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Form ulas fo r the spin density  a t the m etal nucleus in alkali radical ion  pairs are derived by  means of 
m olecular orbita l theory  com bined w ith  first order perturbation theory. T he form ulas have been used for 
com puter calculations o f  the m etal spin density  in the N a naphthalene (N aN l) ion  pair. T h e  results show 
that the zero- and first-order contribution s to  the metal spin density are o f  the same order o f magnitude, 
bu t have different signs, and that the sign o f the total spin density at the N a nucleus varies w ith  the position 
o f  the N a ion in the ion  pair. T h e experim entally observed dependence o f  the sign o f  the alkali coupling 
constant upon the atom ic num ber o f the m etal is related to the difference in polarizing influence exerted 
b y  small and large ions on  the ir M O ’s o f  the arom atic ion . Th e tem perature dependence o f the m etal coupling 
constant is explained b y  taking in to account the change in the average position  or the root-m ean-square 
position  o f the alkali ion  w ith a change in temperature.

I . IN T R O D U C T IO N

In  1961, A th erton  and  W eissm an  inferred  from  their 

E S R  experim ents on  solutions o f N a  naphth alene 

(N a N l) that a certain  am ount o f  unpaired  electron  

spin  d ensity  was present a t the alkali nucleus in the 

N a N l ion  p a ir .1 Since then, sim ilar phen om en a  have 
been  observed  fo r  num erous oth er system s. In  1965, 

D e  B oer p rop osed , on  the basis o f E S R  experim ents on  

C s pyracene, th at th is spin  d ensity  cou ld  b e  p ositive  

as w ell as n egative  and  th at som etim es a ch ange in 

sign cou ld  occu r  w ith  a change in  tem p eratu re .2 L a ter 

a  num ber o f  system s was fou n d  in  w h ich  a sim ilar 

change in sign seem ed to  occu r .3 T h e  existence o f p osi 

t ive  and  negative  m eta l spin  densities was proven  

recen tly  b y  N M R  experim en ts ,4-8 and  fo r  a few  system s 

a change in sign was indeed  ob served .4’8 T w o  trends 

seem ed to  em erge from  the N M R  data . F irst, the m eta l 

hyperfine splitting con stan t (h fsc ) show ed  a ten d ency  

to  becom e n egative w ith  increasing a tom ic  n u m ber ,6’8 
a conclu sion  w hich  was p red icted  a t the sam e tim e b y  

oth ers on  the basis o f  E S R  d a ta .9 Second , a decrease 

in  tem perature was o ften  fou n d  to  b e  accom pan ied  b y  

a  decrease in the m agn itude o f  th e m eta l h fsc, som e 

tim es resu lting in a change in sign from  p ositive  to 

n egative .4-6,8 Several m odels  h ave been  p rop osed  to  
explain  the existence o f  a non zero  spin  d en sity  a t the 

m eta l nucleus and, in a few  cases, th ey  h ave been 

w orked  ou t in detail.

A th erton  and  W eissm an orig inally  suggested that 

m ixing o f s orb ita ls o f the m eta l w ith  ir orb ita ls  o f the 

arom atic  ion  m igh t p rod u ce m eta l spin  densities o f  the 

correct order o f  m agn itud e .1 T h e y  d id  n o t  consider 

the possib ility  o f  negative  m eta l spin  densities and no 
deta iled  ca lcu la tions were reported . T h e y  described  

the d ependence o f  th e m eta l h fsc on  the tem peratu re b y  

considering th e v ibra tion  the alkali m eta l p resum ably

perform s in the p oten tia l well o f the ion  pair and the 

d ependence o f the am plitude o f  this v ib ra tion  u pon  the 

tem perature. O th er m odels , based  on  earlier theories 

o f  W in stein  and  G runw ald ,10 w ere p rop osed  to  explain 

the tem peratu re dependence o f  the m eta l h fsc : H irota  

and  K reilick  exp lained  their E S R  data  b y  assum ing 

the existence o f an equilibrium  betw een  so lven t sepa- 
rated and  con ta ct ion  pairs in w hich  the va lu e  of the 

m eta l h fsc w ou ld  be d ifferen t.11** H ogen -E sch  and Sm id 

used the sam e m odel to  explain  their u v  d a ta .llb On the 

other hand, N M R  data  ob ta in ed  fo r  C s b ip h enyl in 

d ig lym e5 cou ld  o n ly  b e  exp lained  on  the basis o f the 

“ sta tic”  m odel o f C hang, Slates, and  Szw arc.IIc

A on o  and Oohashi perform ed  ca lcu la tions on  N a N l 

on  the basis o f  a charge transfer m od e l and  also cal- 

cu lated  the tem perature dependence o f  the N a  hfsc, 

a, b y  using the v ibration a l m od e l o f  A th erton  and  
W eissm an .12 T h e  slope th ey  ca lcu la ted  for  th e a v s  T  

curve, how ever, a lthough  o f  the correct order o f m ag 

n itude, turned ou t to  be sm aller than the experim enta lly  

m easured slopes. T h e y  also in d ica ted  that in som e 

system s bon d in g  o f the alkali ion  w ith  the <r-electron 

system  o f  the radical m igh t p rod u ce  non zero  m etal 
h fsc ’ s. A n  exam ple o f  such a system  was recen tly  in- 

vestigated  b y  the N M R  m eth od .7
T o  exp lain  the occurrence o f negative  m eta l h fsc, 

D e  B oer con sidered  positions o f  th e m eta l ion  in the 

noda l p lane o f  the first antibond ing m olecu lar orb ita l 

(M O ) o f  the arom atic ir system .2 F or  such a position , 
the zero order spin  density  vanishes and  first order—  

p oss ib ly  negative— con tribu tions becom e im portant. 

H e  argued  th at the adm ixtu re o f m eta l p  orb ita ls into  
the tt M O ’s o f  the arom atic  ion  m igh t p rod u ce  a nega 

tive  spin  d ensity  a t the m eta l th rough  core  polariza- 

tion . F or  the explanation  o f the tem perature depen dence 

o f the m eta l h fsc, he used the v ibra tion a l m odel o f 

A th erton  and W eissm an.
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Pedersen  and  Griffin perform ed  an  I N D O  calcu la tion  

fo r  L iN l. T h e y  fou n d  n egative  spin  densities fo r  short 

d istances betw een  th e L i and  the N I ion , b u t ran in to 
con vergen ce  p rob lem s fo r  larger distances.13 T h e  de- 

p end en ce o f  the L i  h fsc on  the position  o f the L i  ion  

in th e ion  pair seem ed  t o  b e  consistent w ith  an explana- 

tion  o f  the tem peratu re  dependence o f  the m eta l h fsc 

on  the basis o f  th e v ibration a l m od el.

T h e  m ost e laborate ca lcu lations u p  till n ow  were re- 

p orted  b y  G old b erg  and  B o lton  fo r  d ifferen t alkali N I 

system s.14 T h e y  p erform ed  a H ü ck e l-M cC le lla n d  M O  

ca lcu la tion , a ccou n tin g  fo r  the pola rization  o f the 

tt M O ’s b y  th e m eta l ion , and  th ey  considered th e ad- 

m ixtu re o f  the m eta l va len ce j  orb ita l in to  th e first 
antibond ing  M O  o f th e N l. H ow ever, since th ey  per 

form ed  o n ly  a zero  order ca lcu la tion , th ey  w ere unable 

to  a ccou n t fo r  n egative  spin  densities.
In  this article  w e consider ion  pairs in w h ich  the 

radical anion  is a p lanar ir system . T h e  case that the 
alkali ion  is b on d ed  to  the <r-electron system  o f the 

radical is n o t  considered  since the m echanism  w hich  

p rod u ces spin  d en sity  a t the m eta l nucleus in this 

s ituation  seems t o  b e  well u n d erstood .7’12'15 General 

form ulas fo r  the m eta l spin  d ensity  w ill b e  presented  

in Sec. I I .  T h e y  are derived  b y  m eans o f  M O  th eory  

and  first-order pertu rbation  theory . I t  is show n th at 

D e  B o e r ’ s original explanation  for the occurrence o f 

n egative  m eta l spin  densities is n o t  va lid . T h e  form ulas 

are applied  to  th e special case o f  a N a N l ion  pair and 

th e expressions fo r  the N a  h fsc  w hich  were used fo r  the 

com p u ter ca lcu la tions are given . D eta ils  a b ou t the 
ca lcu la tions and  th e approx im ations used are presented  

in Sec. I I I  and  the results are presented and  discussed 

in  Sec. IV . O n  th e basis o f  these results, th e dependence 

o f  the sign o f  the m eta l h fsc u pon  the a tom ic n um ber 

o f  th e alkali nucleus and  the dependence o f  m agn itude 
and sign o f  th e h fsc  u pon  tem perature are discussed. 

F in ally , a few  conclu sions are presented in Sec. V .

I I . T H EO R Y

F o r  the d escrip tion  o f  th e w a ve  fu n ction  o f  the ion  
pair, w e use as M O ’s linear com bin ation s o f  carbon  2p z 

a tom ic orb ita ls (A O ’s ) ,  {x<}> d enoted  b y  L a tin  su b 
scrip ts  and  A O ’s o f  th e alkali m etal, {x„}>  d enoted  b y  

G reek subscripts . T h e  A O , Xi, is centered  on  the carbon  
a tom  C ; o f  the arom atic m olecu le. W e  assum e that the 

M O ’s h ave been  ob ta in ed  from  a variational ca lcu la tion  
w ith  a on e e lectron  H am ilton ian  3C, so th at th ey  are or- 

th ogon a l and  th at, as the interaction  betw een  m eta l 

ion  and  arom atic ion  w ill usually  b e  small, the M O ’s, 

apart from  a n orm alization  constant, m a y  be presented 

b y

ï i = V + Z c , i X ., ( la )
V

4 V = X , + Z  c f  *ƒ>. ( l b )

H ere $»° represents a ir M O  o f  the free arom atic ion, 

and  the c *  and  c f  are m ixing constants. T h e  M O ’s o f 
the ion  pair thus close ly  resem ble those o f the free ions. 

T h e  M O ’s, {<£>.} and  { $ „ } ,  w ill be ca lled  “ a rom atic”  

an d  “ m eta llic”  M O ’s, respectively . In  subscripting the 

M O ’s, the fo llow in g  con ven tion s are used. T h e  ra-bond- 
ing M O ’s o f  the a rom atic ion  are d enoted  b y  $ i° , • • •, 

$ m°, and  the first antib ond ing M O  b y  $ m+1°. T h e  core  

A O ’s o f  the m eta l are d enoted  b y  xi«, • • •, X{, and  the 

va len ce  A O ’s b y  x M, XnP, etc . A n  arb itrary  M O , either 
m eta llic  or a rom atic , w hich  is d ou b ly  occu pied  in the 
zero -order grou nd  state o f  the ion  pair w ill be d enoted  

b y  and  an  arb itrary  em p ty  M O  b y

T h e  zero  order grou nd  state  w avefu n ction  o f  the ion  

pair, corresponding to  the con figuration  A r~ M e+ , in 

w hich  A r  and M e  denote , respectively , the arom atic 
m olecu le  and  the m eta l a tom , can  n ow  be presen ted  b y  

th e Slater d eterm inant

2* 0= [ i / ( i \ n ) 1/2]  | « M v  • • -M > {  I,

(2)

in w hich  N  is the n um ber o f  electrons described  b y  the 

w a vefu n ction . A n  M O  w ith ou t a bar describes an  elec 

tron  w ith  an a  spin  and  an M O  w ith  a bar an  electron  

w ith  a /3 spin. T a k in g  in to  a ccou n t electron  correlation  

results in  an im proved  ground  state w avefu nction  

w hich , apart from  a norm alization  consta nt, is g iven  b y

(3 )
i

T h e  sum m ation  ov er i  runs over all the excited  d oub let 

w avefu n ction s 2\t\', w hich  are linear com binations o f 

Slater determ in an ts. T h e  m ixing coeffic ients  X; can  be 
ca lcu la ted  b y  p ertu rbation  th eory  w ith  the use o f  the 

p ertu rbation  H am ilton ian  3C1, defined  b y

=  E  ( « V ra ) -  |
i>3

H ere  r,-, is the d istance betw een  electrons i  and  j ,  e is the 

e lectric  charge o f  an electron  and the sum m ation  is 

over all pairs o f  electrons. T h e  spin  d ensity  p{T k) at 
the m eta l nucleus is g iven  b y  the exp ectation  va lu e  of 

th e spin  d en sity  operator pov( in ) ,  in w h ich  is the 
radius v ecto r  o f  the m eta l nucleus. pop( r) is defined b y 16

p0p(r) = M z~l E  S z,i S ( T i - i ) ,  (4 )
i

in  w hich  S z,i is th e operator fo r  the z com p on en t o f  the 

angular m om en tu m  o f electron  i, M z=  (%2i S z,i), S (r) 

is th e D ira c  delta  fu n ction  and  r ;  is the radius v ecto r  

o f  electron  i. T h e  sum m ations over i  run ov er all the 
ectelrons in th e w avefu nction . U sing the E qs. (3 )  and
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(4 ) the expression  fo r  p ( t n )  becom es 

p ( r N) =  <%o  | PopCr *)  | * ¥ 0>

+  2 Z X . - I  < ^ o| p oP(r ^ )  | ^ ) |  
i

+ Z  E  I Pop(r^) ! % • ). (5 )
* i

A  w avefu n ction  can  b e  ch aracterized  b y  th e n um ber of 

singly  occu p ied  M O ’s in the Slater determ inants  of 

w hich  it  is built . A  w avefu n ction  | n )  o f  ty p e  n  w ill 
h ave 2 « + l  s in gly  occu p ied  M O ’s in its Slater deter 

m inants ; **0 w ill b e  represented  b y  | 0 ) ,  and  the oth er 
w avefu nctions o f typ e  0 b y  | 0 ') .  Since poP( r )  is a sum  

o f one electron  operators, (n  | pop(r )  | t n ) = 0, unless 
n — m =  — 1, 0 or 1. T h erefore, if  in  E q . (5 )  the terms 
quadratic  in  the A’ s are neglected , o n ly  term s like 

(0  | pOP(r N) | 0 ) ,  (0  | pop(rjr) | 0 ') ,  and  (0  [ p„P(rjv) | 1) 
rem ain. T h e y  are discussed b e low :

(1 )  F rom  the E qs. (2 )  and  ( 4 ) ,  one finds fo r  the 

first term o f E q . (5 )

(0 | pop(rAr) | ( ) ) = [  - W r * )  |2 > 0.

(2 )  Since pOP(r )  is a sum  o f one e lectron  op erators, 

it  fo llow s th at (0  | pop(rjv) | 0 ' ) = 0  unless the Slater 

determ in an ts representing | 0 )  and  | 0 ')  d iffer in o n ly  

one M O . T h erefore , w e o n ly  need  to  consider w a ve 

fun ction s | 0 ')  w hich  can b e  ob ta in ed  from  2̂ o  b y  ex- 
citing an electron  from  a d o u b ly  occu p ied  M O  $ z in to  

<3?m+i or b y  exciting the unpaired e lectron  ou t o f  ^ m+i 

in to  an em p ty  M O  % .  T h e  w avefu nctions belon gin g  to  

the corresponding excited  states w ill b e  d en oted  b y

x,m+i and  2̂ m+i,y, respectively , and  th e corresponding 
X’s b y  Xz.m+i and  Am+i,„. T h e  sum  o f the con trib u tions 
from  these excitations to  p(rjvr) together w ith  the term  

(0  | Pop(rjv) | 0 )  d iscussed a b ov e  w ill b e  d enoted  b y

po. po is app rox im ately  g iven  b y  

P o^ l tfV+i(rjv) + 2  AI ,„i+i<ï ,z(riv)
X

+ E  |2 > 0, ( 6)
y

in w hich  the sum m ations ov er x  and  y  run over th e 

d ou b ly  occu p ied  and  em p ty  M O ’s o f the ion  pair in the 
zero orderground state , resp ectively . T h e  error m ade 

in  this approx im ation  is quad ratic in  the X’ s and is 
p rob a b ly  sm all. A ccord in g  to  first-order pertu rbation  

theory , Xx,„n-i and  Xm+i.j, are g iven  b y

’ î;1 2 [ i i  \ x [ i x  \ t ]
Xl.TTvfl 2_i ~  ~

■E'x

^m+1,
1

2 [i i  | y  m + 1] — [ iy  | m + 1 i ]

-E m + l  E y

(7 a )

(7 b )

in w hich  Ek is the zero-ord er energy o f  the M O  3>*. T h e  

integrals [ i j  \ kl~] w hich  occu r in  the E qs. (7 )  are de- 

fined b y

[ i j  | ƒ * i* ( l ) * » * (2) ( e y r n ) $ ,- (1) ( 2) rfrl(/r 2. ( 8)

E qu a tion  (6) show s th at excita tion s p rod u cin g  states 

o f  the typ e  [ 0' )  can  p ro b a b ly  n o t  p rod u ce  n egative 

m etal spin  densities.
(3 ) A s  was d one fo r  the term s (0  | p0p (i> )  | 0 ') ,  it 

can  b e  show n th at fo r  the eva lu ation  o f th e elem ents 
(0 j pop(r.v) | 1)  o n ly  con figurations | 1)  need to  be 

considered  w hich  are ob ta in ed  from  2̂ o  b y  exciting 

an  electron  from  a d ou b ly  occu p ied  M O  into  an 
em p ty  M O  % .  T h e  w a vefu n ction  corresponding to  the 

excita tion  x —+y fo r  w h ich  (0 | pov(rN) 1) ^ 0  is  denoted  

b y  ^ x,v and is g iven  b y

2̂ x,v=  (6 )  - « *  { [ 2 /  ( N ! ) 1/2]  • • • * • • • • • • * ,$ ,

T h e  corresponding m ixing coëffic iën t in  E q . (3 )  is de 

n oted  b y  \XlV and, accord in g  to  first order p ertu rbation  

th eory , is g iven  b y

X*,* = H6)1/2{!>+1 * I y m+iy(E.-E.)): (10)
T h e  corresponding con trib u tion  to  the spin  density , 

w hich  w ill b e  denoted  b y  px,y, is g iven  b y

P * ,„= D 4 /(6 )u* ]X .*  I * - (r jr )« w (r jr )  [, (11 )

and  the sum  o f these con tribu tions is d en oted  b y  pi and 

can  b e  presented b y  th e fo llow in g  expression

P l= E  JL P x , y =  [ 4 / (6 )1/2J X) £  Xz,j/ I 3>z(rw)^v(rw) !■ 
x  y  x  y

(12)

H ere, the sum m ations ov er x  and  y  run ov er th e d ou b ly

- m - w

- ( i V ! ) - 1'2 !

•  *  *  |

• < M v ■ • • |}. (9 )

occu p ied  and the em p ty  M O ’s o f  the ion  pair in the 

ground  state, respectively . T h e  ca lcu la tion  o f  pi can 

be  sim plified b y  considering the elem ents px,y in m ore 

detail. Starting p o in ts  fo r  the fo llow in g  discussion  are 

the E qs . (1 0 ) and  (1 2 ) .

In  th e beginning o f this section , the M O ’s w ere di- 

v id ed  in to  arom atic and  m eta llic  M O ’s. C onsequently , 

the pXlV can  b e  d iv id ed  in fou r  categories.

A . Local M eta l Excitations

T h e  first ca tegory  derives from  excita tion s x —>y in 

w hich  and  are a d ou b ly  occu p ied  m eta llic  M O  
and an  em p ty  m eta llic  M 04>m, respectively . T h e y  cor- 

respond to  configurations A i^ (M e + ) *  in  w hich  the 

m eta l ion  is in  an excited  state. T h e  con tribu tion  of 

these excitations to  pi is d en oted  b y  pa  and , accord in g
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T a b le  I. Isotrop ic hyperfine splitting constants for the free alkali atom s in  the n?S and » 2P  state.

6Li 7Li 23N a 3!IK ^ R b 87R b 133Cs

A (n2S ) X h  1, M c /se c 152.1 40 1 .8 886 231 1012 3417 2298
A  ( » 2P )  X l r 1, M c /s e c a - 1 0 . 9 - 2 8 . 7 - 0 . 5 b —0 .2 b 2 8 28

R e v . 9 8 , 611 ( 1 9 5 5 ) ;  J . N . D o d d  a n d  R . W . N . K in n ea r , P ro c . P h y s . S oc. 

(L o n d o n )  7 5 ,  51 ( 1 9 6 0 ) ;  H . A ck erm a n n , Z . P h y s. 1 9 4 , 253  (1 9 6 6 ) ;  M . 

B au m a n n , W . H a rtm a n n , H . K rü g er , a n d  A . O e d , ibii. 1 9 4 , 270  (1 9 6 6 ) ; 

M . B a u m a n n , Z . N a tu r fo rs ch . 2 4 a , 1049 (1 9 6 9 ) . K :  P . B u c k a n d  I .  I. R a b i, 

P h y s. R e v . 1 0 7 , 1291 (1 9 5 7 ) . R b :  B . S e n itz k y  a n d  I. I. R a b i ,  P h y s. R e v . 

1 0 3 , 315  (1 9 5 6 ) ; H . A . S ch ü ssler , Z . P h y s. 1 8 2 , 289  (1 9 6 5 ) . C s ; S. S v a n b erg  
a n d  S . R y d b e r g , Z .  P h y s . 2 2 7 , 216  (1 9 6 9 ).

a A p a r t  fr o m  C s n o  re la tiv is t ic  o r  v o lu m e  co r re c t io n s  h a v e  b een  a p p lied  
t o  ca lcu la te  A  (n 2P ) .

b T h e  s ig n  o f  A  (n 2P )  is  u n certa in ; see  th e  A p p e n d ix . T h e  fo llo w in g  

re feren ces  w ere  used  in  th e  ca lcu la tio n  o f  A  ( n2S )  a n d  A  ( n * P ) : A  ( n * S ) : 

P . K u s c h  a n d  H . T a u b , P h y s . R e v . 7 5 , 1477 (1 9 4 9 ) . A (w * P ) :  L i :  K . C . 

B ro g , T .  G . E e k , a n d  H . W ie d e r , P h y s. R e v . 1 5 3 , 91 (1 9 6 7 ) ;  G . J . R it te r . 

C a n . J . P h y s . 4 3 ,  770  (1 9 6 5 ) ;  J . D . L y o n s , R .  T . P u, a n d  T . P . D a s , P h y s. 

R e v . 1 7 8 , 103 (1 9 6 9 ) . N a : M . L . P erl, I. I. R a b i , a n d  B . S e n itz k y , P h y s.

to  E qs . (1 0 ) and  (1 2 ) ,  is g iven  b y

PM =  Z  £  pv,v. =  2  23 23 V H w+ 1 ] / ( £ m—E y) }
v u  V U

X | $„(rAr)<ï>„(r)vr) |.
T o  sim p lify  this expression, $ , ( r y ) $ „ ( r ] y )  is rep laced 

b y  Xv(rAr)x»i(rw) and  E^— E ,  b y  A w h i c h  is the 

en ergy  d ifference  betw een  the A O ’s Xv and  x^ in the free 

m e tal a tom . Furth erm ore, fo r  the evalu ation  o f  the 
integral \_m-\-1 v \ n  m + 1 ], w e on ly  consider the ad- 

m ixtu re o f  x™  and  — which  are valence A O ’s o f the 

m etal—  in to  4 V h - T h e  errors in v o lv ed  in these rep lace- 
m ents are sm all. In  this w a y  the expression  fo r  pm 
becom es

Pm =  2 | cnsm+l |2 23 13 C (ns v | n ns) / A
v n

X | Xv(rjv)xM(rAr) |
+  2 | cnpm+l |2 £  23 \_(np v | n « /> ) /A E ,,J

v n

X  | x » (rw )x c (rw ) |. (13 )

T h e  integrals (p q  j rs) which  occu r in this expression 
are defin ed  b y

(Pq I rs) =  ƒ  x / ( l ) x r * ( 2 )  (e2A 12)x a( l ) x 3( 2 ) ^ r 5.

T h e  first and  the secon d  sum  in E q . (13 ) represent the 

con trib u tion  to  th e m eta l spin d ensity  from  the p o - 

larization  o f  the m eta l core  b y  the unpaired electron  

through  th e adm ixtu re o f  and  x njJ, respectively , 
in

T h e  first sum  in E q . (13 ) can  b e  com pared  w ith  the 

spin  d en sity  caused b y  the unpaired va lence electron  

th rough  core  p olariza tion  in the n2S  state  o f the free 
a tom . G ood in gs has show n17 that fo r  L i, N a , and  K  
this spin  d en sity  is p ositive  and am ounts to  2 0 % -3 0 %  

o f the spin  d en sity  caused d irectly  b y  the ns  electron  

th rough  the Ferm i con ta ct interaction . T h is  p art o f 
pM, th erefore, can  never g ive  rise to  negative spin  den- 

sities. Instead  o f  ca lcu la ting it  in detail, it  is m ore con - 

ven ien t to  take core  polarization  term s o f  this typ e  into  

a ccou n t in a sem iem pirica l w a y  b y  adju sting the p a 

ram eter used in the conversion  o f  spin  densities in to  
cou p lin g  constants. T h is  w ill be discussed in Sec. I I I .

T erm s o f th e ty p e  occurrin g in the second sum  o f 

E q . (13 ) w ere orig in a lly  held  responsible fo r  the occu r- 

rence o f n egative  spin  densities.2 A s  m entioned  in the 

In trod u ction , th is assum ption  is n ot granted b y  a m ore 

deta iled  analysis. T h is  can b e  seen as fo llow s. T h e  

second  sum  in  E q . (1 3 ) can  be com pared  w ith  the spin 

d ensity  a t the m eta l nucleus p (n 2P )  when  the free w  

a tom  is in the n 2P  state . p(ralP) can be ca lcu la ted  

from  th e h fsc in the nlP  state, A  ( n2P ) ,  from  the ex 
p ression18

A  (n 2P ) =  %iryeyKfi2p (n 2P ) , (14)

in w hich  y e and  j n  denote  the gyrom agn etic constants  

o f  the e lectron  and  the alkali nucleus, respectively , fi 
is the con stan t o f  P lan ck  d iv id ed  b y  2ir and  A (n 2P )  

is g iven  in en ergy  units. V alues o f A  (n2P ) can b e  ob - 

tained  from  spectroscop ie  data  as expla ined in  the 

A pp en dix . T og e th er  w ith  values o f  A {n 2S ) ,  the h fsc 

in the n2S  state o f  the free alkali atom , th ey  are pre- 
sented in T a b le  I  fo r  d ifferent alkali isotopes. T h e  

d ata  in this table show  that, apart from  L i, the ab 

solu te  va lu e o f  the spin  density  a t the m eta l nucleus 

due to  core  p ola rization  b y  an  np  e lectron  is less than 
1%  o f the spin  d ensity  brou gh t abou t b y  an ns electron . 

M oreov er , the sign o f  this con trib u tion  changes from  
n egative  fo r  L i to  p ositive  for R b  and Cs, w hich  is

sum  in E q . (1 3 ) w ill th erefore be neglected . In  con - 

clusion , one can  say  th at pM will be p ositive  and  th at 
its  con tr ib u tion  to  the tota l spin  density  can be ac- 

cou n ted  fo r  sem iem pirica lly . F or this reason pM has 
been  om itted  from  the final expression fo r  pi.

B . Local Aromatic Excitations

T h e  second  ca tegory  o f contrib utions to  p, derives 

from  so-ca lled  loca l arom atic excitations, x —»y, in 

w hich  b oth  x  and  y  d enote  arom atic M O ’s. T h e y  are the 

com plem en t o f the loca l m eta l excitations discussed 
in the preceding paragraph  and correspond to  con - 

figurations (A r~ )* M e + in which the arom atic ion  is 
in an  excited  state. T h e  sum  o f the contrib utions o f 

this typ e  w ill be denoted  b y  pAr and, accord in g to  the
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E qs. (10) and (1 2 ), is given b y

PAr= £  £  Pii=  2 £  £  { CW+  1*1  j  y\/ (E j— E i)  }
i  j  i  3

X  | ) $ ƒ ( ! * )  |. (15 )

T h e  sum mations over i  and j  run over th e d o u b ly  oc- 
cupied and the em p ty  M O ’s, respectively , o f the ion  

pair in the ground state. U nless the adm ixtu re  o f s or- 
b ita ls o f the m etal in the arom atic M O ’s is large, one 

expects pAr to  be small. H öw ever, deta iled  ca lcu la tions 

are needed to  evaluate sign and m agn itud e o f  pAr. 
R esu lts o f these calculations are reported  in Sec. IV .

T h e  tw o rem aining categories o f excita tion s are so- 

ca lled  “ cross excitations,”  b y  w hich  an  e lectron  is ex- 

cited  out o f  an arom atic in to  a m eta llic  M O  or v ice  
versa. T h ey  correspond to charge transfer (C T )  states, 

and  take in to  accou n t the cross correlation  betw een 

electrons in different m oieties o f the ion  pair.

C . A rom atic -M eta l C ross Excitations

E xcitations o f an electron ou t o f a d o u b ly  occu p ied  

arom atic M O  into an em p ty  m eta llic  M O  <!>,, p rod u ce 

C T  states A r*M e or A r*M e* in w h ich  th e arom atic 

m olecu le o r  the arom atic m olecu le as well as the m etal 

a tom  is in an excited  state. T h eir to ta l con tr ib u tion  to  

pi w ill be denoted  b y  pAr.M- A ccord in g  to  th e E qs . (10 ) 

and  (12 ) p A r ,M  is g iven  b y

PAr.M =  £  £  p .> =  2 £ £ { | > + 1 * '| m ™ +  l ] / ( £ „ - £ 0  } 
i  p  i n

X  | $ i(r*r)$M (rw ) I, (16 )

in which th e sum m ations over i  an d  fx run ov er the 

d ou b ly  occu p ied  arom atic M O ’s an d  the e m p ty  m eta llic  

M O ’s respectively , o f  the ion  pair in the ground  state. 

Since the spin  density  at the m eta l nucleus in a C T  

state like A r* M e  is large, one exp ects  excitation s o f this 
ty p e  to  p rov id e  fo r  a substantia l con tr ib u tion  to  pi. 

T h e  sign o f  pAr,M can p oss ib ly  b e  inferred  from  a con - 
sideration  o f  th e con tr ib u tion  to  pAr.M from  a particu lar 

excita tion  i—*ns. F rom  the E q s . (1 )  and  (1 6 ) ,  it fo llow s 

th at an im p ortan t term  in the expression  fo r  this con 

trib ution  pi,ns w ill be the term

2c,"*{ \jtn~\~ 1 i  | i  7Yi-\-1 ]]/ (E rls E i)  }cnsi | Xns (r.v) | •

Since the in tegra l w ill b e  p os it iv e , as w ill E ns— E i, and 
since c j  and  d ns w ill h a v e  d ifferen t signs, this term  

w ill be negative . O ne exp ects, therefore, pAr.M usually  

to  be negative . R esu lts  o f  ca lcu la tions on  p a i - ,m  are re 

p orted  in Sec. IV .

D . M e ta l-A rom a tic  C ross  Excitations

E xcited  con figu ration s w h ich  are ob ta in ed  from  the 

zero-ord er grou n d  state  con fig u ra tion  b y  exciting  an 

electron  from  a d o u b ly  o ccu p ie d  m eta llic  M O  in to  
an  em p ty  a rom a tic  M O  corresp on d  to  C T  states 

(A r = )* M e + +  an d  (A r = )* (M e +  + )* , in w h ich  the aro 

m a tic  ion  or th e a rom a tic  ion  as w ell as the m eta l ion  is

in an excited  state. Since the m eta llic  M O ’s are core 
typ e  M O ’s, w hich  are stron g ly  con tracted , the overlap  
betw een  the m eta l A O  x« and  th e pure arom atic  M O  $ ƒ  
w ill b e  sm all and  con sequen tly , their m ixing w ill b e  
small. In  add ition , \vj  w ill b e  sm all due to  the large 
difference betw een  E „ and  E j  (e .g ., the first ion ization  
poten tia l o f N a  am ounts to  5 .14  eV  w hile  th e second 
ion ization  p oten tia l am ounts to  47.3 eV 19) .  On  the 
oth er hand, the con traction  o f  core  s  orb ita ls w ill p ro 

v id e  fo r  a large p rob a b ility  am plitud e o f x „  a t the 
nucleus. T h e  latter tw o effects  (la rge  en ergy d ifference  

and  large d en sity  o f core  s A O ’s a t th e nucleus) a lso 

p la y  a role  in the loca l m eta l excitations discussed 

a bove. T h e  overla p  e ffect, h ow ever, does n o t  p la y  a 

role in the loca l m eta l excitations, b u t it  d oes a ffect 

the elem ents p„,y, m aking their tota l con tr ib u tion  p rob - 

a b ly  sm aller than pM- T h erefore , the e ffect o f  m e ta l- 
arom atic  cross excitations on  th e spin  d ensity  has been  

neglected .
T h e  results o f  the preced in g  d iscu ssion  can  be sum - 

m arized and  sim plified  as fo llow s:

(a ) T h e  tota l spin  d en sity  a t the m eta l nucleus, 

p (rN) , is g iven  b y

p(rjv ) = p o + p i-  (1 7 )

T h e  zero  order spin  density , po, is > 0  and is given  b y  

the E qs. ( 6) and  (7 ) .  T h e  first-order spin density , pi, 

is g iven  b y
P l = P A r + P A r , M  (18 )

in  w h ich  pAr and  pAr,m are g iven  b y  the E qs. (15 ) and 

(1 6 ) ,  respectively .
(b )  O f the com p lete  set o f  A O ’s o f the m eta l on ly  the 

va len ce  A O ’s and  higher A O ’s need  to  b e  considered . 

S ince on ly  5 orb ita ls h ave a n on zero  p rob a b ility  density  

at the nucleus and  since, o f  these s A O ’s, the va len ce  

A O  w ill show  the largest m ixing w ith  the M O ’s 

on ly  this A O  w ill be considered  in  th e ca lcu lations. T h e  

expressions for  the arom atic and  m eta llic  M O ’s then 

reduce  to  £cf. the E qs . ( 1 ) ]

( l 9a)

$ ™ = X » s + £  c ."s $<°. ( l 9 b )
i

F inally , for $ ( r ^ )  and  4>„,(rw) ,  the fo llow in g sim pli 

fied  expressions w ill b e  used :

$ i ( rjv) =  Cn/  Xns ( rn ) ,  ( 20a)

$nS(rAr)=Xn*(rAr), ( 20b)

w hich  m eans th at the term s ^ “ (r # )  h ave been  ne 
g lected . T h is is ju stified  because, fo r  instance, fo r  L i, 

N a, and  K , eyen  fo r  a C -M e  d istance as short as 2 A, 

the density  o f  a carbon  2pz- M )  a t the m eta l nucleus is 

a b ou t three orders o f  m agn itude sm aller than | Xns(rw) |2.

In  the next paragraph E qs. ( 6) ,  ( 7 ) ,  and  ( 1 5 ) - ( 2 0 )  

w ill b e  evalu ated  fo r  the case o f  a N a  naphthalene 

(N a N l) ion  pair.
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E . Application to a N aN l Ion  Pair

T h e  m olecu lar axis system  used in  th e ca lcu la tions 
on  N a N i is show n  in  F ig . 1. T o  sim p lify  the discussions 
and  the ca lcu la tions, w e consider o n ly  p ositions o f the 

N a  nucleus in the X Z  plane. T h is  has the advantage 

th at the ion  pair has a t least Cs sym m etry , w h ich  allow s 
one to  restrict th e n um ber o f excitations to  b e  taken 

in to  a ccou n t on  the basis o f sym m etry  considerations. 

T h e  b on d in g  M O ’s o f  pure N I are d enoted  b y  $ x0, • • •, 

3>5°; the antibond ing  M O ’s b y  $ 6°, • • *, $ 10°■ W  is the 
first antib ond ing M O . T h e  sym m etries o f these M O ’s 

are g iven  in  T a b le  I I .  T h e  va len ce  s  A O  o f N a  w ill be  

d en oted  b y  xss- I n  the fo llow in g, the expressions fo r  po 
and  pi are given .

F . Zero  O rder Spin D ensity  p0

S ym m etry  argum ents show  that, apart from  the 

grou nd  state con figuration  ^ o ,  the o n ly  configurations 

to  b e  considered  fo r  the ca lcu la tion  o f p0 derive  from  
the excita tions 1—>-6, 4—>6, 6—>8, 2—>6 and  6—>3s. T h e  

first three excitations are exp ected  to  g ive  sm all con - 

tributions to  po, since the sym m etries o f  the corre- 

spon d in g  parent M O ’s ($ i°  and  <£6°, $ 4° and  $ 6°, and 

$ 6° and  $ 8°, resp ective ly ) d o  n o t  m a tch ; th ey  are 
th erefore neglected . A ccord in g  to  E q . ( 6) and  (2 0 ), 

the expression fo r  p0 then  becom es

P o— I C3s6+ X 2 ,6 C 3 s2+ X 6 ,3 s  |2 | X 3 »(fA f )  |2. ( 2 1 )

A ccord in g  to  E q . ( 7 ) ,  X2,6 and  X6,3S are g iven  b y

T a b l e  I I .  Symm etries o f the M O ’s o f pure N I according 

to  their representations in the groups D u  and C,.

® 2[i i  I 2 6]—[i  2 I 6 i ]

2'6 - 2 "  p  p ------------’i=i £L§— £L2

2[i i  | 6 3^]— 6 | 3s f \  

E r— Es,
= £
i=1

( 22a)

( 22b )

M O D-2h C„ M O Dik C,

1 Biu A' 6 Big A ’
2 Bzg A ' 7 Bzg A "
3 Bsg A " 8 Biu A '
4 B\u A ' 9 A u A "
5 A u A " 10 Big A "

( * =  1, 4 ) is g iven  b y

Pi, 8=  2{ [ 6 i  |8 6J/(Es - - E i ) } c3a% 8s \ X3»(rn ) |2 (2 4 )

G . F irst-O rder Spin D ensity  pi

A ccord in g  to  E q . (1 8 ) ,  fo r  the ca lcu la tion  o f pi, on ly  

PAr and  paf.m need  to  b e  considered.

1  • P A r

A s was d one fo r  the ca lcu la tion  o f  po, one can  show  
from  sym m etry  argum ents th a t the o n ly  excitations 

w h ich  m a y  g ive  a substantial con tribu tion  to  p A r  are 
the excitations 1—>8 and  4^-»8. T hus, a ccord in g  to  E q .

(1 5 ) ,  pAr is g iven  b y

PAr=Pl,8+P4,8) (23 )

and  from  the E qs. (1 5 ) and  (2 0 ) ,  it  fo llow s that pf,8

Z

F i g . 1. M olecular axis 
system  used in the cal
culations on N aN l.

2. P A r .M .

In  a sim ilar w ay , one finds fo r  paf .m from  the E qs.
(1 6 ) and  ( 20)

PAr,M =  Pl,3s+P2,3«+P4,3s, (25 )

P> .3»=2{[6  i  | 3s 6] / (E3s—E i) }c3/  | xss(hv) |2

( * = 1 , 2 , 4 ) .  (26 )

T h e  E qs. ( 2 1 ) - ( 2 6 )  were used to  p erform  the com pu ter 

ca lcu la tions, o f  w hich  th e details  are d iscussed in  the 
n ext section .

I I I . D E T A IL S  O F  TH E  C ALCU LAT ION S

In  the fo llow in g , the ch oice  o f M O ’s $<°, the va lues 
choosen  fo r  th e energies E t and  E 3s, the form ulas and 

param eters used fo r  the evalu ation  o f  c3si and  e<3s, the 

ca lcu la tion  o f  the integrals [ i j  | k t]  and  [ i j  \ k 3 s ] ,  and 

the va lu e  o f  the param eter used to  con v ert spin  den- 

sities in to  cou p lin g  constants  are discussed. In  addi- 

tion , the eva lu ation  o f  p0 and  details a b ou t the com 
puter program s are discussed.

A . M O ’ s $ i °  and Energies £ ,  and E 3s

F or the M O ’s $ i° , H ü ck el M O ’s were u sed .20 T h e  

energies E i  o f  th e M O ’s were set equal to  the energies 

o f  th e unperturbed  M O ’s $ i° . F or the energy o f  the 

M O  3>s# a va lu e  o f — 8.3 eV  was used w hich  is equal to  

the ox id a tion  p oten tia l o f  neutral N l .21 T h e  energies o f 

the oth er M O ’s were d erived  from  this va lu e b y  

tak ing the H ü ck e l en ergy difïerence betw een  and 

$ 5° in to  a ccou n t and  using fo r  th e H ück el resonance 
integral p aram eter ft a va lu e o f  — 2.371 eV .20’21 T h e  

energies E , are g iven  in T a b le  I I I .  A  valu e fo r  E Ss was 

ob ta in ed  b y  setting  the energy difïerence betw een  $6 
and $ 3, equal to  the en th alp y  A H  o f  the reaction  
betw een  a tom ic N a  and  N l in solution

N a + N l —> N a+N l-

A ccord in g  to  this defin ition , E e— E 3s =  AJJ. A H  is given
b y 22

A fl '= £ N l+ - fN a + A f f s0l v + ö )  (2 7 )
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T a b l e  I I I .  Energies o f the arom atic M O ’s used in 

the calculations.

M O E, eV M O E ,é V

1 -1 2 .2 9 3 6 - 5 .3 7 1

2 - 1 0 .6 7 0 7 - 4 .4 6 5

3 - 9 .9 2 3 8 - 3 . 7 4 8

4 - 9 .2 0 5 9 - 3 .0 0 1

5 - 8 . 3 0 0 10 - 1 . 3 7 8

in w hich  E Ni is the electron  affin ity  o f  N l, /N a is the 

ion ization  poten tia l o f  N a , A H eoiv is the en thalpy  
change due to  the change in so lva tion  o f  th e reactants, 

and  Q  is the C ou lom b  energy o f  the ions in the ion  pair. 

A f fSoiv depends m ain ly  on  the so lvation  o f  th e N a  ion 
in the ion  pair. T h e  q u a n tity  A H ', defin ed  b y

A f f ' =  AZZ+Ln e ,

in w hich  Z n *  is the sublim ation  energy o f  m eta llic  N a, 
has been determ ined  experim enta lly  fo r  a n um ber of 

system s.22 Since L n 8=  1.013 eV 22 and  E 6=  — 5.371 eV  

(see T a b le  I I I ) , E-is can  be  ca lcu la ted  d irectly  from  the 

equation

E u =  — 4 .3 6 — A f f '  eV .

Since A f f '  varies w ith  solvent, £ 3» varies w ith  solvent. 
A  m in im um  o f — 4.36 eV  fo r  E u  is fou n d  if  A27' =  0. 

O n  the other hand, in system s like N a + b ip h e n y l  in 

d ie th oxyeth an e (D E E ) ,  AH '  m a y  becom e as low  as 

— 0.95 eV .22 One expects therefore th at fo r  N a N l in 

d ifferent so lvents  E Ss m a y  v a ry  from  — 4.4  eV  to  — 3.3 
eV . F or N a N l in D E E , A H '=  — 0.52 eV ,23 w h ich  is p rob - 

a b ly  the reaction  en th alp y  fo r  the form a tion  o f con 
ta ct ion  pairs. U sing this va lu e  fo r  A H ', one finds 

£ 38=  — 3.84  eV . A p a rt from  perform in g the ca lcu la 

tions fo r  Ess=  — 3 .84  eV , in  th e n ext section  the vari- 

a tion  o f pi w ith  E?,s w ill be considered. T h e  ca lcu la tion  

for E Ss=  — 3.84  eV  has special significance, since for 

this va lu e o f  Egs X3s and  $s° are nearly  degenerate, and 

it becom es o f  interest to  see h ow  pi, pAr and  pai-.m are 

a ffected  w hen  apprecia ble m ixing occu rs betw een  xsa 
and  one o f  the antibond ing M O ’s o f  N l.

B . Coefficients and a u

F or the ca lcu la tion  o f  the coëffic iën t Cs»* the fo llow in g 
form ula  was used24

C3S’ =  {H iM — EiSi,ss) / (E i— E sz), (28 )

and  a sim ilar one was used fo r  the ca lcu la tion  o f c,3s. 

Si,ss  is the overla p  integral betw een  and  X3s and  is 
g iven  b y

S i , 3 s =  ( $ i °  | X3 s)

1 0

=  Z  b i j i x i  I X3«)
3=1

10

=  £  bij c o s B j(2 p „  I 3 s ) j ,  
j=  1

in w hich  the bij are the coeffic ients  o f  the 2pz A O ’s x ,  in 
the M O  $ i°, dj is the angle betw een  the Z  axis and the 
v e c to r  Tj,N=TN— Tj, Tj be in g  the radius v ec to r  o f  C  atom  

Cj, and  (2p„ \ 3s ) j  is the overlap  integral fo r  a 2p„- 
o rb ita l a t Cj, and  X3s- V alues fo r  2p„ \ 3s) j were ca l 
cu lated  from  the form ulas g iven  b y  M ulliken  et al,25 
T hese form ulas were used w ith  values o f  1.625 and 
0.733 fo r  the param eters nc  and  MNa occu rrin g  in these 
form u las .25 F or the ca lcu la tion  o f  th e vectors  r, it was 
assum ed that the carbon  skeleton  o f  N l consists o f tw o 
regular hexagons w ith  d istances betw een  ad jacen t C 
atom s o f 1.40 A . H {,3s denotes the m atrix  elem ent 

($ i°  [ 3C | X3s)- A ccord in g  to  W olfsberg  and  H elm holz26 
these elem ents can  be a pp rox im ated  b y

H i,Ss=  (F /2) (E i + E Ss) Si,S3, (29 )

in  w hich  F  is an  ad ju stab le  param eter w hich  m ust 

satisfy  the con d ition  1 < F < 2. U sually  F  is chosen 
betw een  1.8 and 2 .0 .26 F or ou r ca lcu la tions, w e used for 

F  a va lu e o f 2.0. A  change in  F  from  2.0 to  1.9 changed  

the valu es o f  ai b y  + 0 .2  to  + 0 .3  G . E qu a tion  (2 8 ) is 
strictly  va  lid  o n ly  fo r  a  variation a l ca lcu la tion  w ith  a 

basis set o f tw o  orb ita ls  under the con d ition

| H E i+ E i. ) S iM  | «  | E - E s s  \. (30 )

A lth ou gh  ou r basis set consists o f 11 orb ita ls, E q . (28 ) 
is still a g ood  approx im ation  due to  the fa c t  that the 

m ixing of the M O ’s $,-° w ith  each  other under th e in- 

fluence o f the H am ilton ian  3C is neglig ib le. C on dition  
(3 0 ) was alw ays satisfied excep t fo r  E-is=  — 3.84  eV, 

in  w hich  case c3s8 and  c83*, as ca lcu la ted  from  (2 8 ), 

d ifïered  b y  10% - 20%  from  the va lu es ca lcu la ted  b y  

solv in g  the secu lar equations fo r  $ 8° and  xz* exactly . 
H ow ever, this occu rred  o n ly  fo r  a few  positions o f  the 

N a  ion , for  w hich  Ss ,ss reach ed  a m axim um .

C. Integrals [ i j  \ kl]  and [ i j  \ k 3 j ]

In tegra ls  [ i j  \ k ï ]  w ere ca lcu la ted  b y  rep lacing M O ’s 

b y  3>n°. In  this w ay , the integra l [ i j  | kf\ becom es 
a sum  o f integrals (pq \ r s ) . T h ese  integrals w ere eval- 

uated  b y  using the zero  d ifferen tia l overla p  (Z D O ) 

ap p rox im ation .27,28 V alues fo r  th e integrals (p p  \ qq) 

were taken from  T a b le  I  o f  R e f. (2 0 ) .

Integra ls [ i j  \ k 3 s ]  are app rox im ately  g iven  b y

10

[ i j  | k 3 j - ] ^ c 3/ & '  | 3 ^ 3 ° + X ) c ? s[ i j  | k f f ,  (31)

in w hich  the zero  superscripts a t th e integrals indica te  

that the M O ’s $,■•••$! and  $ 3* h av e  been  rep laced  b y  
cj^0— $/> an(j  X3s; respectively . E va lu ation  of the 

second  term  p roceeds as ind ica ted  before. In  the 

Z D O  approx im ation  the integra l [ i j  \ 3 j3 / ] 0 is a sum  

o f integrals (2 p z2pz | 3j3^) w h ich  can  b e  evaluated 

accord in g to  the equation

(2 p z2pz | 3s3s) =  (7rir | 3s3s) sin20+  (aa  | 3 j3 j )  cos20.

(m r | 3^3j) and  (<t <t  \ 3s3s) are C ou lom b  repulsion  in 

tegrals betw een  a  N a  3 j  orb ita l and  a carbon  2pr and
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2p„ orb ita l, resp ectively , and 0 is the angle betw een  

the Z  axis and  the v ec to r  con n ectin g  the C  a tom  and 

th e N a  a tom . F o r  large C -N a  distances, R , one can  use 

the u n iform ly  ch arged  sphere27'28 or the m ultip ole  
expansion  m od el29 t o  evalu ate  these integrals. F or 

2? > 4  A  these tw o  m od els  g ive  results w hich  d iffer b y  
less than  1 .5 % . F o r  sm all C -N a  distances the semi- 

em pirical app roach  o f  Pariser and  Parr28 can  b e  used, 

a ccord in g  to  w h ich  the expressions fo r  the integrals 

becom e

(irn- [ 3 s3 j) =  ̂ { (m r | mr) +  ( 3s3s 3s3s) } — a±R2—b±R,

(32a)

(aa  3 r f ï )  = | {  (aa  <r<r) +  (3s3s  | 3 s3 j) } — a\\R?— b\\R,

(32 b )

in w h ich  a±, bx, a\\, and  Sn are ad ju sta ble constants. 

T h e  va lu e o f (3s3s | 3j3.ï) can  be ca lcu la ted  from  the 

sem iem pirical expression30

(3s3s | 3s3s) = /N a — -En»

in  w hich  En » is the electron  affin ity  o f  N a . U sing values 

o f 5 .14  eV  and  0  eV  for  / n ,  and  ËNa, respectively ,19'31 

one finds
(3s3.y 35-3ï ) = 5 .1 4  eV.

Sim ilarly , one finds30

(aa  | aa) =  ( t t  tttt) =  10.53 eV .

F or the actual ca lcu la tions the u n iform ly  charged 

sphere m od el w as used fo r  R > 6  A . F or  R < 6  A  the 

E qs . (3 2 ) were used. T h e  param eters a±, b±, an, and  

Jll w ere determ ined  b y  ca lcu la ting (inr 13s3s) and  

(aa  | 3 .j3 j) w ith  th e u n iform ly  charged  sphere m od el 

fo r  R =  6 A  and R =  8 A  and  solv in g the E qs. (3 2 ) for  

these param eters. T h e  fo llow in g values were ca lcu la ted : 

a ,| = 1 .34  e V /A 2, üu.= 1.37 e V /A 2, * , ,=  - 7 . 4 X 1 0 - 2 

e V /A ,  and b±=  -  7 .7 X  10~2 e V /A .

D . po

T h e  p rocedu re fo r  the ca lcu la tion  o f  the coefficients 

c3si and  a 3s ou tlin ed  a b ov e  p rov ed  to  be  u nsatisfactory  

fo r  the ca lcu la tion  o f po because the coëffic iënt X6,3S 
occu rrin g  in the expression (21 ) fo r  p0 becam e to o  large 

b y  an order o f  m agnitude. T h is  can b e  seen as fo llow s. 

In  the expression  (2 2 b ) for  X6,3j, the sum

5

X ) 2[m  | 6 3 s ]
»=1

shou ld  h av e  a va lu e  o f  abou t 1 eV  in order to  p rov id e  

fo r  a reasonable m ixing o f  the excited  state2 ^ 6,38 w ith  
the zero -order grou nd  state  2̂ o- T h is  sum  is approxi- 

m a te ly  g iven  b y

6 5 5

X) 2p i  | 6 3 s ]~ c 63* Z) 2 p i  6 6 ] °+ c 3s6 J2 2 p i  [ 3^35]°. 
^=1 t—l i= l

(33 )

I t  appears that the first sum  in the right-hand side o f 
this equation  am ou nts to  app rox im ately  50  eV  w hile  
the va lu e  o f  th e second  sum  varies from  25 to  45 eV , 

dependin g u p on  th e d istance betw een  the N a  and  the 

N I ion . Since it  fo llow s from  E q . (2 8 ) th at C3S6~ — c63s, 
X6,3S becom es large lead ing to  a ground  state w ith  a 

considerable  am ou n t o f C T  character, and  w ith  a N a  

h fsc m u ch  larger than observed  experim enta lly . One 

w a y  to  a vo id  th is d ifficu lty  is to  change the ra tio  o f 

css6 and  c63<f b y  increasing c3s6 until the sum s in E q . (33 ) 

cancel. A  m ore com p lete  variation a l ca lcu la tion  than 

app lied  in ou r case m igh t p rod u ce  this result. H ow ever , 

theoretica l zero  order spin  densities fo r  the N a N l ion  

pair h ave been  reported  a lready in the literature b y  

G oldberg  and  B o lto n .14 W e  have used these zero-ord er 

spin  densities rath er than changing arb itrarily  the 

con stan ts in th e M O  $6 or $ 3s. T h e  values used fo r  p0 

are g iven  in T a b le  IV .

E . Conversion Parameter

F o r  the ca lcu la tion  o f  the N a  h fsc one needs a param 

eter to  con v ert | X3«(rjv) |2 in to  gauss. T h e  free atom  

va lu e A  (32S )/ y ef i~  316.081 G  (see T a b le  I )  cou ld  be 
used, b u t  this va lu e  takes in to  a ccou n t n o t  on ly  the 

d irect con tr ib u tion  o f  the 3s electron  to  the spin density  

a t the m eta l nucleus, b u t also the ind irect con tribu 

tion  arising from  the pola rization  o f  the m eta l core. 
T h e  free a tom  va lu e m a y  th erefore seem  to  be too  large. 

H ow ever , one can  sh ow  th at the spin  density , w hich  in 

th e ion  pair is present in xs«, produces th rough  higher 

ord er excitation s core  pola rization  in a pp rox im ately  

the sam e p rop ortion  as a fu ll e lectron  does in the free 

a tom . A n  exam ple  o f this was g iven  b y  the first sum  in 

E q . (1 3 ) .  T h e  use o f the free a tom  valu e, th erefore, 

a u tom atica lly  accou n ts fo r  the desired am ount o f core 

polarization . In  our ca lcu la tions the a b ov e  g iven  valu e 

o f A  (32S)/'Ye?i was used.

F . Programs

C om p u tation s  were perform ed  on  the R a y th eon  706 

com p u ter o f  the C hem istry  D ep artm en t o f  th e U ni 

v ers ity  o f N o rth  C arolina a t C hapel H ill. In  add ition , 

use was m ade o f  the facilities at the U N C  com pu tation a l 

center.
T h e  form ulas for the com pu tation  o f  the overla p  

integrals Si,ss and  the form ulas fo r  the ca lcu la tion  of 
th e repulsion  integrals were in corporated  in subroutines 

in the m ain  program . T h e  integrals [ i j  | kl~]a were ca l

cu lated  w ith  a separate routine.

IV . R E SU LT S  A N D  D ISC U SS IO N

In  th is section , the results o f  the ca lcu la tions on  the 

m eta l h fsc, a, in N a N l are presented and discussed. T h e  

con tribu tion s o f  various excitations to  a  are d enoted  

b y  the sam e subscripts  as the corresponding spin den 

sities, e .g ., fli,8 corresponds to  pi,s accord in g  to  o li8=  

316 .0 81X p i,s  G . F or E-is, a  va lu e o f  — 3.84  eV  was used, 

w h ich  is the en ergy  o f $ 3s ca lcu la ted  for N a N l in D E E ,
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T a b l e  IV . Zero-order spin densities at the N a  nucleu s in N a N l for different positions o f the cation in the X Z  plane

D a ta  taken  from  R e f . (1 4 ).

F = 0 . 0  A, 2  =  0 .0  A X = 1 .2 1  A, F = 0 . 0  A

* (A ) w X lO * X (A ) P oX 10s Z { k ) PoX lO 3 Z { k ) PoX lO 3

0.0 0.0 1 .5 5 .3 3 2.0 3 .5 2.31
0.1 0 .0 5 1.6 5 .5 0 2.1 . . . 3 .6 1.99
0.2 0 .1 8 1 .7 5 .5 7 2.2 . . . 3 .7 1.71
0 .3 0 .4 3 1.8 5 .5 2 2 .3 • . • 3 .8 1.43
0 .4 0 .7 7 1 .9 5 .3 5 2 .4 . . . 3 .9 1.22
0 .5 1.13 2.0 5 .0 8 2 .5 . . . 4 .0 1.02
0.6 1 .5 2 2.1 4 .7 2 2.6 . . . 4 .1 0.86
0 .7 1 .90 2.2 4 .2 0 2 .7 6 .5 2 4 .2 0.68
0.8 2 .3 0 2 .3 3 .4 2 2.8 5 .61 4 .3 0 .5 9
0 .9 2 .7 5 2 .4 2 .5 2 2 .9 5 .0 9 4 .4 0 .4 8
1.0 3 .2 5 2 .5 1 .80 3 .0 4 .5 2 4 .5 0 .4 0
1.1 3 .7 6 2.6 1.00 3 .1 4 .0 2 4 .6
1.2 4 .2 5 2 .7 0 .4 0 3 .2 3 .4 8 4 .7 • • •

1.3 4 .7 0 2.8 0.10 3 .3 3 .0 5 4 .8 • • •

1 .4 5 .0 5 2 .9 0.0 3 .4 2.66 4 .9 . . .

as explained in  Sec. I I I .  In  add ition , the v a ria tion  o f 
the first order con trib u tion  to  the N a  h fsc , a1; w ith  a 

variation  o f  E 3s was investigated . E 3s w as a llow ed  to  
v a ry  betw een — 3.30 and  — 4.40  eV  (see Sec. I I I ) .

T h e  spin  densities were ca lcu la ted  fo r  the fo llow in g  

p ositions o f the N a  ion :

(a ) P osition s a b ov e  th e center o f  one o f  the rings o f 
N I a t X = 1 .2 1  A , ¥ = 0 . 0  A , and  Z =  0.0—>6.0 A  were 

chosen  to  investigate  the e ffe ct  o f  an  increase o f  the 
interion ic d istance on  the m eta l h fsc.

(b )  P osition s a lon g the Z  axis at X  —0 .0  A , F = 0.0  A , 

and  Z =  0.0—>6.0 A . T hese p ositions are o f  interest since 

the zero  order spin  d en sity  vanishes a t these positions 

and the spin  d ensity  w ill arise from  h igher order effects  

a lone.

( c )  P ositions on  an axis paralle l to  the X  axis at 

X = 0.0—>6.0 i ,  F = 0 .0  A , and  Z = 3 . 0  A . These posi 

tions w ere ch osen  to  investigate the variation  o f the 

m eta l h fsc  w hen  the m eta l m oves a t con stan t height 
a b ov e  the p lane o f  the N I ion.

T h e  results are presen ted  in the F igs. 2 -4  and  in 

T a b le  V . T o  sh ow  the depen d en ce o f  the d ifferent 

con tribu tion s to  u p on  E 3s, deta iled  results are given  
fo r  the p osition s  m en tion ed  a b o v e  under (a ) .  F or the 

p ositions m en tion ed  under (b )  and  ( c ) ,  similar vari- 

ations w ere fou n d . A lth ou gh  spin  densities fo r  positions 
closer to  th e an ion  than  2 A  h av e  p ro b a b ly  no physical 

m eaning,6 th ey  h ave been  inclu ded  fo r  the sake o f 
com pleteness.

T h e  F igs. 2 ( a ) - ( d )  represent va lu es for aAr and 

«Ar.M fo r  p osition s  o f  the N a  ion  a b o v e  the center o f 
one o f  the rings o f  N l, fo r  fou r  d ifferen t energies E 3s. 

A s  an exam ple , the con tribu tion s to  öAr and  öat.m from  
d ifferen t excita tion s are g iven  in T a b le  V  for  Z =  2.5 A .

F rom  the Figs. 2 ( a ) - ( d )  it  appears that öai-.m usually  

gives b y  far the largest con trib u tion  to  a,. I t  was 

argued  in Sec. I I  that this cou ld  be  exp ected , since 

a rom a tic -m eta l excita tions p rod u ce  C T  states in which  

there is a large spin  d en sity  a t th e m eta l nucleus. M ore- 

over, it was argued  that flAr.M p ro b a b ly  w ou ld  be nega 

tive, w hich  is con firm ed b y  the results presented  in the 

Figs. 2 ( a ) - ( d ) .  On  the oth er hand, it appears from  

the sam e figures that a^i can  be p ositive  as well as nega 

tive  and  that its  con trib u tion  to  ax is sm all unless xis 

is stron g ly  adm ixed  w ith  a ir M O  o f  the arom atic ion. 
T h is  occurs in our case for E 3s— — 3 .84 eV  and — 3.65 

eV , w hich  energies are close to  the energy o f  — 3.748 eV  

o f  the M O  €>8- F o r  instance, fo r  E 3s=  — 3 .84  eV , th e ad- 

m ixtu re o f  X3* in to  $ 8 m a y  b ecom e as h igh as 3 0 %  -40%  

fo r  a few  p ositions o f  the m eta l ion . W h en  this occurs

T a b l e  V . Contributions from  different excitations to the metal 

hfsc in N aN l as a fu nction  o f E&. T h e  position o f the alkali ion in 

this example is at X =l . 2 1  A ,  F  =  0 .0  A  and Z = 2 .5  A , above 

the center o f one o f the rings o f N l.

1-3-';

- 4 . 4 0  eV —3 .8 4  eV - 3 . 6 5  eV —3 .3 0  eV

« 1 .8 , gauss 

a4,8, gauss 

«Ar, gauss

- 0 .1 3 1

0 .0 65

- 0 . 0 6 6

- 0 .6 3 7

0 .302

- 0 . 3 3 5

0 .5 32

- 0 . 2 4 9

0 .283

0.095

- 0 .0 4 3

0 .052

ai,3„  gauss 

a2 ,3s, gauss 

0 4 ,3», gauss 

«Ar,M, gauss

> - 0 .6 1 7  

- 0 .2 8 5  

- 0 . 1 3 4  

- 1 .0 3 7

0 .1 30

- 0 .1 8 3

- 0 . 3 4 6

- 0 . 3 9 8

- 1 .0 0 7

- 0 .1 6 1

0 .2 20

- 0 .9 4 8

- 0 .4 8 6

- 0 .1 3 0

0 .018

- 0 .5 9 8

Oi, gauss - 1 .1 0 2 - 0 .7 3 3 - 0 .6 6 5 - 0 .5 4 6
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the excitation s 1—>8 and  4—>8 in  fa c t  correspond to  

excited  states w h ich  h ave again a large am ou nt o f 

C T  character, and  it  is n o t  surprising that in these 

cases «Ar g ives a substantial con tribu tion  to  oi.

(c)

( d )

F i g . 2. Contributions to  the N a hfsc in N aN l from  local 
arom atic excitations, oad  and from  arom atic-m etal cross excita 
tions, ctAr.M, vs the position  o f the N a ion  above the center of 
one o f the rings o f th e N l ion  (X = 1 .2 1  A, F = 0 .0  a ,  and Z =  
0.0—>6.0 A ) , fo r  £ 3, = - 3 . 3 0  eV (F ig . 2 a ), - 3 . 6 5  eV  (F ig . 2 b ) , 
- 3 . 8 4  eV (F ig . 2 c ), and  - 4 . 4 0  eV  (F ig . 2d ).

F i g . 3. First-order contribution, oi, to  the N a hfsc in N aN l 
vs the position  o f the N a  ion  above the center of one of the rings 
o f the N l ion  ( X  = 1 .2 1  A, F = 0 .0  A, and Z = 0.0—>6.0 A ), for 
£ 3» =  — 3.30, - 3 .6 5 ,  - 3 .8 4 ,  and - 4 .4 0  eV.

In  F ig . 3 the va lu es o f  a1 are presented fo r  the sam e 

p ositions as in the Figs. 2. T hese data  dem onstrate that, 

a lthough  the con tribu tions from  various excitations 
to  a,i m a y  v a ry  stron g ly  w ith  a variation  o f  E 3s (see 

T a b le  V  and  F igs. 2 ) ,  ai itself varies sm ooth ly  w ith  

Eu- E v en  stron g m ixing  o f  X3s w ith  an  antib ond ing M O  
o f  th e arom atic ion  does n o t  a ffect this sm ooth  de- 

pend en ce o f  « i  u p on  E 3s. T h is  m a y  indicate  th at the 

d ifferen t first-order excitations h ave p rob a b ly  been  
taken in to  a ccou n t in a p roper w a y  in  the ca lcu la tions.

F in ally , in the F igs. 4 ( a ) - 4 ( c )  the values o f  the tota l 

h fsc fo r  the p ositions m entioned  a b ov e  under (a ) ,  ( b ) ,  

and ( c )  are presented. F rom  these figures it appears 

that in d ifferen t regions o f space the m eta l h fsc m a y  

have d ifferen t signs and  that, consequently , the sign 

o f the m eta l h fsc  m a y  change w ith  a change in the p osi 

tion  o f  the ca tion . T h e  data  in the Figs. 4 (a )  and  4 (c )  

show  th at in  th e region  around the Y Z  plane, w h ich  is 

an an tisym m etry  p lane o f  the first antib ond ing M O  of 

N l, the m eta l h fsc  is negative. A rou n d  this region , a0 
is zero or v e r y  sm all and  the tota l h fsc is nearly  com - 

p le te ly  determ ined  b y  the first-order con tribu tion  to  

the h fsc , ai, w h ich  is negative. F igure 4 (b )  show s that, 
as th e N a  ion  m oves  a w ay  from  the p lane o f  the aro 

m a tic  ion , the m eta l h fsc  m a y  change sign and  b ecom e  

negative  be fore  leveling o  ff to  zero, apparen tly  because 

a0 dies aw ay  faster w ith  increasing interionic separa- 

tion  than  a\. A  ch ange in sign also occu rs as the alkali 

ion  m ov es  aw ay  from  the cen ter o f the m olecu le  along 
the X  axis as is clear from  F ig . 4 ( c ) .

T h e  results presented  here allow  a discussion  o f  the 
dependence o f  the sign o f  the m eta l h fsc u pon  the a tom ic 

n um ber o f  th e alkali nucleus, Z M, and  the dependence  

o f  sign and  m agn itude o f the m eta l h fsc u p on  the tem 
pera  ture (see  the In tro d u c t io n ).

A . D ependence  on Zu

T h ree  param eters m a y  v a ry  system atica lly  w ith  a 

system atic ch ange in  Zm : the energy o f the va len ce  

s  A O  o f  th e m eta l, E ns, the p osition  o f th e alkali ion
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(b )

F ig . 4. (a ) N a  hfsc a in N a N l vs the position  o f  the N a  ion 
above the center o f the NI ion  ( X = 0 .0  A, F = 0 .0  A, and Z = 0.0—> 
6.0 A ), for £ 3, =  — 3.84 eV ; (b )  N a  h fsc a in N a N l vs the position 
o f  the N a  ion  above the center o f  one o f  the rings o f the N I ion 
(X = 1 .2 1  A, F = 0 .0  A , and Z = 2.7—>6.0 A ) fo r  E & =  — 3.85 eV ; 
(c ) N a  hfsc a in N a N l vs the position  o f the N a  ion  on an axis 
parallel to  the X  axis ( X  =  0 .0 ->6 .0  A, F = 0 .0  A , Z = 3  0  a ) 
fo r  E * =  - 3 . 8 4  eV. ’

ov er the p lane o f  the arom atic ion  and  th e overlap  in- 
tegrals Si,ns.

E ns depends on  the ion ization  p oten tia l o f  the 

alkali a tom , w hich  decreases regularly  from  L i to  Cs. 

H ow ever, accord in g  to  E q . (2 7 ) ,  E ns w ill d epen d  m ore 
on  solvent and  anion . Since the trend  o f  th e m eta l 

h fsc to  b ecom e n egative  w ith  increasing Z u  seem s to  

b e  independent o f  so lvent o r  a rom atic ion , the ch ange 

in E ns w ith  Z u  can  p ro b a b ly  n o t  a ccou n t fo r  this trend .

A  sim ilar argum ent applies fo r  the depen d en ce o f  the 
sign on  the position  o f  the alkali ion . F o r  the case o f 

N l, one m igh t argue that fo r  larger cations a p osition  

near the center o f  the anion , w here there is a n egative

spin density, is m ore lik ely  than fo r  sm aller ca tions on  

accou n t o f  C ou lom b  forces. T h eoretica l su pp ort fo r  

this assum ption  has been  reported  in  the literature.12’14 

A lth ou gh  this reasoning m a y  be va lid  for N l, it  is diffi- 
cu lt to  see h ow  sim ilar argum ents w ou ld  a p p ly  fo r  any 

radical ion  pair. N everth eless, the change in sign from  

positive  to  n egative w ith  increasing Z u  has been  ob - 
served for instance for ion  pairs o f  naphthalene, an- 

thracene, and  b ip henyl, and  this trend seems to  be 

independent o f  the anion . T h e  dependence o f the sign 
o f  th e m eta l h fsc u p on  the p osition  o f  the alkali ion  can, 

therefore, p ro b a b ly  n ot p rov id e  th e explanation  fo r  the 

observed  trend.

T h e  th ird p aram eter on  w hich  the m eta l coup ling  

con stan t depen ds is the overlap  o f  x™  w ith  the various 

M O ’s o f  the anion . T h e  va lu e  o f  the overlap  integral 

Si,m  depends on  the n um ber o f  nodes in the M O  

$ i° and  u pon  the pola rization  o f  this M O  b y  the alkali 

ion. A s  the n um ber o f  nodes in <3?,° increases, Si,ns 

w ill decrease and  so, in general, Si,ns will be sm aller 

fo r  antibond ing  M O ’s than fo r  b on d in g  M O ’s. This 

is dem onstrated  b y  the d ata  in T a b le  V I , w hich  gives 

the va lu e o f  Si,ns fo r  d ifferen t M O ’s in a N a N l ion 

pair. On  the oth er hand, e lectrostatic polarization  

o f  the ir M O ’s m a y  a ffe ct the va lu es o f  Si,ns appre- 

c ia b ly .14’32 T h is  e ffe ct  is characteristic fo r  the alkali 

ion  and  is im p ortan t m a in ly  fo r  the sm aller ions like 

L i+  and  N a+ . F or instance, fo r  N a N l po la rization  of 

$6° m a y  increase S 6,3s a lm ost b y  an  order o f m agn i 

tu d e .14 I t  m a y  also b e  exp ected  th at the overla p  o f  x«« 

w ith  antibon d in g  M O ’s is m ore sensitive tow ards p o 

larization  e ffects  than the overlap  w ith  b ond ing  M O ’s: 

overlap  w ith  b on d in g  M O ’s w ill u sua lly  be  large regard- 

less w heth er or n o t  p olariza tion  e ffects  are taken in to 

accou n t. I t  can  b e  con clu d ed  th a t fo r  sm all ca tions 

Si,m  w ill b e  large fo r  b o th  b on d in g  and  antib ond ing 

M O ’s $ i°, w hile  fo r  large ca tion s S,-,„s w ill be large for 

the b on d in g  M O ’s, especia lly  th e low er ones, and  sm all 

fo r  the a n tib on d in g  M O ’s.
T h e  zero- and  first-order con tr ib u tion  to  the m etal 

h fsc d epen d  d iffe ren tly  on  these overlap  integrals. 

a0 d epends on  the overla p  o f  x«s w ith  th e first anti-

T a b l e  V I. Values o f the overlap integral Si,is o f w ith 

different H uckel M O ’s 4>i° o f N l fo r  different positions o f the N a 

ion  above the center o f  one o f the rings o f N l. N o  polarization of 

the M O ’s was taken in to  account.

M O

X = 1 .2 1  A, F =  
Z =

0 .0  A

2.0  A 2 .5  A 3 .0  A 3 .5  A 4 .0  A

1 0 .2 0 6 0 .2 1 8 0.201 0 .1 6 8 0 .1 3 0

2 - 0 . 0 6 4 - 0 . 0 7 3 - 0 . 0 6 9 - 0 . 0 5 7 - 0 . 0 4 4

4 0.022 0.022 0.020 0 .0 1 7 0 .0 1 3

6 -0 .0 0 2 0.001 0.002 0.001 0.001

8 - 0.011 - 0 . 0 0 9 - 0 . 0 0 7 - 0 . 0 0 6 - 0 . 0 0 5
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bonding M O , while  ai depends b y  m eans o f the 

arom a tic -m eta l cross excitation s m ain ly  u pon  the 

overlap  o f  Xm w ith  th e bonding M O ’s o f  the anion. 
T h e  preced in g  argum en t, thereforé, shows th at w ith  

an increase in the size o f  the cation  the con tribu 

tion  o f  %  to  the tota l h fsc w ill gain  im portan ce over 

a0. Since « i  can  be  exp ected  to  b e  negative, whereas 
aa is a lw ays p ositive , the tota l h fcs  w ill show  a ten dency  

to  b ecom e m ore n egative  if the size o f  the alkali ion  

increases. F urth er ca lcu la tions and experim ents have 

to  be p erform ed  to  test this exp lanation .

B . D ependence  TJpon the Temperature

I t  was m en tion ed  in the In trodu ction  th at three 

m odels  h ave been  p rop osed  in the literature to  explain  

the tem peratu re dependence o f  the m eta l h fsc in alkali 

rad ical ion  p airs: th e vibration a l m od e l o f  A th erton  

and  W eissm an, the equilibrium  m odel o f H irota  and 

K reilick , and  H ogen -E sch  and Sm id, and  the static 
m od el o f C hang, Slates, and  Swarc. T h eir im plications 

w ill b e  d iscussed  brie fly  in the fo llow in g on  the basis o f 

the results presented  in this section .
A o n o  and  O ohashi, using the v ibration a l m od e l,12 

ca lcu la ted  th at from  200 to  3 0 0 °K  the root-m ean- 

square am plitude o f  th e v ibration  o f the N a  ion  in a 

N a N l ion  pair w ou ld  increase b y  app rox im ately  0.2 A . 

A ccord in g  to  F ig . 4 ( c ) ,  this w ou ld  correspond w ith  a 
slope o f  the a vs  T  cu rve  o f abou t 0 .1 -0 .3  G /1 0 0 °C . 

T h is  is o f the sam e order o f m agn itude as the slope 
observed  fo r  instance  fo r  N a N l in 2 -m eth yltetrah ydro- 

furan (0 .4  g /1 0 0 °C ]) ,  b u t it  is app reciab ly  lower than 

the slope observed  fo r  instance fo r  N a N l in tetrahydro- 

furan  (T H F ) .1 F urth er, the lim ited experim ental evi- 
d ence available  until n ow  seems to  ind icate  that, when- 

ever a change in sign occurs w ith  a change in tem per 

a ture the change is from  p ositive  to  n egative w ith  

decreasing tem p eratu re .4'6'8 T h ere  is n o  general w a y  to  

exp lain  this b y  in vok in g  the v ibration a l m odel, a lthou gh  

fo r  the specia l case o f  an alkali N I ion  pair the v ibra 
tion al m od e l cou ld  a ccou n t fo r  such a change in sign, 

as F ig . 4 ( c )  show s, p rov id ed  the m in im um  in the p o 

tential energv well o f  the cation  is over thè 9 -1 0  b on d  

of N l.
T h e  equilibrium  m od el explains in a natural w a y  the 

large slope in the a v s  T  p lo t  m easured for  N a N l in 
T H F  on  the assum ption  th at there exists a tem per 

ature d epen d en t equ ilibrium  betw een  con ta ct  and  sol 

v e n t separated ion  pairs. T h e  existence o f  so lvent sepa- 

ra ted  ion  pairs  accou n ts fo r  the observation  th at the 

m eta l h fsc m a y  b e  zero even if ion  pairing occurs, w hich  
is d ifficu lt to  explain on  the basis o f  the v ibration al 

m od el. F igures 4  show  th at for  the N a  h fsc to  be zero, 

the in terion ic d istance in the ion  pair m ust b e  o f  the 

order o f  4 -6  A  w hich  is consistent w ith  the idea  that 

so lvent m olecu les actu a lly  separate th e ions. T h e  

equilibrium  m od e l d oes n o t  explain  the occurrence o f 

a change in sign o f  the m eta l h fsc w ith  tem perature nor

the occu rren ce  o f  p ositive  and  n egative  slopes in the 

sam e a v s  T  cu rve  at d ifferen t tem peratures as was 
observed  fo r  instance  fo r  C s b ip h eny l ion  p airs .5

T h e  static m od e l relates the tem perature dependence  
o f  the m eta l h fsc  to  the change in the solvation  o f  the 

alkali ion  w ith  tem perature. A s  the solvation  changes, 

the p osition  o f  the ca tion  ov er the p lane o f the an ion  

as well as the d istance to  this p lane m a y  v a ry  and  Figs. 4 

show  th at th e sign o f the m eta l h fsc  as well as the sign 
o f  the slope o f  th e a v s  T  cu rve  m a y  change then. E s- 

p ecia lly  tow ards low er tem peratures, as the so lvation  

o f  the ca tion  increases, the d istance  betw een  alkali ion 

and  anion  w ill increase w hich  m a y  resu lt in a ch ange in 

sign o f  the m eta l h fsc from  p ositive  to  negative  as 

F ig . 4 (b )  shows. T h is  can  b e  related again  to the 

pola rizing  in fluence o f  the ca tion : as the in terion ic d is 

tance increases, p ola rization  effects  w ill decrease, w hich  

causes a0 to  fa ll o ff  m ore rap id ly  than Oi. Since the latter 

can  b e  expected  to  b e  n egative  and a0 is alw ays p osi 

tive , th e tota l cou p lin g  con stan t m a y  show  a ten d ency  
to  b ecom e n egative  a t iow  tem peratures.

I t  can  be con clu d ed  that, using a com bin ation  o f  the 

v ibra tion a l m od e l and  the equilibrium  or the static 

m odel, one can  p ro b a b ly  in m ost cases a ccou n t fo r  the 

variation  o f  the m eta l h fsc  w ith  tem perature.

F inally , it  is rem arked th at an  experim ental check  

o f  the ca lcu la tions is n o t  possible as long as the position  

o f  the N a  ion  in the N a N l ion  pair has n ot been  estab- 

lished experim enta lly . T h e  results presented here com - 
bin ed  w ith  the observation  th at the sign o f  the N a  h fsc 

in N a N l is p ositive8 seem  to  ind icate  that the position  

o f  the N a  ion  is a b ov e  one o f  the rings o f the N l m ole 

cule, fo r  w h ich  con clu sion  there is theoretical evi- 
d en ce .12’14 H op e fu lly , experim ents on  single crysta ls  o f  

alkali radical ion  pairs m a y  p rov id e  m ore insight in the 

stru ctu re  o f  these ion  p airs .33

V . C O NC LU S IO N

T h e  results presented  in  the preceding section  show  

th at th e p rocedu re used fo r  the ca lcu la tion  o f  the first- 

order spin  d en sity  g ives  results o f the correct order o f 
m agn itude. T h e  difficu lties experienced w ith  the ca l 

cu lation  o f  the zero  order spin density  can p oss ib ly  b e  

a v o id ed  b y  using an  im p roved  variational procedüre. 
T h e  ca lcu la tions h av e  clearly  dem onstrated  th at fo r  an 

estim ate  o f  th e tota l spin  d ensity  a t the m eta l nucleus, 
i t  is n o t  sufficiënt to  ca lcu la te  the zero  order spin  d en 

s ity  a lone: th e first-order con tribu tion  to  the spin  

d en sity  is o ften  o f  the sam e order o f  m agnitude and  w ill 

usually  h ave a d ifferen t sign. M o s t  im portan t seem s to  

be  the conclu sion  th at the m etal h fsc m a y  h ave d ifferent 

signs in d ifferen t regions o f  space. P articu larly  w here 

there is an  antisym m etry  p lane in the first antibond ing 

M O  o f  the a rom atic ion , a region  o f  n egative spin  d en 

s ity  w ill occu r. T h e  observation  th at the m eta l h fsc 

has a ten d en cy  to  b ecom e n egative w ith  increasing 

a tom ic n u m ber o f  th e alkali nucleus was related  to  the
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polarizing p ow er o f  the alkali ion s : e lectrostatic p o - 
larization  o f  the ir M O ’s enhances the zero -ord er spin 

d ensity  com pared  to  th e first-order spin  d ensity . T hus, 

going  from  sm all, s tron gly  p ola rizin g  ions to  large, 

w eak ly  polarizing ions the tota l spin  d en sity  w ill in- 
creasingly  b e  determ ined  b y  the first-order, negative, 

spin  d ensity  and  thus show  a ten d en cy  to  b ecom e  nega 

tive. T h is  explanation  can  b e  ch eck ed  b y  perform ing 

ca lcu la tions on  R b -ra d ica l ion  pairs. T h e  change in 
sign o f  the m eta l h fsc  observed  fo r  som e system s u pon  

a low ering o f  the tem peratu re  cou ld  b e  expla ined  on  

the basis o f  either the v ibra tion a l m od el o f  A th erton  
and  W eissm an  or the static  m od el. In  general, b y  com bin - 

ing  the features o f  the v ibra tion a l m od e l w ith  th ose o f 
the equilibrium  m od e l or the sta tic  m od e l on e w ill b e  

able to  explain  the tem perature depen d en ce o f  the 

m eta l h fsc in m ost cases. I t  is p o in ted  ou t, h ow ever, 

th at for a shallow  poten tia l energy w ell o f th e alkali 
ion  in the ion  pair the d istinction  betw een  the v ibra 

tional and  the equilibrium  m od el m a y  b ecom e m ean- 

ingless.
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A P P EN D IX

In  the fo llow in g , it is show n h ow  the va lu e  o f the spin 

d ensity  a t the nucleus in a free alkali a tom  can  b e  ob - 
tained  from  spectroscop ie  data . F or the analysis the 

th eory  fo r  the hyperfine structure in  a tom ic  spectra  w ill 

be used .34 F o r  ou r purposes w e consider the fine stru c 

tu re term s w25 i /2, n2P y i ,  and  n2P 3/2, in  w hich  the un- 
paired  electron  is presen t in the va len ce ns orb ita l 
(n 2S )  or the va lence  n p  orb ita l (n 2P ) ,  resp ectively . T h e  

fine stru ctu re levels are split b y  the hyperfin e inter- 
a ction  betw een the tota l angular m om en tu m  J = L + S  

and  the m agn etic m om en t o f  the nucleus, w here L  repre- 

sents the orb ita l angular m om en tu m  and  S  the electron  

spin  angular m om entum . T h e  en ergy  o f  each  h yp er 

fine level depends o n ly  on  the tota l spin  F , g iven  b v  

F = J + I ,  w here I  is the nuclear spin  angular m om en 

tum .
T h e  d istance W p  o f the h fs levels, belonging  to  a 

particu la r term , to  th e cen ter o f  g ra v ity  o f  th is term  

is given , in energy units, b y34

^ = U / 2 , C + B 3- / 2 C ( C + I > - 2 W + 1 ) / ( / + 1 )

in w hich  C = F ( i T+ l ) — / ( / + 1 ) —/ ( / + 1 ) .  A  and  B  

characterize, respectively , the m agn etic and  the quad- 

rupole interaction  betw een  the nucleus and  the elec- 
trons o f  the a tom  ( f o r / < ^ ,  B = 0 ) .

T h e  m agn etic constants perta in ing to  ou r problem , 

are d en oted  b y  A  (n2S ) , al/2 and  a3/2 fo r  the term s n2Si/2, 
» 2P i/2, and  n?P3/2, respectively . T h u s, fo r  the energy 
d ifference betw een  the tw o  hyperfine levels w ith  

f = / + è  and  P —I — \ o f th e term  n2Si/i, one finds, 
using E q . ( A l ) ,

W H lli- W i . V2= U ( n 2S )  X  ( 2 / + 1 ) . (A 2 )

F or the en ergy d ifïerences betw een  the h fs  levels o f 

the oth er terms, sim ilar equations hold . T h u s, from  a 

know ledge o f  th e energy d ifïeren ces betw een  the hfs 

levels, the constants  A (n 2S ) ,  ai/2, and  « 3/2 can  b e  d e 
term ined.

In  general, there are three in teractions th at con - 
tr ib ute to  the m agn etic con stan t:

(a )  the Ferm i con ta ct  (F c )  interaction ,

(b )  the in teraction  betw een the nuclear m agnetic 

m om en t and  the orb ita l m om en tu m  o f the electrons,

( c )  the m agn etic p o in t d ip ole  in teraction  betw een  

the nuclear spin  and  the electron  spin.

A  (n 2S )  is o n ly  determ ined  b y  the F c  interaction  

and is g iven  b y

A  (n2S ) =  (87v/ 3 )yey Nh2P(n 2S ) , (A 3 )

in w hich  p (n 2S )  is the spin  d ensity  a t the m eta l nucleus 

in the n2S  state o f  the free a tom . E q . (A 3 ) has a form  

analogous to  that o f  E q . (1 4 ) .  A  ( n2S ) can  b e  obta ined  

d irectly  from  E q . ( A 2 ) . V alues o f  A  ( n2S ) fo r  d ifferent 

alkali isotopes have been  given  in T a b le  I.

A ll three a b ov e  m entioned  interactions con trib u te  

to  ai/2 and a3/2. T h e  con trib u tions o f  the F c  interaction  

are usually  d enoted  b y  a c, 1/2 and  a c,3/2, while the sums 
o f the oth er tw o  con tribu tions are usually  d en oted  b y  

®d,i/2 and  cii,3/2. T hus,

ö i / 2 =  ö c , l / 2+ f l d , l / 2i 

« 3 / 2 =  f f c,3 / 2+0<J,3 / 2 -

(A 4 a )

(A 4 b )

2 / ( / + l ) 2 7 ( / + l )

( A l )

I f  v o lu m e and re lativ istic  corrections are n eg lected ,34 

the fo llow in g relations h o ld  betw een  « Cli/2, ö c,3/2, aa.i/i, 

and  a<j,3/217:
o-c, i/2=  — ac,z/2, (A 5 a )

0'd,l/2— 5(ld,3/2- (A 5 b ) 

Since a c,3/2 is  g iven  b y 17

ac,3/2={Sir/9)jeyNfi2p (n 2P ) ,  (A 6)
x

one obtains from  the E qs. (1 4 ) and  ( A 4 ) - ( A 6 )

A (n 2P )  = |  (5^3/2— 01/2) .  (A 7 )

W ith  the help  o f  this equation , A  (n 2P )  can  be ca lcu 

lated from  the valu es o f  « 3/2 and  « 1/2 ob ta in ed  from  op-
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tical dou b le  resonance, a tom ic beam , and  level Crossing 

experim ents.
T h e  v a lid ity  o f E q . (A 5 b ) has been  questioned  in 

the literature. L y o n s  et al,35 have argued th at this 

equation  is str ictly  va lid  o n ly  fo r  a single partiele ap- 

p roach  and  th a t th e correct va lu e for the con stan t in 

this equation  is exp ected  to  d iffer from  5. B y  using 
B ru eck n er -G o ld ston e  m a n y -b o d y  theory , th ey  show ed  

th at fo r  L i the ra tio  o f  dd.u2 and ^ , 3/2 is equal to  5.35 and 
that the va lu e  o f A  (n2P ) fo r  L i equals — 28.7 M c /s e c  

instead o f  — 31.6  M c /s e c ,  as ca lcu la ted  from  E q . (A 7 ) . 

T h e y  ind ica ted  a h igh  accu racy  fo r  their resu lt (1 .5 % )  

w hich  seem s to  be granted  b y  the success o f  the m an y 

b o d y  th eory  in  p red ictin g  the h fs constants for  L i and  

other atom s.35'36 Svanberg and  R y d b erg 37 ca lcu la ted  

for  C s a  va lu e  o f  6.95 instead  o f 5 for the p rop ortion a lity  
con stan t in E q . (A 5 b ) ,  w hich  changes A (n 2P )  for 

C s133 from  — 13 M c /s e c ,  as ca lcu la ted  from  E q . ( A 7 ) , 

to  + 2 8  M c /s e c . F o r  N a , K , and  R b , how ever, E q . (A 7 ) 

had  to  b e  used since the correct va lu e o f  the p rop or 

tion a lity  con stan t in E q . (A 5 b ) is n o t  k now n  fo r  these 

elem ents. A s  in the case o f Cs, the use o f  the correct 

value w ou ld  p ro b a b ly  resu lt in larger values o f A  (n lP ) . 

T h e  changes, h ow ever, can  b e  expected  to  b e  n o t  so 

large as to  invalid ate the discussion  o f  the loca l m etal 

excitations g iven  in Sec. I I .
T h e  valu es o f  A  (n 2P )  have been g iven  fo r  d ifferent 

alkali isotop es in T a b le  I . F or N a  and  K  the sign o f 

A (n 2P )  is uncerta in . T h is  is because fo r  these m eta ls 

A (n 2P ) ,  as ca lcu la ted  from  E q . (A 7 ) ,  is o f  the sam e 

order o f  m agn itude as the reported  errors in the con 

stants ö i/2 and  « 3/2-
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