra th e r  she  th o u g h t she  kn e w . T h e  sp e cim en s w h ich  
c o n ta in e d  n e ith e r  u ran iu m  n o r  th o riu m  w o u ld  b e  revealed  as to ta lly  " inactive ."  T h e  
o th e rs , con ta in in g  u ran iu m  o r  th o riu m , w o u ld  b e  rad ioactive.

E x p e r im e n t c o n firm e d  th is  p rev is io n . R e je c tin g  th e  in a c tiv e  m in e ra ls , 
M a rie  a p p lie d  h e rs e lf  to  th e  o th e rs  a n d  m e a su re d  th e ir  rad io a c t iv ity . T h e n  c am e  
a  d ra m a tic  rev e la t io n : th e  ra d io a c t iv ity  w as  a g re a t d e a l  s tro n g e r  th a n  c o u ld  
h a v e  b e e n  n o rm ally  fo re se e n  b y  th e  q u a n tity  o f  u ra n iu m  o r  th o r iu m  c o n ta in e d  in 
th e  p ro d u c ts  e x am in e d !  " It m u s t b e  a n  e rro r  in  e x p er im e n t,"  th e  y o u n g  w o m a n  
th o u g h t; fo r  d o u b t is  th e  sc ien tis t's  f i r s t  re sp o n se  to  a n  u n e x p e c te d  p h e n o m en o n . 
S h e  s ta r te d  h e r  m e asu re m en ts  o v e r  a g a in , u n m o v e d , u s in g  th e  s a m e  p ro d u c ts . 
S h e  s ta r te d  o v e r  a g a in  te n  tim es , tw e n ty  tim es. A n d  she  w as  fo rc e d  to  y ie ld  to  
th e  e v id e n c e : th e  q u a n titie s  o f  u ra n iu m  a n d  o f  th o r iu m  fo u n d  in  th e s e  m in e ra ls  
w e re  b y  n o  m e an s  su ffic ie n t to  ju s t i fy  th e  e x c e p tio n a l in te n s ity  o f  th e  rad ia tio n  
sh e  ob se rv e d .

W h e re  d id  th is  e x ce ss iv e  a n d  a b n o rm a l ra d ia tio n  c o m e  f ro m ?  O n ly  o n e  e x 
p la n a tio n  w a s  p o ssib le : th e  m in e ra ls  m u s t c o n ta in , in  sm a ll q u a n tity , a  m u c h  
m o r e  p o w e r fu lly  ra d io a c tiv e  su b s ta n c e  th a n  u ra n iu m  a n d  th o r iu m . B u t  w h a t 
su b s ta n c e?  I n  h e r  p rec ed in g  e x p e r im e n ts , M a rie  h a d  a lre a d y  e x a m in e d  a ll  k n o w n  
c h e m ic a l e lem e n ts .  T h e  s c ie n t is t re p lie d  to  th e  q u e s tio n  w ith  th e  su re  lo g ic  a n d  
th e  m a g n if ic e n t a u d ac io u sn es s  o f  a  g re a t m in d : T h e  m in e ra ls  c e r ta in ly  c o n ta in e d  
a  r a d io a c t iv e  su b s ta n c e , w h ic h  w a s  a t th e  sa m e  tim e  a  c h e m ic a l e le m e n t u n 
k n o w n  u n til  th is  day : a  n e w  e lem en t.

A  n e w  e lem e n t!  I t w a s  a  fa sc in a tin g  a n d  a llu rin g  h y p o th e s is— b u t s ti l l  a  
hy p o th e s is . F o r  th e  m o m e n t th is  p o w erfu lly  rad io a c t iv e  su b s ta n c e  e x is te d  o n ly  
in  th e  im a g in a tio n  o f  M a rie  a n d  o f  P ie r re . B u t i t  d id  e x is t th e re . I t  e x is te d  
s tro n g ly  e n o u g h  to  m a k e  th e  y o u n g  w o m a n  g o  to  se e  B ro n y a  o n e  d a y  a n d  te ll 
h e r  in  a  re s tra in e d , a rd e n t vo ice :

" Y o u  k n o w , B ro n y a , th e  r a d ia tio n  th a t I c o u ld n 't  e x p la in  c o m es  f ro m  a n e w  
c h e m ic a l e lem e n t. T h e  e le m e n t is th e re  a n d  I ’v e  g o t to  f in d  it. W e  a re  su re! T h e  
p h y s ic is ts  w e  h a v e  sp o k e n  to  b e lie v e  w e  h a v e  m a d e  an  e rro r  in  e x p e r im e n t a n d  
a d v ise  u s  to  b e  c a re fu l. B u t I  a m  c o n v in c e d  th a t I a m  n o t m is tak e n ."

T h e s e  w ere  u n iq u e  m o m e n ts  in  h e r  u n iq u e  life . T h e  la y m an  fo rm s  a  th e a tr i
c a l— a n d  w h o lly  fa lse— id e a  o f  th e  re se a rc h  w o rk e r  a n d  o f  h is  d is c o v e r ie s . "T h e  
m o m e n t o f  d isc o v e ry "  d o e s  n o t  a lw ay s  e x is t: th e  sc ien tis t's  w o rk  is  to o  te n u o u s , 
to o  d iv id e d , fo r  th e  c e r ta in ty  o f  su c c e ss  to  c ra ck le  o u t su d d e n ly  in  th e  m id s t  o f  
h is  la b o rio u s  to il  l ik e  a  s tro k e  o f  lig h tn in g , d a zz lin g  h im  b y  i ts  f ire . M a rie , 
s ta n d in g  in  f ro n t o f  h e r  a p p a ra tu s , p e rh a p s  n e v e r  e x p er ien c ed  th e  su d d e n  in to x i
c a t io n  o f  tr iu m p h . T h is  in to x ic a tio n  w as  sp re a d  o v e r  se v e ra l d a y s  o f  d e c is iv e  la 
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b o r , m a d e  fe v e rish  b y  a  m a g n if ice n t h o p e . B u t  it  m u s t h a v e  b e e n  a n  e x u lta n t 
m o m e n t w h e n , c o n v in c e d  b y  th e  r ig o ro u s  rea so n in g  o f  h e r  b ra in  th a t  s h e  w as  o n  
th e  tr a i l  o f  n e w  m a tte r, she  c o n fid e d  th e  s e c re t to  h e r  e ld e r  s is te r , h e r  a lly  a l-  
w a y s .. . .W ith o u t e x c h a n g in g  o n e  a ffec tio n a te  w o rd , th e  tw o  s is te r s  m u s t h a v e  
liv e d  a g a in , in  a  d iz z y in g  b re a th  o f  m e m o ry , th e ir  ye a rs  o f  w a itin g , th e ir  m u tu a l 
sa c r if ice s , th e ir  b le a k  liv e s  as s tu d e n ts , fu l l  o f  h o p e  a n d  faith .

I t  w a s  b a re ly  fo u r  ye a rs  b e fo re  th a t  M a rie  h a d  w ri tte n :“L ife  is  n o t  e a sy  fo r  
a n y  o f  u s . B u t w h a t o f  tha t?  w e  m u s t h a v e  p e rse v e ra n c e  a n d  a b o v e  a ll c o n 
f id e n c e  in  o u rse lv e s . W e  m u st b e lie v e  th a t w e  a re  g if te d  fo r  so m e th in g , a n d  th a t 
th is  th in g , a t  w h a te v e r  c o s t, m u s t b e  a tta in e d ” . T h a t " so m e th in g "  w a s  to  th ro w  
sc ie n c e  u p o n  a  p a th  h ith e r to  u n su sp e c ted .

I n  a  f i r s t  co m m u n ic a tio n  to  th e  A ca d em y , p re se n te d  b y  P ro f .  L ip p m a n n  and  
p u b lis h e d  in  th e  P ro c ee d in g s  o n  A p ril 12, 1898 , " M arie  S k lo d o v sk a  C u rie "  a n 
n o u n c e d  th e  p ro b a b le  p re se n c e  in  p itc h b le n d e  o re s  o f  a  n e w  e le m e n t  e n d o w e d  
w ith  p o w e rfu l rad io a c t iv ity . T h is  w as  th e  f irs t s ta g e  o f  th e  d is c o v e ry  o f  rad iu m .

B y  th e  fo rc e  o f  h e r  o w n  in tu ition  th e  ph y sic is t h a d  sh o w n  to  h e rs e lf  th a t th e  
w o n d erfu l su bstance  m u s t ex ist. S h e  d e c ree d  its  ex istence . B u t its  in c o g n ito  s till 
h a d  to  b e  b ro k en . N o w  sh e  w o u ld  ha v e  to  ve rify  hyp o th esis  b y  e x p er im e n t, iso la te  
th is  m a te r ia l a n d  see  it. S h e  m u s t b e  ab le  to  an n o u n ce  w ith  certain ty : " It is  the re ."

P ie r re  C u r ie  h a d  fo llo w e d  th e  ra p id  p ro g re ss  o f  h is  w ife 's  e x p e r im e n ts  w ith  
p a s s io n a te  in te res t. W ith o u t d ire c tly  ta k in g  p a r t  in  M a rie 's  w o rk , h e  h a d  f re 
qu e n tly  h e lp e d  h e r  b y  h is  rem a rk s  a n d  a dv ice . I n  v ie w  o f  th e  s tu p e fy in g  c h a ra c 
te r  o f  h e r  r e su l ts , h e  d id  n o t  h e s ita te  to  ab an d o n  h is  s tu d y  o f  c ry s ta ls  f o r  th e  tim e  
b e in g  in  o r d e r  to  jo in  h is  e ffo rts  to  h e rs  in  th e  se a rch  fo r  th e  n e w  su b s ta n c e . 
T h u s , w h e n  th e  im m en s i ty  o f  a  p ress in g  ta sk  su g g e s te d  a n d  e x a c te d  c o lla b o ra 
t io n , a  g re a t  p h y s ic is t w as  a t M a rie 's  s id e— a p h y s ic is t w h o  w a s  th e  c o m p a n io n  
o f  h e r  life . T h re e  ye a rs  e a r lie r, lo v e  h a d  jo in e d  th is  e x c e p tio n a l m a n  a n d  w o m a n  
to g e th e r— lo v e , a n d  p e rh a p s  so m e  m y ste r io u s  fo re k n o w led g e , so m e  su b lim e  in 
s tin c t f o r  th e  w o rk  in  co m m o n .

T h e  a v a ila b le  fo rc e  w as  n o w  d o u b le d . T w o  b ra in s , fo u r  h a n d s  n o w  so u g h t 
th e  u n k n o w n  e le m e n t  in  th e  d a m p  little  w o rk ro o m  in  th e  R u e  L h o m o n d . F ro m  
th is  m o m e n t o n w a rd  i t  is  im p o ss ib le  to  d is t in g u ish  eac h  o n e 's  p a r t  in  t h e  w o rk  o f  
th e  C u rie s . W e  k n o w  th a t M a rie , h a v in g  c h o sen  to  s tu d y  th e  r a d ia t io n  o f  u ra 
n iu m  a s  th e  s u b je c t o f  h e r  th e s is , d isc o v e re d  th a t o th e r  su b s ta n c e s  w e r e  a lso  r a 
d io a c tiv e . W e  k n o w  th a t  a fte r  th e  e x a m in a tio n  o f  m in e ra ls  s h e  w a s  a b le  to  a n 
n o u n c e  th e  e x is te n c e  o f  a  n e w  c h e m ic a l e lem e n t, p o w e rfu lly  ra d io a c t iv e , a n d  
th a t  i t  w as  th e  c a p ita l im p o rta n ce  o f  th is  r e su l t w h ic h  d e c id e d  P ie r re  C u r ie  to  in 
te r ru p t h is  v e ry  d if fe re n t r e se a rch  in  o rd e r  to  t ry  to  iso la te  th is  e le m e n t  w ith  h is  
w ife . A t  th a t  tim e — M a y  o r  Ju n e  1898— a  c o lla b o ra tio n  b e g a n  w h ic h  w a s  to  la s t 
f o r  e ig h t y e a rs , u n t i l  it  w as  d e s tro y ed  b y  a  fa ta l acc id en t.

W e  c a n n o t  a n d  m u s t n o t a tte m p t to  f in d  o u t  w h a t s h o u ld  b e  c re d ite d  to  
M a rie  a n d  w h a t to  P ie rre  d u r in g  th e se  e ig h t y e a rs . I t  w o u ld  b e  e x a c tly  w h a t  th e  
h u sb a n d  a n d  w ife  d id  n o t w an t. T h e  p e rso n a l g e n iu s  o f  P ie r re  C u r ie  is  k n o w n  to



u s  b y  th e  o r ig in a l w o rk  h e  h a d  a cc o m p lish e d  b e fo re  th is  c o llab o ra tio n . H is  
w ife 's  g e n iu s  a p p ea rs  to  u s  in  th e  f i r s t  in tu i tio n  o f  d isc o v ery , th e  b r illia n t sta rt; 
a n d  it  w a s  to  r e a p p e a r  to  u s  a g ain , so lita ry , w h en  M a rie  C u rie  th e  w id o w  u n 
f lin c h in g ly  c a r r ie d  th e  w e ig h t  o f  a  n e w  sc ien c e  and  c o n d u c te d  it, th ro u g h  re 
se a rc h , s te p  b y  s te p , to  its  h a rm o n io u s  e x p an s io n . W e  th e re fo re  h a v e  fo rm a l 
p ro o f  th a t  in  th e  fu s io n  o f  th e ir  tw o  e ffo rts , in  th is  su p e rio r a llia n ce  o f  m a n  a n d  
w o m a n , th e  e x c h a n g e  w a s  e q u al.

L e t  th is  c e r ta in ty  su f fic e  fo r  o u r  c u rio s ity  a n d  ad m ira tio n . L e t u s  n o t  a t
te m p t to  s e p a ra te  th e s e  c re a tu re s  f u ll o f  lo v e , w h o se  h a n d w ritin g  a lte rn a tes  a n d  
c o m b in e s  in  th e  w o rk in g  n o te b o o k s  c o v e re d  w ith  fo rm u lae , th e se  c re a tu re s  w h o  
w e re  to  s ig n  n e a r ly  a ll  th e ir  sc ie n t if ic  p u b lic a t io n s  to g e th e r. T h ey  w ere  to  w ri te  
"W e  fo u n d "  a n d  "W e  o b se rv e d " ; a n d  w h e n  th e y  w ere  c o n s tra in e d  b y  f a c t  to  d is 
tin g u ish  b e tw e e n  th e ir  p a rts , th e y  w ere  to  e m p lo y  th is  m o v in g  locu tion :

C e r ta in  m in e ra ls  c o n ta in in g  u ra n iu m  a n d  th o r iu m  (p itc h b len d e , c h a lc o lite , 
u ra n ite )  a re  v e ry  a c tiv e  f ro m  th e  p o in t  o f  v ie w  o f  th e  e m iss io n  o f  B e cq u e re l 
r a y s . I n  a  p re c e d in g  c o m m u n ic a tio n , o n e  o f  u s  sh o w ed  th a t th e ir  a c tiv i ty  w as  
e v e n  g re a te r  th a n  th a t  o f  u ra n iu m  a n d  th o riu m , a n d  s ta te d  th e  o p in io n  th a t th is  
e f fe c t  w a s  d u e  to  so m e  o th e r  v e ry  a c tiv e  su b s ta n c e  c o n ta in e d  in  sm a ll q u a n tity  
in  th e se  m in e ra ls . (P ie rre  a n d  M a rie  C u rie : P ro c ee d in g s o f  th e  A c a d e m y  o f  S c i
en ce , J u ly  1 8 ,1 8 9 8 .)

M a rie  a n d  P ie r re  lo o k e d  fo r  th is  "v ery  ac tiv e"  su b stan ce  in  a n  o re  o f  u ra 
n iu m  c a lle d  p itc h b le n d e , w h ic h  in  th e  c ru d e  s ta te  h a d  sh o w n  i ts e lf  to  b e  fo u r  
tim e s  m o re  ra d io a c t iv e  th a n  th e  p u re  o x id e  o f  u ra n iu m  th a t  c o u ld  b e  e x tra c te d  
f ro m  it. B u t  th e  c o m p o s itio n  o f  th is  o re  h a d  b e e n  k n o w n  fo r  a  lo n g  t im e  w ith  
c o n s id e ra b le  p re c is io n . T h e  n e w  e le m e n t m u s t th e re fo re  b e  p re se n t in  v e ry  sm a ll 
q u a n tity  o r  i t  w o u ld  n o t h a v e  e sc a p e d  th e  n o tic e  o f  sc ien tis ts  a n d  th e ir  c h em ic a l 
a n a ly s is . A c c o rd in g  to  th e ir  c a lc u la t io n s— "pessim istic"  c a lc u la t io n s , l ik e  th o se  
o f  t ru e  p h y s ic is ts , w h o  a lw ay s  ta k e  th e  le ss  a ttrac tiv e  o f  tw o  p ro b a b il itie s— th e  
c o lla b o ra to rs  th o u g h t th e  o re  s h o u ld  c o n ta in  th e  n e w  e le m e n t to  a  m a x im u m  
q u a n tity  o f  o n e  p e r  c en t. T h e y  d e c id e d  th a t  th is  w as v e ry  lit tle . T h e y  w o u ld  h a v e  
b e e n  in  c o n s te rn a tio n  if  th e y  h a d  k n o w n  th a t  th e  rad io a c t iv e  e le m e n t  th e y  w ere  
h u n tin g  d o w n  d id  n o t  c o u n t  fo r  m o re  th a n  a  m illio n th  p a rt o f  p itc h b le n d e  o re .

T h e y  b e g a n  th e ir  p ro sp e c tin g  p a tien t ly , u s in g  a  m e th o d  o f  c h e m ic a l r e 
s e a rc h  in v e n te d  b y  th e m se lv e s ; b a se d  o n  rad io a c t iv ity  th e y  s e p a ra te d  a ll  th e  
e lem e n ts  in  p i tc h b le n d e  b y  o rd in a ry  c h em ic a l a n aly sis  a n d  th e n  m e a su re d  th e  
ra d io a c t iv ity  o f  e a c h  o f  th e  b o d ie s  th u s  ob ta in ed . B y  su c c e s s iv e  e lim in a tio n s  
th e y  s a w  th e  " ab n o rm a l"  r a d io a c t iv ity  ta k e  re fu g e  in  c e r ta in  p a rts  o f  th e  o re . A s  
th e y  w e n t  o n , th e  f ie ld  o f  in v e s tig a tio n  w as  n a rro w ed . I t  w as  e x a c tly  th e  te c h 
n iq u e  u s e d  b y  th e  p o lic e  w h e n  th e y  s e a rc h  th e  h o u se s  o f  a  n e ig h b o rh o o d , o n e  b y  
o n e , to  iso la te  a n d  a rre s t a  m a le fa c to r . B u t th e re  w as  m o re  th a n  o n e  m a le fa c to r  
h e re : th e  r a d io a c t iv ity  w a s  c o n c e n tra te d  p r in c ip a lly  in  tw o  d if fe re n t c h em ic a l 
f ra c t io n s  o f  th e  p itc h b le n d e . F o r  M . a n d  M m e  C u r ie  it  in d ic a te d  th e  e x is te n c e  o f  
tw o  n e w  e le m e n ts  in s te a d  o f  o n e . B y  Ju ly  1898 th e y  w ere  a b le  to  a n n o u n c e  th e
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d isc o v e ry  o f  o n e  o f  th e se  su b s ta n c e s  w ith  c e r ta in ty . "Y o u  w ill h a v e  to  n a m e  i t ,1' 
P ie r re  sa id  to  h is  y o u n g  w ife , in  th e  s a m e  to n e  as i f  i t  w ere  a  q u e s tio n  o f  c h o o s 
in g  a  n a m e  f o r  l it t le  Irene .

T h e  o n e -tim e  M ile  S k lo d o v sk a  r e f le c te d  in  s ilen c e  fo r  a  m o m e n t. T h e n , h e r  
h e a r t  tu rn in g  to w a rd  h e r  o w n  c o u n try  w h ic h  h a d  b e e n  e ra sed  f ro m  th e  m a p  o f  
th e  w o rld , s h e  w o n d e re d  v a g u e ly  i f  th e  sc ie n t if ic  e v e n t w o u ld  b e  p u b lis h e d  in 
R u ss ia , G e rm a n y  a n d  A u s tr ia — th e  o p p re s so r  c o u n trie s— a n d  a n sw e re d  tim id ly : 
" C o u ld  w e  c a ll  i t  'p o lo n iu m '?"  I n  th e  P ro c e e d in g s  o f  th e  A c a d e m y  f o r  Ju ly  1898  
w e  rea d : “ W e  b e lie v e  th e  su b s ta n c e  w e  h a v e  e x tra c te d  f ro m  p itc h b le n d e  c o n ta in s  
a  m e ta l n o t  y e t  o b se rv e d , re la te d  to  b is m u th  b y  its a n a ly tica l p ro p e r tie s .  I f  th e  
e x is te n c e  o f  th is  n e w  m e ta l is  c o n firm e d  w e  p ro p o se  to  c a ll  i t  p o lo n iu m ,  f ro m  
th e  n a m e  o f  th e  o r ig in a l c o u n try  o f  o n e  o f  u s” .

T h e  c h o ic e  o f  th is  n a m e  p ro v e s  th a t  in  b e c o m in g  a  F re n c h w o m a n  a n d  a 
p h y s ic is t  M a rie  h a d  n o t  d iso w n e d  h e r  fo rm e r  e n th u s ia sm s . A n o th e r  th in g  p ro v es  
i t  fo r  u s : e v e n  b e fo re  th e  n o te  ”O n  a  N e w  R a d io a c tiv e  S u b s ta n c e  C o n ta in e d  in 
P i tc h b le n d e "  h a d  a p p ea re d  in  th e  P ro c e e d in g s  o f  t k  A ca d e m y , M a rie  h a d  se n t th e  
m a n u sc r ip t to  h e r  n a tiv e  c o u n try , to  th a t  Jo se p h  B o g u sk i w h o  d ire c te d  th e  lit tle  
la b o ra to ry  a t  th e  M u se u m  o f  In d u s try  a n d  A g ric u ltu re  w h e re  sh e  h a d  m a d e  h e r  
f i r s t  e x p e r im e n ts . T h e  c o m m u n ic a tio n  w as  p u b lis h e d  in  W a rsa w  in  a  m o n th ly  
p h o to g ra p h ic  re v ie w  c a lle d  S w ia tlo  a lm o s t a s  so o n  as  in  Pa ris .

L if e  w a s  u n c h a n g e d  in  th e  lit t le  f la t  in  th e  R u e  d e  la  G la c ie re . M a rie  a n d  
P ie r re  w o rk e d  e v e n  m o re  th a n  u su a l; th a t w as  a ll. W h e n  th e  h e a t  o f  su m m er  
c am e , th e  y o u n g  w ife  fo u n d  tim e  to  b u y  so m e  b a sk e ts  o f  f ru i t  in  th e  m a rk e ts  
a n d , a s  u su a l, s h e  c o o k e d  a n d  p u t  a w a y  p re se rv e s  fo r th e  w in te r, a c c o rd in g  to  th e  
r e c ip e s  u s e d  in  th e  C u rie  fam ily . T h e n  sh e  lo c k e d  th e  sh u tte rs  o n  h e r  w in d o w s, 
w h ic h  g a v e  o n  b u rn e d  le av e s ; s h e  r e g is te re d  th e ir  tw o  b ic y c le s  a t th e  O rlea n s  
s ta tio n , a n d , lik e  th o u sa n d s  o f  o th e r  y o u n g  w o m e n  in  P a r is , w e n t o f f  o n  h o lid a y  
w ith  h e r  h u sb a n d  a n d  h e r  ch ild .

T h is  y e a r  th e  c o u p le  h a d  ren te d  a  peasan t's  h ouse  a t A u ro u x , in  A uvergne. 
H a p p y  to  b rea th e  g ood  a ir  a fte r  th e  n o x io u s  a tm o sp h ere  o f  th e  R u e  L h o m o n d , th e  
C u rie s  m a d e  ex cu rs io n s  to  M ende, P u y , C lerm o n t, M on t-D ore . T h e y  c lim b e d  h ills , 
v is ited  g ro tto e s , b a th ed  in  r ivers. E v ery  day , a lone  in  th e  c o u n try , th e y  sp o k e  o f  
w h a t th e y  c a lle d  th e ir  "new  m eta ls ,"  p o lo n iu m  a n d  " the  o the r"— th e  o n e  th a t re 
m a in e d  to  b e  found . In  S ep tem b er th e y  w o u ld  g o  b a ck  to  th e  d a m p  w o rk ro o m  a n d  
th e  d u ll m in e ra ls ; w ith  fre sh en ed  a rd o r  th e y  w o u ld  take  u p  th e ir  se a rch  again .

O n e  g r ie f  in te r fe re d  w ith  M a rie ’s  in to x ic a tio n  fo r  w o rk : th e  D lu sk is  w ere  
o n  th e  p o in t  o f  le av in g  P a r is . T h e y  h a d  d e c id e d  to  s e ttle  in  A u s tr ia n  P o la n d  a n d  
to  b u i ld  a  sa n a to r iu m  f o r  tu b e rc u la r  su ffe re rs  a t Z ak o p a n e  in  th e  C a rp a th ia n  
M o u n ta in s . T h e  d a y  o f  se p a ra t io n  a rriv e d : M a rie  a n d  B ro n y a  e x c h a n g e d  b ro k e n 
h e a r te d  fa re w e lls ; M a rie  w as lo s in g  h e r  f r ie n d  a n d  p ro tec to r , a n d  fo r  th e  f irs t  
t im e  s h e  h a d  th e  fee lin g  o f  ex ile.

M a r ie  to  B ro n y a , D e c e m b e r  2 , 1 898 :  “ Y o u  c a n 't  im a g in e  w h a t a  h o le  y o u  
h a v e  m a d e  in  m y  life . W ith  y o u  tw o , 1 h a v e  lo s t e v e ry th in g  I  c lu n g  to  in  P a r is
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e x c e p t  m y  h u sb a n d  a n d  c h ild . I t  se em s to  m e  th a t  P a r is  no  lo n g e r  e x is ts , a s id e  
f ro m  o u r  lo d g in g  a n d  th e  s c h o o l w h e re  w e  w o rk . A sk  M m e  D lu sk a  if  th e  g ree n  
p la n t  y o u  le f t  b e h in d  s h o u ld  b e  w a te red , a n d  h o w  m a n y  tim es  a  d a y . D o e s  it  
n e e d  a  g re a t  d e a l o f  h e a t  a n d  su n ?

W e  a re  w e ll, in  sp ite  o f  th e  b a d  w ea th e r, th e  ra in  a n d  th e  m u d . I re n e  is  g e t
tin g  to  b e  a  b ig  g ir l. S h e  is  v e ry  d if f ic u lt a b o u t h e r  fo o d , and  a s id e  f ro m  m ilk  
ta p io c a  s h e  w ill e a t  h a rd ly  a n y th in g  reg u la r ly , n o t  e v e n  e g g s. W rite  m e  w h a t 
w o u ld  b e  a  su ita b le  m e n u  f o r  p e rso n s  o f  h e r  ag e ....”  I n  sp ite  o f  th e ir  p ro sa ic  
c h a rac te r— o r  p e rh a p s  b e c a u se  o f  it— so m e  n o te s  w ritte n  b y  M m e  C u r ie  in  th a t 
m e m o ra b le  y e a r  1 898  se e m  to  u s  w o rth  q u o tin g . S o m e  a re  to  b e  fo u n d  in  th e  
m a rg in s  o f  a  b o o k  c a lle d  F a m ily  C o o k in g , w ith  re sp e c t to  a  re c ip e  fo r  g o o se 
b e rry  je l ly :  “ I  t o o k  e ig h t  p o u n d s  o f  f ru i t a n d  th e  sa m e  w e ig h t in  c ry s ta lliz e d  
su g a r. A fte r  a n  e b u llitio n  o f  te n  m in u te s , I  p a sse d  th e  m ix tu re  th ro u g h  a  r a th e r  
f in e  s ie v e . I o b ta in e d  fo u rte e n  p o ts  o f  v e ry  g o o d  je lly ,  n o t tra n s p a re n t, w h ic h  
"to o k "  p e rfe c tly ” .

In  a  sch o o l n o te b o o k  c o v ered  w ith  g ray  linen , in  w h ich  th e  y o u n g  m o th e r  h a d  
w ritte n  little  Irene's w e ig h t day  b y  da y , h e r  d ie t a n d  th e  a p p ea ra n ce  o f  h e r  f irs t 
tee th , w e  re a d  u n d e r  th e  d a te  o f  Ju ly  20 ,1 8 9 8 , so m e  days a fte r  th e  p u b lic a tio n  o f  th e  
d isco v ery  o f  po lon ium : “Ire n e  says "thanks"  w ith  h e r hand . S h e  c an  w a lk  v e ry  w ell 
n o w  o n  a ll fours. S h e  says "G ogh , g o g li, go ."  S h e  s tays in  th e  g a rd e n  a ll  d a y  a t 
Sc e au x  on  a  carpet. S h e  c an  ro ll, p ic k  h e rse lf  up , a n d  s i t  d o w n ”.

O n  A u g u s t 15, a t A u ro u x : “ I re n e  h a s  c u t  h e r  se v en th  to o th , o n  th e  lo w e r  
le ft . S h e  c a n  s ta n d  fo r  h a lf  a  m in u te  a lo n e . F o r  th e  p a s t  th re e  d a y s  w e  h a v e  
b a th e d  h e r  in  th e  r iv e r . S h e  c rie s , b u t  to d a y  ( fo u r th  b a th )  sh e  s to p p e d  c ry in g  a n d  
p la y e d  w ith  h e r  h a n d s  in  8 th e  w a te r . S h e  p la y s  w ith  th e  c a t  a n d  c h a se s  h im  w ith  
w a r  c rie s . S h e  is  n o t  a fra id  o f  s tr a n g e rs  a n y  m o re . S h e  s in g s  a  g re a t  d e a l. S h e  
g e ts  u p  o n  th e  ta b le  w h e n  s h e  is  in  h e r  c h a ir” .

T h re e  m o n th s  la te r , o n  O c to b e r  17, M a rie  n o te d  w ith  p r id e :“I re n e  c a n  w a lk  
v e ry  w e ll, a n d  no  lo n g e r  g o e s  o n  a ll  fo u rs” . O n  Ja n u ary  5 , 1899: “I re n e  h a s  f if 
te e n  te e th !"  B e tw e e n  th e se  tw o  n o te s— th a t  o f  O c to b e r  17, 1898 , in  w h ic h  I re n e  
n o  lo n g e r  g o e s  o n  a ll  fo u rs , a n d  th a t  o f  J a n u a ry  5  in  w h ic h  I re n e  h a s  f if te e n  
te e th — a n d  a  f e w  m o n th s  a f te r  th e  n o te  o n  th e  g o o se b e rry  p re se rv e , w e  f in d  a n 
o th e r  n o te  w o rth y  o f  rem a rk .

I t  w as  d ra w n  u p  b y  M a rie  a n d  P ie r re  C u r ie  a n d  a  c o lla b o ra to r  c a lle d  G . 
B e m o n t. In te n d e d  f o r  th e  A c a d e m y  o f  S c ie n ce , a n d  p u b lis h e d  in  th e  P r o 
c e e d in g s  o f  th e  se s s io n  o f  D e c e m b e r  2 6 , 1898 , it  a n n o u n ce d  fo e  e x is te n c e  o f  a 
se co n d  n e w  c h e m ic a l e le m e n t in  p itc h b le n d e . S o m e  lin e s o f  th is  c o m m u n ic a tio n  
r e a d  a s  fo llo w s: T h e  v a r io u s  re a so n s  w e  h a v e  j u s t  e n u m e ra te d  le a d  u s  to  b e liev e  
th a t  th e  n e w  ra d io a c tiv e  su b s ta n c e  c o n ta in s  a  n e w  e le m e n t to  w h ic h  w e  p ro p o s e  
to  g iv e  th e  n a m e  o f  R A D IU M . T h e  n e w  ra d io a c tiv e  su b s ta n c e  c e r ta in ly  c o n ta in s  
a  v e r y  s tr o n g  p ro p o r tio n  o f  b a r iu m ; in  sp ite  o f  th a t  its  ra d io a c tiv ity  is  c o n s id e r 
ab le . T h e  ra d io a c tiv ity  o f  ra d iu m  th e re fo re  m u s t b e  e n o rm o u s .
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P A R T  I I I

GLOSSARY

A b e r r a t i o n  in  o p tic s , a  d is to rtio n  o f  th e  im a g e  fo rm e d  b y  a  len s o r  m irro r, 
e i th e r  b e c a u s e  o f  its  c u rv a tu re , o r  b e c a u se  o f  d if fe ren c es  in  w a v e le n g th  o f  the  
l ig h t  tra n s m itte d . F ro m  th e  n in e te e n th  c en tu ry , b o th  th e se  ty p e s , sp h e r ic a l  a n d  
ch ro m a tic ,  h a v e  la rg e ly  b e e n  c o rre c te d  in  o p tic a l in stru m e n ts .

A b s o lu te  z e r o  a t  th is  te m p e ra tu re , 0 ° K  (k e lv in ), th e  lo w e s t th e o re tic a l ly  a t
ta in a b le , a to m s a n d  m o le c u le s  a re  a t z e ro -p o in t e n e rg y  (m a k in g  th e  g a seo u s 
s ta te  im p o s s ib le ). T h is  is  th e  b a s is  fo r  th e  s ta n d ard  te m p e ra tu re  s c a le  in  w h ic h  
0 ° C  is  e q u iv a le n t to  2 7 3 .1 5 °K .

A c a d e m ic  d e s  S c ie n c e s  in  F ra n c e , th e  o ffic ia l in s t itu tio n  f o r  p ro te c tin g  and  
a d v a n c in g  th e  in te re s ts  o f  sc ien c e . I ts  m e m b e rs  a re  a ll  e le c te d  f o r  th e ir  e x ce p 
tio n a l  s c ie n t if ic  a ch ie v em e n ts .

A i r  th e  b a s ic  c o n s titu e n t o f  th e  e a r th 's  a tm o sp h e re , k n o w n , s in c e  th e  e n d  o f  
th e  e ig h te e n th  c en tu ry , to  c o n s is t m a in ly  o f  o x y g e n  a n d  n itro g e n .

A to m ic  n u c le u s  th e  p o s it iv e ly  c h a rg e d  c e n tra l c o re  o f  th e  a to m , c o n s is tin g  
o f  p ro to n s  a n d  n e u tro n s , d is c o v e re d  b y  E rn e s t  R u th e rfo rd  (1 8 7 1 -1 9 3 7 )  in  1911.

A to m ic  n u m b e r  th e  n u m b e r  o f  p ro to n s  in  th e  a to m ic  n u c leu s ,  w h ic h  d e 
f in e s  e v e ry  s e p a ra te  e le m e n t  in  th e  p e r io d ic  tab le .

A to m ic  p i le  a  la rg e  a g g re g a te  o f  ra d io a c tiv e  e le m e n ts , e m b e d d e d  in  a 
m o d e ra to r , d e s ig n e d  s o  a s  to  su s ta in  a  c o n tin u e d  n u c le a r  re a c tio n  - a s  in  a  n u 
c le a r  p o w e r  s ta tio n .

A to m ic  w e ig h t  c o m m o n ly  k n o w n  a s  're la tiv e  a to m ic  m a ss ', b e c a u se  i t  r e 
la te s  th e  m a ss  p e r  a to m  o f  th e  n a tu ra lly  o c cu rrin g  fo rm  o f  an  e le m e n t to  1/12  
th a t  o f  a  c a rb o n -1 2  a to m  ( ta k e n  a s  th e  s ta n d a rd  o f  m e asu re m en t) .

A v o g a d r o 's  h y p o th e s is  a t  th e  s a m e  te m p era tu re  a n d  p ressu re , e q u a l v o l
u m e s  o f  a ll  g a se s  c o n ta in  a n  e q u a l n u m b e r  o f  m o lecu les .

B a s e  m e ta l s  c o m m o n  m e ta ls , su c h  a s  le a d  and  iro n , w h ic h  d e te r io ra te  on  
e x p o s u re  to  a ir , m o is tu re  a n d  heat.

B e n z e n e  th e  a rc h e ty p ic a l a ro m a d c  c o m p o u n d , Q H g , w h o se  m o le c u le  h a s  a 
r in g  s tru c tu re , fu n d a m e n ta l in  o rg a n ic  c h em is try .

B ig  b a n g  a n  e x p la n a tio n  o f  th e  o r ig in  o f  th e  u n iv e rs e , a t a  f in ite  m o m e n t in  
th e  p a s t, a s  a  re s u l t  o f  th e  e x p lo s io n  o f  a  s ta te  o f  m a tte r  o f  e n o rm o u s  d e n s ity  a n d  
te m p e ra tu re .

B l a c k -b o d y  r a d i a t i o n  e le c tro m a g n e tic  ra d ia tio n  e m itte d  b y  a  b la c k  b ody , 
d e f in e d  b y  th e  p ro p e r ty  th a t  i t  a b so rb s  a n d  e m its  a lm o s t a ll  th e  ra d ia tio n  fa llin g  
o n  it. A lth o u g h  a  p e rfe c t b la c k  b o d y  c a n  o n ly  e x is t a s  a  th e o re tic a l c o n ce p t, th e  
p h e n o m e n o n , f ir s t o b se rv e d  a t th e  e n d  o f  th e  n in e tee n th  c en tu ry , w as c rit ica l fo r
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th e  f o rm u la tio n  o f  q u a n tu m  p h y s ic s  b y  M a x  P la n c k  (1 8 5 8 -1 9 4 7 )  a n d  o th e rs  in 
th e  e a r ly  tw e n tie th  c en tu ry .

B o n d in g  in  c h e m is try  th e  s tro n g  a ttrac tiv e  fo rc e , ta k in g  a  n u m b e r  o f  d if f e r 
e n t  fo rm s , w h ic h  h o ld s  a to m s  to g e th e r  in  a  m o le cu le  o r  cry sta l.

B o s e - E in s te in  c o n d e n s a te  th e  u ltim a te  s ta te  o f  m a tte r  a t e x tre m e ly  low  
te m p e ra tu re s  (a ro u n d  2  x  10-7 °K ), a t w h ic h  s ta g e  th o u sa n d s  o f  a to m s  o f  a  sing le  
e le m e n t  b e c o m e  a  s in g le  su p e ra to m , w ith  re m a rk a b le  p h y s ic a l p ro p er tie s .

B o y le 's  la w  a  p a rtic u la r  c a se  o f  th e  g a s  la w s, g o v e rn in g  th e  re la tio n  b e 
tw e e n  m a ss  a n d  v o lu m e  a t  a  c o n s ta n t te m p era tu re .

B u b b le  c h a m b e r  b a s e d  o n  liq u id , ty p ic a l ly  h y d ro g en , m a in ta in e d  b y  p re s 
su re  s lig h tly  a b o v e  its  b o ilin g  p o in t.  Io n isa tio n  rad ia tio n  c a n  th e n  b e  o b se rv e d , 
b e c a u s e  th e  p a s sa g e  o f  io n is e d  p a rtic le s  red u c es  th e  p ressu re , le a d in g  to  th e  fo r
m a tio n  o f  a  tra i l  o f  b u b b le s .

C a e s iu m  a to m ic  c lo c k  w h o se  e x tre m e  a cc u ra cy , b a s e d  u p o n  th e  fre q u en c y  
e q u iv a le n t to  th e  e n e rg y  d if fe re n c e  b e tw e e n  tw o  sta te s  o f  th e  c a e s iu m -1 3 3  a to m , 
n o w  d e fin e s  th e  se c o n d  in  S I  un its .

C a r b o n  th e  d e fin in g  e le m e n t o f  a ll o rg a n ic  c o m p o u n d s , a n d  a s  su c h  fu n 
d a m e n ta l to  life .

C a r b o n  d io x id e  a  c o lo u rle s s , o d o u r le s s  g a s , C O 2, p re se n t in  th e  e a r th 's  a t
m o sp h e re , a n d  th e  e s se n t ia l s o u rc e  o f  c a rb o n  fo r  p la n ts , w h ic h  a b so rb  i t  b y  p h o 
to sy n th e s is ; th e  su p p ly  is  c o n tin u o u s ly  re p le n ish e d  b y  re sp ira tio n  b y  liv in g  o r 
g a n ism s , a n d  c o m b u s tio n  o f  fo s s il  fu e ls , th e  la tte r  n o w  b e in g  re sp o n s ib le  fo r  th e  
g re e n h o u se  e ffec t.

C a th o d e  r a y s  s tre am s o f  e lec tro n s  e m itte d  f ro m  th e  c a th o d e  w ith in  a  v a c 
u u m  c h a m b e r  c o n ta in in g  b o th  a  c a th o d e  a n d  a n  a n o d e  -  a  p h e n o m e n o n  p ro v id 
in g  th e  e x p e r im e n ta l b a s is  o f  m u c h  o f  m o d e m  p h y sic s .

C e r a m ic s  o rig in a lly  p ro d u c e d  b y  th e  b a k in g  o f  c la y , to g e th e r  w ith  o th e r  
in o rg a n ic  m a te r ia l, in  a n  ir r e v e rs ib le  p ro c e ss  le a d in g  to  c h e m ic a l ly  u n re a c tiv e  
e n d  p ro d u c ts  o f  e x tre m e  sta b ili ty  a n d  a  w id e  ra n g e  o f  u se s .

C h a in  r e a c t i o n  d e fin e d  b y  a  se rie s  o f  s te p s , in  w h ic h  e a c h  is  th e  r e s u l t  o f  
th e  o n e  p re c e d in g  it, so m e tim e s  w ith  a  m u lt ip lie r  e ffe c t le a d in g  to  a  c h em ic a l o r 
n u c le a r  ex p lo s io n .

C h e r e n k o v  r a d i a t i o n  a  p h e n o m e n o n , c h a ra c te r is e d  b y  th e  e m is s io n  o f  
b lu e  lig h t f ro m  a  tr a n s p a re n t m e d iu m , su c h  as w a te r , a s  a  r e su l t o f  p a s sa g e  o f  
a to m ic  p a rtic le s  a t a  v e lo c ity  g re a te r  th a n  th a t  o f  lig h t  in  th a t  m e d iu m .

C l o u d  c h a m b e r  u se d  in  th e  c la s s ic  e a r ly  d a y s  o f  p a rtic le  p h y s ic s ,  c o n ta in s  
su p e rsa tu ra te d  v a p o u r, w h ic h , b y  c o n d e n s in g  in  d ro p s  o n  io n s , a llo w s  th e  p a s 
sa g e  o f  io n is in g  ra d ia tio n  to  b e  ob se rv e d .

C o m b u s t io n  a  c h e m ic a l re a c t io n  b e tw e e n  o x y g e n  a n d  s o m e  o th e r  s u b 
sta n c e  p ro d u c in g  h e a t a n d  lig h t.

C o m p le m e n ta r i ty  th e  u s e  o f  tw o  d if fe re n t b u t  c o m p le m e n ta ry  c o n c e p ts  
( e .g . p a r tic le s  v s . w av e s)  to  e x p la in  q u a n tu m  p h e n o m en a .
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Compton effect th e  lo s s  o f  e n e rg y  o f  X -  o r  y*ray  p h o to n s  w h e n  th e y  a re  
sc a tte red  by  f re e  e lec tro n s .

Conservation th e  p r in c ip le  th a t  th e  m a g n itu d e  o f  a  p h y s ic a l p ro p e r ty  of a  
sy ste m , su c h  a s  en e rg y , m a ss  o r  c h a rg e , rem a in s  u n c h a n g e d  w h ile  its  d is tr ib u 
tio n  w ith in  th e  sy s te m  is  a lte re d .

Crab nebula a  g lo w in g  c lo u d  o f  g a s  a n d  d u s t in  th e  c o n s te l la t io n  T au ru s , a  
rem n a n t o f  a  su p e rn o v a  e x p lo s io n  o b se rv e d  in  C h in a  in  th e  y e a r  1054 .

Cryometer a n y  in s tru m e n t fo r m e asu r in g  e x tre m e ly  lo w  te m p era tu re s .
Crystal a  so lid  h a v in g  a  r e g u la r  in te rn a l a rra n g e m e n t, b a se d  o n  po ly h e d ra , 

o f  a tom s, io n s  o r  m o le cu les .
Cyclotron a n  a c c e le ra to r  in  w h ic h  c h a rg e d  p a rtic le s , in tro d u c e d  a t th e  cen 

tre , a re  a c c e le ra te d  a lo n g  an o u tw a rd  sp ira l pa th .
Dalton's atomic theory f irs t p ro p o se d  a  s ta n d a rd  a to m , w h ic h  c o u ld  n e i

th e r  b e  c re a te d  n o r  d e s tro y e d , a s  th e  fu n d am e n ta l u n it d e fin in g  a n y  e lem en t.
Domestication th e  h is to ric a l p ro c e ss  b y  w h ic h  h u m a n k in d  h a s  co m e  to  

co n tro l th e  n u m b e r, d is tr ib u t io n  a n d  s e lec tiv e  d e v e lo p m e n t o f  sp e c if ic  p la n ts  and 
an im a ls , p r im a rily  f o r  c o n su m p tio n  a s  food .

Doppler effect th e  o b se rv e d  c h an g e  in  th e  f re q u e n c y  o f  a  w a v e  a s  a  re su l t 
of th e  m o tio n  o f  its  so u rc e  in  re la tio n  to  th e  o b se rv e r.

Electric arc h is to ric a l ly  th e  f irs t  m e an s  o f  u s in g  a n  e le c tr ic  c u rren t fo r 
ligh ting , is  e s se n t ia lly  a n  in c a n d e sc e n t d is c h a rg e  c a u se d  b y  th e  c u rre n t b e tw ee n  
tw o  e lec tro d e s, in  w h ic h  th e  io n isa tio n  o f  th e  g a p  se p a ra t in g  th e m  m a in ta in s  a  
c o n d u c tiv e  m e d iu m  a llo w in g  th e  e ffe c t to  c o n tin u e  in d e fin ite ly .

Electrode a  c o n d u c to r  th a t e m its  (a n o d e)  o r  c o lle c ts  (ca th o d e )  e lec tro n s  in  
a c e ll, v a c u u m  tu b e , se m ic o n d u c to r , e tc.

Electrolysis th e  p ro c e s s  b y  w h ic h  th e  p a s sa g e  o f  an  e le c tr ic  c u rre n t th ro u g h  
a  c o n d u c tin g  l iq u id  (th e  e lec tro ly te ), c au se s  th e  c o n c e n tra tio n  o f  p o s it iv e  io n s a t 
th e  anode, a n d  n e g a tiv e  io n s  a t th e  ca thode.

Electromagnetism the fu n d am e n ta l p h e n o m e n o n  in h e re n t in  th e  r e la tio n  
be tw ee n  e lec tr ic i ty  a n d  m a g n etism .

Electron th e  e lem e n ta ry  n e g a tiv e ly  c h a rg e d  p a rtic le , p re se n t in  a ll a tom s, 
g ro u p ed  in  e le c tro n  sh e lls  su rro u n d in g  th e  n u c leu s.

Electron microcope u s in g  a  b e a m  o f  e lec tro n s  in s tea d  o f  a  b e a m  o f  ligh t, 
p ro d u ce s  m u c h  la rg e r  im a g es  o f  th e  o b je c t o b se rv e d  th a n  th e  c la ss ic  o p tic a l m i
cro sco p e  (w h o s e  re so lu tio n  is  lim ite d  b y  th e  c o m p a ra t iv e ly  lo n g  w av e le n g th s  o f  
th e  v is ib le  sp e ctru m ).

Element in  c h e m is try  a  su b s ta n c e  th a t, b e c a u se  it  c a n n o t d e c o m p o se  in to  
s im p le r  su b s ta n c es , is  d e fin e d  b y  a  s in g le  a tom .

Elementary particles th e  fu n d am e n ta l c o n s titu e n ts  o f  a ll  m a tte r  th ro u g h 
o u t th e  u n iv e rse  -  w h o se  p re se n c e  ( to  b e  d is t in g u ish e d  f ro m  th a t  o f  a to m s)  w as  
f irs t rev e a le d  b y  th e  d isc o v ery  o f  th e  e le c tro n  in  1897.

E u r a to m  th e  E u ro p e a n  A to m ic  E n erg y  C o m m iss io n , b e lo n g in g  to  th e  
E u ro p ea n  U n io n  a n d  d e v o te d  to  p ro m o tin g  th e  p e a c e fu l u s e  o f  a to m ic  energy .

74



F e m to c h e m is tr y  th e  s tu d y  o f  c h em ic a l reactions, ty p ic a l ly  th e  b rea k in g  
a n d  fo rm a tio n  o f  in d iv id u a l c h em ic a l b o n d s  in  c o m p o u n d s, w h ic h  o c cu r  w ith in  a  
tim esp a n  m e asu re d  in  f em to sec o n d s  (1 0 -15 seconds).

F e r m i- D ira c  s ta t i s t ic s  d e sc r ib e s  a  sy s te m  o f  p a rtic le s  o b e y in g  th e  ru le s  o f  
q u a n tu m  r a th e r  th a n  c la ss ica l m e ch a n ics , in  w h ic h  o n ly  o n e  p a rtic le  c an  oc cu p y  
a  g iv e n  q u a n tu m  s ta te . S u c h  p a rtic le s  a re  k n o w n  a s  fe rm io n s ,  in  c o n tra s t to  b o s
ons, g o v e rn e d  b y  B o se -E in s te in  sta tis tics .

F i re  a  continuous form  o f  com bustion  producing , typ ically , bo th  h eat and light.
F r a u n h o f e r  l in e s  d a rk  lin e s in  th e  sp e c tru m  o f  su n lig h t c au se d  by  th e  a b 

so rp tion , b y  e lem e n ts  in  th e  su n 's  o u te r  su rfa ce , o f  c o rre sp o n d in g  w a v e le n g th s  o f  
th e  rad ia tio n  e m itte d  fro m  its  in te r io r. T h e ir  d isc o v ery  w a s  c rit ica l to  th e  d e v e l
o p m e n t o f  sp e c tro sco p y .

F u n d a m e n ta l  i n te r a c t io n s  th e  fo u r  b a s ic  in te ra c tio n s  b e tw e e n  se p a ra te  
b o d ies  -  g ra v ita tio n a l, e lec tro m ag n e tic , s tro n g  a n d  w e a k  -  w h ic h  to g e th e r  a c 
c o u n t fo r a ll fo rc es  o b se rv e d  to  o c c u r  in  th e  un iv e rse .

G a s  la w s  g o v e rn  th e  re la tio n  b e tw ee n  te m p era tu re , p re s su re  a n d  v o lu m e  in  
id e al gases.

G e ig e r  c o u n te r  d e v ised  in  1908 a s  o n e  o f  th e  e a r lie s t m e an s  o f  d e tec tin g  
a n d  m e asu r in g  io n is in g  rad ia tio n .

G lu o n  a  c h a rg e le ss  p a rtic le , w ith  n o  re s t m a ss , v is u a lis e d  as b e in g  e x 
c h an g e d  b e tw ee n  q u a rk s, in  m a in ta in in g  th e  s tro n g  in te ra c tio n  b e tw e e n  them .

G ra v i ty  th e  p a rtic u la r  c ase  o f  th e  g rav ita tio n a l fo rc e  ( th e  w e a k e s t o f  th e  
fou r fu n d a m e n ta l  in te ra c tio n s)  o p e ra tin g  a n  a n y  o b je c t w ith  m a ss  w ith in  th e  
e arth 's  g rav ita tio n a l f ield .

H a d r o n  th e  c la ss  o f  su b a to m ic  p a rtic le s  ( in c lu d in g  p r o to n s  a n d  n e u tro n s)  
re la te d  to  th e  s tro n g  in te ra c tio n  (a n d  b e lie v e d  to  c o n s is t o f  qu a rk s ') .

H a lf- lif e  th e  tim e  ta k e n  fo r  ra d io a c tiv e  d e ca y  to  t r a n s fo rm  h a l f  th e  ra d io a c 
tiv e  p a rtic le s  p re se n t in  a n y  ag g reg ate .

H a ll e ffe c t th e  p ro d u c tio n , by  a  c u rre n t f lo w in g  th ro u g h  a  s tro n g  tran s v e rse  
m a g n e tic  f ie ld , o f  a  d if fe ren c e  in  e le c tr ic  p o te n tia l a t r ig h t a n g le s  to  b o th  c u rren t 
and  th e  field .

H e i s e n b e rg 's  u n c e r ta i n ty  p r in c ip le  d isc o v e re d  in  1 927 , a c c o rd in g  to  
w h ic h  th e re  is  a  q u a n tu m  lim it, h /4n , to  th e  a c c u ra cy  to  w h ic h  b o th  th e  p o s it io n  
a n d  th e  m o m e n tu m  o f  a n  e lem e n ta ry  p a rtic le  c an  b e  d e te rm in e d .

H e l iu m  a  c o lo u rle s s , in e r t  gas, w ith  no  k n o w n  c o m p o u n d s  a n d  th e  lo w e s t 
b o ilin g  p o in t  o f  a ll e lem e n ts .

H ip p o c ra t ic  o a th  th e  fu n d am e n ta l e th ica l c o d e  g o v e rn in g  th e  b e h a v io u r  o f  
d o c to rs  s in c e  a n c ie n t tim es.

H o m o  s a p ie n s  s a p ie n s  th e  la st s tage  in  th e  evo lu tion  o f  hum ank ind , occurring  
som e  100-120  th ousand  years  ago , a n d  characterised  b y  th e  u se  o f  language.

H y d r o c a r b o n  a n y  o n e  o f  a  v a s t  r a n g e  o f  c h e m ic a l c o m p o u n d s  c o n ta in in g  

o n ly  h y d ro g e n  a n d  carbon .
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H y d ro g e n  th e  f irs t  a n d  lig h te s t e le m e n t in  th e  p e r io d ic  tab le , a n d  th e  on ly  
o n e  w ith  n o  n e u tro n s  in  th e  n u c leu s  o f  its  m o s t c o m m o n  iso to p e , is  a  h ig h ly  re 
a c tiv e , c o lo u rle ss , o d o u r le s s  g a s , p re se n t in  w a te r  a n d  a ll o rg an ic  c o m p o u n d s

In c a n d e s c e n c e  lig h t  e m itte d  as a  r e su l t o f  r a is in g  a n y  su b s ta n c e  ( su c h  a s  a 
la m p  f ila m e n t)  to  a  su ffic ie n tly  h ig h  te m p era tu re .

I n d u c t io n  in  p h y s ic s , th e  c h a n g e  in  th e  s ta te  o f  a  b o d y  a s  th e  r e su l t o f  its 
b e in g  p la ce d  in  a  f ie ld , ty p ic a l ly  e lec tro m a g n e tic .

I n e r t i a  th e  in h e re n t p ro p e r ty  o f  m a tte r  c a u s in g  i t  to  re s is t a n y  c h an g e  in  its 
m o tion .

I n te r f e r e n c e  th e  in te ra c tio n  o f  w a v e  m o tio n s  so a s  to  p ro d u c e  a  re su l tan t 
w av e  w h o se  fo rm  c h a ra c te r is e s  th e  o r ig in a l w av e s ; in  o p tic s , a  p h e n o m en o n  
s tro n g ly  su p p o r tin g  th e  w a v e  th e o ry  o f  ligh t.

I s o to p e  d e fin e s  a n  a to m  o f  a  g iv e n  e le m e n t e lem e n t a c c o rd in g  to  th e  n u m 
b e r  o f  n e u tro n s  in  th e  n u c le u s , so a llo w in g  a n y  e le m e n t to  h a v e  a  n u m b e r  o f  d if 
fe ren t iso to p es  (so m e  w ith  sp e c ia l p ro p e r tie s , su c h  a s  ra d io a c tiv ity ).

J o s e p h s o n  ju n c t io n  a  d e v ic e  a p p ly in g  th e  e lec tr ica l p ro p e r tie s  o f  m a tte r  a t 
th e  u ltra -lo w  te m p e ra tu re s  to  m e a su r in g  e le c tr ic  c u rren ts  a t th e  le v e l o f  sing le  
e le c tro n  pa irs .

L e p to n  any  one  o f  a  c lass o f  e lem entary  particles, inc lud ing  elec trons  a n d  neu 
trinos, sub ject to  bo th  th e  elec trom agnetic  and  th e  w e a k  fu n d a m e n ta l in teractions.

L ig h t  sc ie n t if ic a lly  d e fin e d  b y  th e  ran g e  o f  e le c tro m a g n e tic  fre q u en c ie s  
( th e  v is ib le  sp e c tru m ) to  w h ic h  th e  e y e  is  sensitive .

M e tr o lo g y  th e  sc ie n c e  o f  m e a su re m e n t, in  p a r tic u la r  f o r  sc ie n t if ic  p u rp o ses  
r eq u ir in g  e x tre m e  a cc u ra cy .

M ic r o o rg a n is m s  a  w id e  h e te ro g en e o u s  c la ss , in c lu d in g  b a c te ria , p ro to zo a , 
e tc ., th a t c an  o n ly  b e  o b se rv e d  w ith  th e  h e lp  o f  a  m ic ro sc o p e  (w h o s e  in v e n tio n  
in  th e  s e v en te en th  c e n tu ry  le d  to  th e  f irs t d isc o v e ry ).

M ic r o s c o p e  a n y  d e v ic e  fo r  o b ta in in g  a  m a g n if ie d  im a g e , b e y o n d  th e  ran g e  
o f  n o rm a l v is io n , o f  sm a ll o b jec ts .

M o le c u le  th e  b a s ic  u n it in  c h em is try , ty p ic a l ly  c o m p ris in g  se p a ra te  e le 
m e n ts , d e fin e d  a s  th e  sm a lle s t p a rt o f  a  c o m p o u n d  th a t c a n  ta k e  p a r t  in  a  c h e m i
cal reac tion .

N a t u r a l  p h i lo s o p h y  u n til w e ll in to  th e  n in e tee n th  c en tu ry , th e  g e n e r ic  te rm  
fo r  a ll th e  e x ac t s c ien c es , e x c e p t fo r o p tic s  a n d  p u re  m a th em atic s .

N e u t ro n  th e  fu n d am e n ta l u n c h a rg ed  p a rtic le  c o m p ris in g  th e  a to m ic  n u 
c le u s , b u t in  iso la tio n  su b je c t to  f  -d ec ay  in to  a  p ro to n  a n d  a n  e lec tro n .

N itr o g e n  a  c o lo u rle ss  g a seo u s  e lem e n t, c o n s titu t in g  so m e  th re e -q u a r te r s  o f  
th e  e a r th 's  a tm o sp h e re , a n d  n o w  k n o w n  to  b e  a n  e ssen t ia l c o n s titu e n t o f  p ro te in s  
a n d  n u c le ic  a c id s  in  l iv in g  o rg an ism s.

N o b le  g a se s  th e  g a seo u s  e lem e n ts  he liu m , n e o n , a rg o n , k ry p to n , x e n o n  and  
r a d o n , b e lo n g in g  to  g ro u p  18 in  th e  p e r io d ic  tab le , a ll  r e p re se n tin g  th e  te rm in a 
t io n  o f  a  p e rio d  b y  c lo s in g  th e  e lec tro n  shell. T h e  re su i t is  a  c ap a c ity  to  fo rm  
c o m p o u n d s  so  re s tr ic te d  th a t  th e  f irs t in s tan c es  w ere  o n ly  d is c o v e re d  in  1962.
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N o ta t io n  th e  u se  o f  sp e c ia l s ig n s , o r  th e  id io sy n cra tic  u se  o f  com m on  
sig n s , su c h  as le tte rs  in  c h e m ic a l c o m p o u n d s , to  d e s ig n a te  en titie s  w ith  a  specia l 
s ig n ific a n c e  w ith in  th e  re la te d  b ra n c h  o f  sc ience.

N u c le u s  th e  positiv e ly  charged  cen tral core  o f  th e  a tom , consis ting  o f  pro tons  
and  (ex c ep t fo r hydrogen ) neu trons  b o u n d  together b y  th e  stro n g  interaction.

O x id a t io n  o r ig in a lly  a  c h em ic a l rea c tio n  w ith  o x y g e n , as o p p o se d  to  one 
in v o lv in g  th e  lo ss  o f  ox y g e n , o r  red u c tio n . N o w  i t  de fin e s  a  n u m b e r, p o s it iv e  o r 
n e g a tiv e , d e fin e d  b y  th e  n u m b e r  o f  e lec tro n s  o v e r  w h ic h  an  e lem e n t h a s  ga in ed  
o r  lo s t c o n tro l , as a  re su l t o f  it  fo rm in g  p a rt o f  a  co m p o u n d . S in ce  th e  p rocess  
in v o lv e s th e  tr a n s fe r  o f  e lec tro n s  b e tw e e n  th e  o u te r  sh e lls , it  o c cu rs  o n ly  in  re a c 
tio n s  in v o lv in g  io n s  -  w h ic h  a re , h o w e v e r, e x tre m e ly  co m m o n .

O x y g e n  a  c o lo u r l e s s ,  o d o u r le s s ,  g a s e o u s  e le m e n t ,  m a k in g  u p  n e a r ly  
h a l f  th e  e a r th 's  c ru s t ,  a n d  m o r e  th a n  a q u a r te r  o f  its  a tm o s p h e re , in d is p e n 
sa b le  f o r  a l l  l iv in g  o r g a n is m s  w h ic h  a c q u ir e  th e i r  e n e r g y  b y  o x id iz in g  n u 
tr ie n ts  to  c a r b o n  d io x id e  a n d  w a te r .

P e r io d ic  ta b le  s in c e  a b o u t 1 870 , sy s te m a tic a lly  a rran g e s  th e  e lem e n ts , in 
ro w s a n d  c o lu m n s , a c c o rd in g  to  th e  u n i t  in c re ase  in  a to m ic  n u m b e r , ta k in g  in to  
acc o u n t c o m m o n  p ro p e r tie s  ( su c h  as d e g re e  o f  rea c tiv ity )  to  d e te rm in e  th e  d iv i
s io n  in to  ro w s  a n d  co lu m n s.

P h lo g is to n  a  h y p o th e tic a l su b s ta n c e  w h ic h , d u r in g  th e  s e v e n te e n th  a n d  
e ig h tee n th  c e n tu r ie s , w a s  b e lie v e d  to  b e  c o n ta in e d  in  a ll c o m b u s tib le  su sb ta n c es, 
to  b e  r e le a s e d  in  th e  p ro c e ss  o f  co m b u stio n .

P h o s p h o r u s  a  c o m m o n , h ig h ly  rea c tiv e , c o m b u s tib le  e le m e n t, d isc o v ere d  
in  th e  se v en te en th  c en tu ry , a n d  e ssen t ia l fo r th e  su p p o r t o f  life .

P h o to n  ( fro m  th e  G re e k  p h o s ,  'l ig h t ')  th e  q u a n tu m  o f  e le c tro m a g n e tic  ra 
d ia tio n , tra v e llin g  a t th e  sp e ed  o f  lig h t w ith  a  r e s t m a ss  o f  z e ro , a n d  e s se n t ia l fo r 
ex p la in in g  in te r  a lia  th e  p h o to e le c tr ic  e ffe c t a n d  n o n -w a v e  p h e n o m en a .

P ile  a  s tru c tu re  c re a te d  b y  th e  ag g re g atio n  o f  separa te  rea c tin g  e lem en ts , to  in 
crease  th e  e n e rg y  supp lied , as w ith  th e  e lec tric  c u rren t co m in g  fro m  th e  v o lta ic  p ile.

P la s m a  in  h ig h -e n e rg y  p h y s ic s , th e  s ta te  o f  m a tte r , g e n e ra lly  a t e x tre m e ly  
h ig h  te m p e ra tu re s , c h a ra c te r is e d  b y  a  h ig h  le v el o f  ion isa tion ,  a b u n d a n t free  
elec trons, le a d in g  to  n e a r  im p o s s ib ili ty  o f  fo rm in g  c h e m ic a l b o n d s . T h e  g rea te r  
pa rt o f  th e  m a te r ia l u n iv e rs e  c o n s is ts  o f  p la sm a .

P o la r i s a t io n  c o n fin e s  th e  v ib ra t io n s  o f  a  tran s v e rse  w a v e  to  o n e  d irec tio n . 
In  o p tic s , th e  p h e n o m e n o n  o c cu rrin g  in  a  n u m b e r  o f  d if fe re n t w a y s  -  in  w h ic h  
lig h t w av e s a re  o n ly  tr a n s m itte d  in  o n e  p la n e .

P r o to n  th e  p a rtic le  w ith in  e v e ry  a to m ic  n u c leu s  w h ic h  a c c o u n ts  fo r its 
p o s it iv e  c harge .

P r o to n - p r o to n  r e a c t io n  th e  m e an s  b y  w h ic h  e n e rg y  is  g e n e ra te d  b y  n u 
c le a r  fu s io n  re a c tio n s , in v o lv in g  h y d ro g e n  a n d  he liu m , w ith in  m a in  se q u en c e  
s ta rs  w ith  m a ss  c o m p a ra b le  to  o r  le ss  th a n  th a t  o f  th e  sun .

P o s i t r o n  th e  e le m e n ta ry  p o s it iv e ly  c h a rg e d  p a rtic le  c o rre sp o n d in g  to  th e  
n e g a tiv e ly  c h a rg e d  e lec tro n , b u t  o n ly  d e tec ted  in  th e  1930s.

P r o p e r  m o tio n  th e  a pparen t m o tion  o f  stars across th e  sky  in  rela tion  to  the  
w ho le  firm am en t, b est obse rved  w ith  pow erfu l te lescopes ove r long  pe riods o f  tim e, 
and  exp la ined  m a in ly  by  th e  c lo seness  o f  any  s ta r  obse rved  to  th e  observer.
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P y r o m e te r  a n y  in s tru m e n t fo r m e asu r in g  e x tre m e ly  h ig h  te m p era tu re s .
R a d ic a l  in  c h e m is try  th e  s ta b le  p a rt o f  a  su b s ta n c e  th a t  re ta in s  its  id e n tity  

th ro u g h  a  s e rie s  o f  re a c tio n s  e v e n  th o u g h  a  com p o u n d .
R a d io a c t iv i ty  th e  sp o n ta n eo u s  d is in teg ra tio n  o f  c e r ta in  'ra d io ac tiv e ' a to m ic  

n u c le i b y  th e  e m is s io n  o f  a n d  a -  o r  -p a r tic le s , o r  у - ra d ia tio n .
R e a c t io n  in  c h e m is try , a  c h an g e , sp o n ta n eo u s  o r  d e lib e ra te , in  o n e  o r  m ore  

e lem e n ts  o r  c o m p o u n d s  s u c h  th a t  a  n e w  c o m p o u n d  is  p ro d u ce d .
R e a c t iv e  s e r i e s  an  o rd e re d  lis t o f  ge n e ra lly  m e ta l lic  e lem e n ts  b a sed  on 

th e ir  p ro p e n s i ty  to  r e a c t  w ith  o th e r  su b sta n c es, a n d  in d ic a t in g  th e re fo re  th e ir  
re la tiv e  s ta b ility .

R e f le c tio n  th e  re tu rn  o f  a ll  o r  p a r t  o f  a  b e a m  o f  p a rtic le s  o r  w av e s  (ty p i
c a lly  o f  lig h t)  a s  a  r e su l t o f  e n co u n te rin g  th e  in te r fa c e  b e tw e e n  tw o  m ed ia .

R e f r a c t io n  th e  c h a n g e  in  d irec tio n  o f  a  b e a m  o f  p a rtic le s  o r  w a v e s  ( ty p i
c a lly  o f  lig h t)  a s  it  p a s s e s  fro m  o n e  m e d iu m  in to  a n o th e r . W h ere  th e  la tte r  is  a  
c ry s ta l, th e  b e a m  m a y  s p l i t  in to  tw o  co m p o n en ts , e a c h  w ith  d is t in c t iv e  op tical 
p ro p e r tie s  su c h  a s  p o la r isa tio n :  th is  is  d o u b le  re fra c tio n .

R o y a l  I n s t i tu t io n  a  le a rn e d  sc ien tific  so c ie ty , fo u n d e d  in  L o n d o n  in  1799, 
w h o se  la b o ra to r ie s  b e c a m e  B rita in ’s f irs t re se a rch  c en tre .

R o y a l  S o c ie ty  a  sc ie n t if ic  in s t itu tio n , in  c o n tin u o u s  e x is te n c e  s in c e  its 
fo u n d a tio n  in  1660 , w h o se  m e m b ers , k n o w n  a s  'F e l lo w s ', a re  e le c te d  o n  th e  b a 
s is  o f  th e ir  o r ig in a l c o n trib u tio n  to  th e  a d v an c em e n t o f  sc ien c e .

S e m ic o n d u c to r  a  c ry s ta llin e  so lid , w ith  c o n d u c tiv i ty  su b s ta n tia lly  h ig h e r  
th a n  th a t o f  a n  isu la to r  a n d  lo w e r  th a n  th a t o f  a  c o n d u c to r , a n d  e le c tr ic a l p ro p e r
tie s  th a t e n su re  th a t  a c c o rd in g  to  in p u t th e  f lo w  o f  c u rre n t is  e ith e r  en h an c ed  or 
in h ib i te d  -a  p ro p e r ty  e x tre m e ly  u se ftii in  c o m p u te rs  a n d  a m p lif ic a tio n  sy stem s.

S I  u n i ts  (S y s te m e  In te rn a tio n a l d 'U n ites), w ith  th e  m e tr ic  sy s te m  a s  s ta r t
in g  p o in t, in te rn a tio n a lly  rec o g n ise d  fo r  a ll sc ien tific  p u rp o se s ,  a n d  c o n s is tin g  o f  
s e v e n  b a se  u n its  a n d  tw o  su p p le m e n ta ry , w ith  e ig h te e n  m o re  d e r iv e d  f ro m  them .

S ilic o n  th e  se c o n d  m o s t a b u n d an t e lem e n t in  th e  e a r th 's  c ru s t , ty p ic a l ly  a 
c o m p o n en t o f  s a n d  a n d  d e riv a tiv e ly , g la ss , b u t n o w  u se d  e x te n s iv e ly  as th e  basis  
f o r  se m ico n d u c to rs .

T h e r m o d y n a m ic s  th e  g e n e ra l s tu d y  o f  th e  t ra n s fe r  o f  h e a t  lin k e d  to  th e  
c o n v ers io n  o f  e n e rg y  a n d  its  a v a ila b ility  to  do  w o rk ; se e  a ls o  th e  m e c h a n ic a l 
e q u iv a le n t o f  hea t.

T r a n s i t io n  e le m e n ts  th e  th re e  m a in  se ries, b e lo n g in g  th e  to  th e  d  -b lo c k  in  
c o lu m n s  4  to  12 in  th e  p e r io d ic  tab le , a re  ty p ic a l m e ta ls , w h o se  c h e m ic a l p ro p 
e rtie s  are  d e fin e d  by  u n f ille d  d  -o rb ita ls , b u t th is  d o e s  n o t  d e fin e  th e  w h o le  c lass , 
w h ic h  e x ten d s  a lso  to  t h e / - b lo c k .

V a le n c y  th e  c o m b in in g  p o w e r  o f  a n  a to m  to  fo rm  m o le c u le s , g e n e ra lly  
co m p o u n d , e x p re s se d  a s  a  w h o le  n u m b e r  a c c o rd in g  to  th e  n u m b e r  o f  b o n d s  c a 
pa b le  o f  b e in g  fo rm e d  b y  o u te r  sh e ll e lec trons.

X -r a y  c ry s t a l lo g r a p h y  a  s ta n d ard  te ch n iq u e  -  p a rtic u la rly  u se fu l in  th e  life  
sc ien c es  -  u s in g  X - r a y  d iffra c tio n , fo r d e te rm in in g  th e  m ic ro s tru c tu re  o f  c ry s ta ls  

o r  m o le cu les .
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A P P E N D IX

W ith  th e  fo llo w in g  k e y  w o rd s  a n d  ph rase s  y o u  w ill b e  a b le  to  c o m m en t o n  sc i
e n tif ic  a rtic le s  o r  a n y  o th e r  p ie c e s  o f  in fo rm ation :

1. T h e  p re se n t a rtic le / r e p o r t  is  a b o u t/is  c o n ce rn e d  w ith / is d e v o ted  to  ...
2 . T h is  e ssa y / p a p e r  d e a ls  w ith /  c e n tre s  o n / co n ce n tra te s  o n /  to u c h es  u p o n / fo 
cu ses  o n /  p r e s e n ts ...
3 . T h e  m a in  c o n c e rn  o f  th is  p a p e r  w ill  b e  on  ...
4 . T h e  p a p e r  p re se n ts  th e  a n a ly s is  ...
5. T h e  d is c u s s io n  w il l  b e  c o n c e n tra te d  o n  ...
6 . 1 sh a ll c o n fin e  m y  a tte n t io n  s tr ic tly  to  ..
7. W e  sh a ll c o n c e rn  o u rse lv e s  w ith  th e  p ro b lem  o f ...
8 . 1 sh a ll d w e ll u p o n  th e  p ro b le m  o f . . .
9 . H ere  w e  n e e d  to  c o n s id e r  th e  p ro b le m  o f  ...
10. W e  a re  fac in g  th e  p ro b le m  ...
11. T h e  c u rren t in te re s t in  th e  p ro b le m  lie s  i n ...
12. T h e  p ro b le m  a ris e s  in  c o n n e c tio n  w ith ...
13. W e  tu rn  o u r  a tte n t io n  to  a  n e w  a n d  m o re  u rg en t p ro b lem .
14. W e  sh a ll e x a m in e  th e  re la tio n s  b e tw e e n  ...
15. I t w o u ld  b e  in s tru c tiv e  to  e x a m in e  in  d e t a i l ... fro m  th e  p o in t  o f  v ie w  of-
16. T h ere  is  n o  m e n tio n  a b o u t ...
17. T h e  re p o r t sh o u ld  in tro d u c e  y o u  to  th e  id e as  a n d  d ire c tio n s  o f . . .
18. W e  sh a ll m a k e  a  th o ro u g h  s tu d y  o f ...
19. In  th is  c o n n e c tio n  it  w o r th w h i le  m e n tio n in g  ...
20. T h e  s tu d y  o f ... r a is e s  s e v e ra l in te re s tin g  p ro b le m s o f  a  g e n e ra l na tu re .
21 . I t r eq u ire s  a  d e ta ile d  s tu d y  o f . . .
22 . ... g o t m e  in te re s te d .
23 . T h is  is a c h ie v e d  b y  c o m p re h e n s iv e  s tudy  o f  ...
24 . In  c o n n ec tio n  w ith  th e  s tu d y  o f  va rio u s p h e n o m e n a  it  is  n e c e s sa ry  to  ...
25 . T h e  p re se n t b o o k  is  a im e d  a t ...
26 . O ne  o f  th e  c h ie f  a im s  w a s  to  te s t  th e  h y p o th e s is . . .
27 . T h e  p u rp o se  o f  m y  w o rk  is  to  e x am in e  a n d  in v e s tig a te  ...
28 . W e  a re  fu lly  a w a re  o f  th e  n a tu re  o f  th e  o b je c tiv e  ...
29 . T h is  p a p e r  is  a im e d  to  r e v e a l so m e  o f  th e  f e a tu re s  o f ...
30 . T h is  p a p e r  a b o u n d s  in  illu s tra tiv e  m a te ria l/e x am p les .
31. H e  w as  th e  f irs t to  s ta te  c lea rly  th e  c o n ce p t o f ...
32. T h e  e ssen c e  o f  th e  c o n c e p tio n  i s ...
33 . T h e  k e y -n o te  o f  th e  a rtic le  ...
34 . T o  h a v e  a  g o o d /  b a d /  h ig h /  lo w  o p in io n  o f  sm th
35 . T o  sta te  o n e 's  v ie w s  o n  sm th
36 . F ro m  m y  p o in t  o f  v ie w
37 . T o  h a v e  a  p o s it io n  o n  sm th
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38 . T o  h a v e  a n  o u tlo o k  o n  sm th
39 . T o  fo rm  a  ju d g m e n t
40 . I n  m y  ju d g m e n t
41 . T o  lo o k  a t sm th  f ro m  th e  s ta n d p o in t o f  ...
42 . T o  ta k e  a  s ta n d  o n  sm th
43 . T o  h a v e  a  th in k in g  o n  th e  m a tte r
44 . T o  ta k e / to  h a v e  an  a ttitu d e  to  ...
45 . T o  re g a rd / to  g u e s s / to  c o n jec tu re / to  su rm ise / to  g ra n t/ to  p re su m e / to  
a ssu m e / to  su p p o se / to  f ig u re  /  to  re c k o n / to  b e lie v e / to  s ta n d / to  c o n s id e r / to  
lo o k  on / u p o n  sm th
46 . T o  p re se n t a  w o rk a b le  so lu t io n  to  sm th
47 . T h e  m a in  (sp e c if ic )  p o in ts / b a s ic  c o n c e p ts / m a jo r  p ro b le m s/ g e n era l 
q u e stio n s
48 . T h en , fu rth e r  (o n )  /  th e  a rtic le  g o e s  o n  to  s a y  t h a t ...
49 . T o  sh o w  a n d  p ro v e  th e  e x is te n c e  a n d  se rio u sn ess  o f  a  p ro b le m
50. T o  illu s tra te  s e v e ra l p h e n o m e n a  in  th e  f ie ld  o f  (P sy c h o lo g y , P h y s ic s , M ath s, 
M e ch a n ics , C o m p u tin g )
51 . T h e  te x t c o n ta in s  th e  d e fin i tio n  o f  su c h  a  p h e n o m e n o n  as ( th is  p h e n o m e n o n  
is  d e fin e d  a s  fo llo w s: ...)
52 . C la r ity  a n d  p e rsu a s iv e n e s s  o f  th e  ideas
53 . T h eo ry  a n d  p ra c tic e / e x p er im e n ta l d a ta / e s tab l ish ed  fac ts
54 . T o  a sse s s  ( to  g iv e  a  c rit ica l a ssess m en t o f  th e  fac t)
55 . I t 's  m y  b e l ie f /  c o n v ic tio n / p e rsu a s io n  th a t . . .
56 . T h e  re p o r te r / c o m m e n ta to r / a u th o r  m e n tio n s / rep o r ts  o n /  c o m m e n ts  on / 
to u c h es  u p o n /  d w e lls  u p o n / e x p la in s / g iv e s  a  d e ta ile d  a n a ly s is  o f /  d e sc r ib e s  in 
d e ta il /  g iv e s  n o  d e ta ils  as to /  g iv e s  fu ll c o v erag e  o f / rem in d s  th e  rea d e r  o f / 
fo cu se s  th e  r e a d e r 's  a tte n t io n  o n / e m p h as ize s  th e  f a c t th a t /  la y s th e  e m p h a s is  o n / 
stre sses  th a t/  d ra w s  th e  rea d e r 's  a tten t io n  to /  ta k es  a c rit ic a l v ie w  o f  /  is  in  fav o u r 
o f . . .
57 . I t is an  u r g e n t/ v ita l /  b u rn in g / b re a d -a n d -b u tte r  p ro b lem .
5 8 . 1 a rrive  a t a  c o n c lu s io n  th a t ...
59 . In  c o n c lu s io n  th e  a rtic le  sa y s  tha t...
60 . A t th e  e n d  o f  th e  a rtic le  th e  r e p o r te r ...
6 1 . T o  su m  u p . . .
6 2 . T h e  c o m m e n ta to r  c o n c lu d e s  b y  s a y in g  tha t...
63 . T h a t b r in g s  m e  to  th e  e n d  o f  m y  c o m m en tary .
64 . T h a t se em s to  b e  a ll I w a n te d  to  te ll  you .
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