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T h e  m e a s u r e s  of i n t e rnuc l ea r  d i s tances  t h a t  are  of 
t heo re t i c a l  in te res t ,  a n d  w h i c h  p rov ide  a basis  for in ter -  
compar i sons  of t h e  resu l t s  of d i f fe ren t  phys ica l  measu re -  
m e n t s ,  are,  of course,  re, t h e  equ i l i b r i um d is tances  corre- 
spond ing  to  t h e  m i n i m a  on t h e  p o t e n t i a l  e n e r g y  hype r -  
sur face  of t h e  molecu le .  I n  d i f f rac t ion  s tud ies  a de ter -  
m i n a t i o n  of t i m e - a v e r a g e  d is tances ,  r,  r a t h e r  t h a n  of re, 
is u sua l l y  m a d e .  This  is u n d e r s t a n d a b l e  for  t he  d i s t ances  
d e t e r m i n e d ,  be ing  complex  func t ions  of t h e  t h e r m a l  
m o t i o n s  of t he  nucle i ,  a re  di f f icul t  to  re la te  to  equ i l i b r ium 
d is tances ,  and ,  moreove r ,  a t  least  in X - r a y  a n d  e lec t ron  
d i f f r ac t ion  s tud ies  t h e  di f ferences  b e t w e e n  r a n d  re are  
less t h a n  the  e x p e r i m e n t a l  u n c e r t a i n t i e s  in r .* The  
di f ferences  b e t w e e n  r a n d  re are  g rea t e s t  for those  dis- 
t ances  i nvo lv ing  t h e  l igh tes t  nucle i ,  a n d  for  t he  de te r -  
m i n a t i o n  of such  d is tances ,  p a r t l y  because  of t he  w e a k  
a n d  u n c e r t a i n  n a t u r e  of t he  s ca t t e r ing  f rom l ight  a toms ,  
t h e  X - r a y  a n d  e lec t ron  d i f f rac t ion  m e t h o d s  have  n o t  been  
too effect ive .  On t h e  o t h e r  h a n d ,  t he  n e u t r o n  d i f f rac t ion  
m e t h o d  is n o w  e m p l o y e d  to  y ie ld  i n t e r n u c l e a r  d i s tances  
i nvo lv ing  the  l igh tes t  nuc le i  to  a m u c h  g rea t e r  accu racy ,  
a n d  he re  t h e  d i s t inc t ion  b e t w e e n  r a n d  re m a y  be im- 
p o r t a n t .  I n  fac t  i t  is t he  pu rpose  of th is  no te  to suggest ,  
b y  w a y  of a n  ideal ized  mode l ,  t h a t  t he  usua l  fai lure in 
c u r r e n t  n e u t r o n  d i f f rac t ion  s tud ies  to  t a k e  in to  a c c o u n t  
t h e  a n h a r m o n i c  t n a t u r e  of t h e r m a l  osci l la t ions  of nucle i  
m a y  resu l t  in d i f ferences  b e t w e e n  r a n d  r e of t h e  o rde r  
of m a g n i t u d e  of t h e  l imi t s  of e r ror  ass igned to  r. 

Cons ider  a b o n d  M - H ,  a n d  a s sume  t h a t  M is m u c h  
h e a v i e r  t h a n  H .  I f  t h e  h y d r o g e n  nuc l eus  v ib ra t e s  har-  
m o n i c a l l y  in t h e  d i r ec t ion  of t h e  b o n d  w i t h  a f r e q u e n c y  v, 
t h e n  t h e  p r o b a b i l i t y  of f ind ing  i t  a t  a d i s t ance  r f r o m  M 
is in t h e  lowest  v i b r a t i o n a l  s ta te  

P ( r - - r e )  = (a/xr)½ exp [ - -a ( r - - r e )  2] , (1) 

w h e r e  a,  t h e  h a r m o n i c  osci l la tor  func t ion ,  is 

a = 4 ~ 2 m v c / h .  (2) 

:Hence, t h e  m o s t  p robab l e  pos i t ion  for t he  h y d r o g e n  
nuc l eus  is a t  r = re. B u t  suppose  t h a t  t h e  h y d r o g e n  
nuc l eus  v i b r a t e s  a n h a r m o n i c a l l y  in t h e  d i r ec t ion  of t h e  
bond .  I f  one a s sumes  the  Morse po t en t i a l  func t ion  
(Morse, 1929) w i t h  a n h a r m o n i c i t y  coeff ic ient  xe (in t h e  
q u a d r a t i c  in  (v+  ½) express ion  for t he  v i b r a t i o n a l  e n e r g y  
levels) t h e n  in t h e  lowest  v i b r a t i o n a l  s t a t e  one f inds  

P ( Z )  = (2xea)½[T'(Xel--  1)] -1 e - Z Z  (1-ze)/~e , (3) 
w h e r e  

Z = Xel exp [-- (2Xea)½(r--re)] . (4) 

* However,  should the reliability of such experimental 
values of r increase sufficiently, then for purposes of com- 
parison with theory it will be necessary to know how to relate 
r t o  re. 

t In  practice the an_harmonic nature  of thermal  oscillations 
is associated with asymmetry  in the potential function 
describing such motion, and accordingly we use the term 
anharmonic to imply such asymmetry.  The rare, if not  
idealized, case of the anharmonic oscillator with symmetric 
potential  function is of no interest to us. 
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N o t e  t h a t  t he  pos i t ion  of m a x i m u m  p r o b a b i l i t y  for  t h e  
h y d r o g e n  nuc leus  satisfies t h e  cond i t ion  

exp  [--  (2xea)½ (r--re)] = 1 - - x e ,  (5) 

w h i c h  for  xe smal l  leads  to  

r - - re  ~. (xe/2a)½. (6) 

H e n c e  on an  idea l  F o u r i e r  m a p ,  free f rom all spur ious  
effects,  t he  pos i t ion  of t h e  h y d r o g e n  nuc leus ,  as j u d g e d  
b y  t h e  pos i t ion  of m a x i m u m  sca t t e r ing  dens i ty ,  w o u l d  
co r respond  to  a d i s t ance  r, r a t h e r  t h a n  to  a d i s t ance  re, 
a w a y  f rom d~/. The  d i f ference  b e t w e e n  r a n d  re is d i f f icu l t  
to  ca lcu la te  owing  to t he  p a u c i t y  of spec t roscopic  d a t a  
f rom solids a n d  to  t he  dif f icul t ies  i n h e r e n t  in t h e  in ter -  
p r e t a t i o n  of such  da t a .  On t h e  o the r  h a n d  va lues  of xe 
for  gases can  be e s t i m a t e d  b y  va r ious  m e t h o d s  (e.g., 
Denn i son ,  1940), a n d  typ i ca l  va lues  a re  p e r h a p s  0.02 to  
0.10 (iRedlich, 1939; Denn i son ,  1940). I f  one a s sumes  
t h a t  t h e  i sotope p r o d u c t  ru le  is app l icab le  to  solids, t h e n  
t h e  d a t a  of L o r d  & Merr i f ie ld  (1953) for  v (H)  a n d  v(D) 
in severa l  solids lead  to  va lues  of xe a r o u n d  0-2. I t  is 
t h u s  n o t  u n r e a s o n a b l e  to  a s sume  t h a t  xe va lues  f o u n d  for  
gases ob t a in  also in solids, a n d  a conse rva t i ve  va lue  of 
0-05 for  xe can  be t a k e n  here .  A typ i ca l  va lue  of a is 
a b o u t  80 /~-2. H e n c e ,  t h e  d i f ference  b e t w e e n  r and  re 
is a b o u t  0.02 /~ for  t he  g r o u n d  v i b r a t i o n a l  s ta te ,  approx-  
i m a t e l y  t he  m a g n i t u d e  of t h e  l imi t s  of e r ror  in  n e u t r o n  
d i f f rac t ion  d e t e r m i n a t i o n s  of b o n d  d i s tances  i nvo lv ing  
h y d r o g e n  a toms .  This  d i f ference  w o u l d  be  e x p e c t e d  to  be  
g rea t e r  in some cases, for  example  for t h e  h y d r o g e n  a t o m  
in a shor t  O-I-I-O b o n d  w h e r e  xe shou ld  be s o m e w h a t  
larger .  I t  is i n t e re s t ing  to no t e  t h a t  if a F o u r i e r  peak ,  
such as B a c o n  & Pease  (1955) f ind  for  t h e  h y d r o g e n  a t o m  
in t h e  shor t  O - H - O  b o n d  in IKH2PO 4, can  be  d e c o m p o s e d  
in to  two  h a l f - h y d r o g e n  p e a k s  of Gauss ian  shape  (xe = O) 
s e p a r a t e d  b y  ~, t h e n  i t  can  be d e c o m p o s e d  equa l l y  wel l  
in to  two  h a l f - h y d r o g e n  a n h a r m o n i c  p e a k s  s e p a r a t e d  b y  
6 + (2xJa)½. 

The  effects  of such  a n h a r m o n i c i t i e s  on t h e  a c t u a l  
d e t e r m i n a t i o n s  of b o n d  d i s t ances  b y  n e u t r o n  d i f f rac t ion  
t e chn iques  are  qu i te  d i f f icul t  to  e s t ima te .  Such  de te r -  
m ina t i ons ,  w h i c h  i n v a r i a b l y  a s sume  t h e  v ib r a t i ons  to  be  
h a r m o n i c ,  are  genera l ly  car r ied  ou t  e i t he r  b y  least-  
squares  or d i f ference  F o u r i e r  t echn iques .  I n  e i the r  case 
t h e  b o n d  d i s t ances  de r ived  are  r a t h e r  c o m p l i c a t e d  a n d  to  
some e x t e n t  u n c e r t a i n  func t ions  of t h e  t h e r m a l  m o t i o n s  
(Worsham,  L e v y  & Pe te r son ,  1957). T h u s  dev i a t i ons  
f rom h a r m o n i c i t y  w o u l d  t a k e  a far  m o r e  subt le  fo rm t h a n  
on t h e  idea l  F o u r i e r  m a p  discussed above .  I t  is r e a s o n a b l y  
cer ta in ,  however ,  t h a t  t h e  errors  i n t r o d u c e d  b y  neg lec t  
of a n h a r m o n i c i t y  are  small ,  b u t  a re  p e r h a p s  c o m p a r a b l e  
to  t he  e s t i m a t e d  l imi t s  of e r ror  of such  n e u t r o n  d i f f rac t ion  
s tudies .  A n h a r m o n i c i t y  of t h e r m a l  osci l la t ions  wil l  un-  
d o u b t e d l y  have  to  be t a k e n  in to  a c c o u n t  as p a r t  of a m o r e  
soph i s t i ca t ed  t r e a t m e n t  of t h e r m a l  osci l la t ions  in  dif- 
f rac t ion  s tudies ,  a n d  such  a t r e a t m e n t  is n e e d e d  if t h e  
n e u t r o n  d i f f rac t ion  m e t h o d  is to  y i e ld  e q u i l i b r i u m  b o n d  
d i s tances  invo lv ing  t h e  l igh te r  nucle i  to  .greater a c c u r a c y  
t h a n  is possible a t  p resen t .  
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Neben den silikatisehen Zeolithen gibt es aueh noeh 
einige andere anorganische Verbindungen mit  analogen 
Eigensehaften.  Zu diesen geh6rt  das kubische Mineral 
Pharmakosideri t ,  KF%(As04)3(0H)4.6-8 H20, dessen 
Kris tal ls t ruktur  im Prinzip gekl~rt ist (Zemann, 1947a, 
1947b, 1948). S t ruk turbes t immend ist ein Geriist 
~[Fe[46](AsO4)a(OH)4] 1-, in welchem jeder Sauerstoff zu 
einem AsO4-Tetraeder und einem Fe03(0H)3-Oktaeder  
geh6rt,  jede Hydroxylgruppe aber zu drei FeO3(OH)a- 
Oktaedern.  In  den weiten Kan~len der Struktur  sitzen 
die Wassermolekille und  Kal iumionen in lockerer Bin- 
dung. Einen  isotypen Alumopharmakosider i t  haben 
Hggele & Machatschki (1937) synthetisiert .  

Einige Jahre  spgter haben unabhgngig davon Nowotny 
& Wi t tmarm (1953, 1954, 1956, 1957)e ine  Struktur-  
bes t immung an zeolithisehen Alkal igermanaten durehge- 
fiihrt. Die Parameter  wurden far LiaHO%O~e. 4 H20 be- 
s t immt.  Die gefundene Struktur  entsprieht  wei tgehend 
dem Pharmakosider i t .  Das Geriist hat  hier den kristall- 

Tabelle 2. Vertreter des PharmMcosiderit-Typs 

Formel Gitterkonstante 

KFe4(AsO4)a(OH)4.6-8 H20 7,91 kX. 
l ~ A . ] 4 ( A s O 4 ) 3 ( O H ) 4 . 6 - - 8  H~O 7,72 
LiaHGeTO1e. 4 H20 7,66 
NasHG%Ole. 4 H20 7,67 
KsHG%Ole. 4 H20 7,68 
(NH4)aHGeTO16.4 H20 7,70 
RbaHG%016.4 H~O 7,71 
CsaHG%Ols. 4 H20 7,73 
AgaHGe7Ols. 4 H~O 7,65 
TlaHG%Ols. 4 H20 7,68 

chemischen Aufbau ~[HGe[46](Ge[4]O4)sO4]S-; die Fiillung 
der Kangle ist etwas anders als bei Pharmakosider i t ,  
was bei zeolithartigen Verbindungen aber nicht  sehr 
auffifllig ist. Die Lage der Wasserstoffatome konnte  in 
beiden Fallen nur  ve rmute t  werden. Tabelle 1 gibt den 
Vergleich der Geriiste der beiden Substanzen nach Trans- 
formation auf dasselbe Koordinatensystem.  

Damit  scheint es gerechtfertigt,  diese bisher ge t rennt  
besehriebenen Zeolithe wegen des geometrisch identen 
Gerfistes zu einem gemeinsamen 'Pharmakosider i t -Typ '  
zusammen zu fassen. In  Tabelle 2 sind die bisher be- 
kann ten  Vertreter  angefiihrt. Vermutl ich wird man  fiir 
diesen St ruktur typ  noch weitere Beispiele finden. 
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Tabelle 1. Vergleich der Strukturgeri£ste von Pharmakosiderit uncl zeolithischem Lithiumgermanat 

Pharmakosiderit Zeolith. Lithiumgermanat 

Formel 

Gitterkonstante a 
Raumgruppo 

3As bzw. 3Ge 
auf 3(d) 

4Fe  bzw. 4Ge 
auf 4(e) 

12 O 
auf 12(i) 

4 OH bzw. 4 0  
auf 4(e) 

KF%(As04)a(0H)4.6-8 H20 LiaHGeTOls. 4 H20 

7,91 1~.  7,66 kX. 
P'43m P'43m 

½, 0, 0 usw. ½, 0, 0 usw. 

X, X, X USW. W, X, X USW. 

x ----- 0,131 x ---- 0,135-0,140 

X, X, Z USW'. ~ ,  X, Z USW. 

x ---- 0,125, z ---- 0,375 x = 0,11, z ---- 0,36 

X, Z,  X USW. X, X, X USW. 

x = 0,87~ x = 0,87 


