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A calculation has been made of the energy eigenfunctions and eigenvalues of low spin 
ferric ion in complexes ~dth a strong cubic crystal field including the effects of tetragonal and 
rhombic distortions and of spin-orbit coupling among the ground state components and with 
excited states. Using the resultant, spin-orbit coupled eigenfunctions as a basis set, the magnetic 
susceptibility, the components of magnetic field energy, and the lattice and valence contribu- 
tions to an electric field gradient at the iron nucleus were all calculated as a function of rhombic, 
tetragonal, and spin-orbit coupling strength used as parameters: /t, u and d. All of the calcu- 
lated results agree reasonable well with experiment for the values of parameters R = i000 cm -1, 
u = 2000 cm -1 and the free ion value ~ = 420 cm -1. These values of parameters were selected 
for the excellent fit they gave of the calculated values of g~, gy and g~ compared with the 
experimental ones obtained from single crystal electron spin resonance of ferrihemoglobin 
azide. With them, a value of 2.29 Bohr magnetons was calculated for the effective magnetic 
moment compared to the experimental value of 2.35. The total field gradient calculated under 
the same conditions, predicts a nuclear quadrupole moment Q in the range of A07 - .727 Barns, 
which is smaller than the range predicted from the high spin ferric ion results. Reasons for 
this discrepancy are discussed. 

Ausgehend yon einem starken kubischen Ligandenfeld und unter Beriicksiehtigung 
tetragonaler (R) und rhombischer (u) Verzerrung sowie der Spin-Bahn-Kopphng (~) werden 
Eigenfunktionen und Energien fiir ,Low-Spin'-Ferrih~moglobinkomplexe berechnet. Mit den 
Parametern B = 1000 cm -1, u = 2000 cm -1, 6 = 420 cm -1 erh~]t man fiir Suszeptibilit~t, 
elektrischen Feldgradienten am Fe und g-Werte gute ~bereinstimmung mit  experimentellen 
Daten. Aus dem berechneten Feldgradienten folgt ein Quadrupolmoment des Fe ~7 yon 
0A07--0A27 Barn, im Gegensatz zu den viel hSheren Resu]taten bei ,High-Spin'-Fe(III)- 
Verbindungen; diese Diskrepanz wird diskutiert. 

Les fonctions propres et les 6nergies du complexe Ferrih6moglobine ((low spin)) sont 
calcul6es pour un fort champ de ligandes s sym6trie cubique, en tenant compte des distortions 
t6tragonale (B) et rhombo6drique (u), ainsi que du conplage spin-orbite (d). Avec les para- 
m6tres ~ = 1000 cm -1, u = 2000 cm -1, ~ = 420 cm -~, on trouve pour la susceptibilit6, le 
gradient du champ 6lectrique s l 'emplacement de F e e t  le facteur g des valeurs en bon accord 
avec les donn@s exp6rimentales. On d6duit du gradient de champ calcul6 un moment quadru- 
polaire de Fe 57 de 0,i07 s 0,127 Barn, en ddsaecord avec les r6sultats beaueoup plus 61ev6s 
obtenus s partir des associations Fe (III) <(high spin >>. Ce d6saecord fair ] 'objet d'une discussion. 

I. Indroduction 
F e r r i c  i on  w i t h  a 3d 5 con f igu ra t i on  has  a 6S g r o u n d  s t a t e  in  t h e  free i on  a n d  

m a n y  e x c i t e d  q u a r t e t  a n d  d o u b l e t  s ta tes .  W h e n  i t  b e c o m e s  p a r t  o f  a c o m p l e x  

molecu le  d e p e n d i n g  on  t h e  s t r e n g t h  a n d  s y m m e t r y  o f  t h e  c rys t a l  field, i t  is poss ib le  

for  a q u a r t e t  o r  a d o u b l e t  s t a t e  m o r e  s t ab i l i zed  b y  t h e  field t h a n  t h e  g r o u n d  s t a t e  

t o  b e c o m e  t h e  g r o u n d  s ta te .  Such  a change  in  sp in  s t a t e  is m o s t  d i r e c t l y  m a n i f e s t e d  

b y  t h e  o b s e r v e d  v a l u e s  o f  e f fec t ive  m a g n e t i c  m o m e n t  a s soc i a t ed  w i t h  t h e  fer r ic  
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ion. This rather  striking property is illustrated by  ferric ion in a series of related 
ferrihemeproteins. Depending on the nature of the sixth ligand, a spectrum of 
effective magnetic moments  have been measured [1, 2, 3] ranging from the five 
electron, spin only value of 5.92 to the single electron value of t.73 (see Tab. 1). 
Such sixth ligands as H20 and F -  ion leave ferric ion in a sextet ground state, 
with N~ and CN- it is in a doublet state with a finite contribution of orbital 
angular momentum to the measured magnetic moment.  For such ligands as O H -  
the ground state of the ferric ion is neither doublet or sextet. Shnilarly, if  the sixth 
ligand is kept fixed and the nature of the ring or protein varied slightly, again a 
change in spin state is observed (see Tab. 2). 

Table 1. E//ective Magnetic Moments of 
Ferric Ion in Hemoglobin Derivatives 

/~eff 

Ligand Ref. [1] Ref. [2] Ref. [3] 

F-  5.76 5.92 5.92 
H20 5.65 5.80 5.84 
HCO0- 5.44 
OCN- 5.40 
SCN- 5.06 
OH- 4.66 5A~ 
NO 2- 4A3 
SeCN- 3.88 
Imidazole 2.87 
CN- 2.50 2.50 
Azide- 2.35 2.84 2.84 
SH- 2.26 

Table 2. EBeet o] Change in Heine 
Protein on Ferric Ion Magnetic 

Moment [2] 

Ferriheme-Hydroxide 

Hemoglobin 5.11 
Myoglobin 4.47 
Peroxidase 2.66 
Cytochrome C 2.t4 

Ferriheme-Azide 

Catalase 5.36 
Hemoglobin 2.84; (2.35 [1]) 

In  all of these compounds, the field strengths and symmetries must  be close to 
the spin-transition region, because small changes in these conditions are enough to 
make the ground state of the ferric ion a sextet state, a doublet state, or be some- 
where in between. Also, since these low spin states lie rather  high in energy above 
the ground state in the free ion, such ease of transfer is an indication of strong 
fields in these complexes. 

Other experimental evidence gives us further clues about the field strength 
and local field symmetries. Single crystal electron spin resonance of the high spin 
H20 and F -  derivaties of ferrihemoglobin [3] points to a local tetragonal symmet ry  
with one g value in the plane of the ring nitrogens and another perpendicular to it. 
For the low spin azide derivatives three distinct g values have been measured [3], 
indicating a rhombic distortion of the field symmetry.  Both high and low spin 
derivatives have M6ssbauer resonance spectra of Fe 57 which split by  the interac- 
tion of the nuclear quadrupole moment  with a nonvanishing electric field gradient 
at the nucleus. The magnitude of this splitting is about  2 - -4  times tha t  in other 
ferric ion complexes, another indication of the strong electric fields in these com- 
plexes. A M6ssbauer resonance doublet is observed in both tetragonal and rhombic 
symmetry.  

Calculations 

The six-folddegenerate 6A 1 ground state of the high spin complexes is unaffected 
by a crystal field of any symmetry.  Nor is there spin-orbit coupling interaction 
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among its member  states. Yet  the results of magnet ic  suscept ibi l i ty  measure- 

ments,  MSssbauer resonance and  electron spin resonance indicate  a zero field 
spl i t t ing of these states in to  three doubly  degenerate par tners  and  a non-spherical ly 
symmetr ic  charge d is t r ibut ion  of these states. To possibly explain these properties, 
for the high spin system it  is necessary to invoke spin-orbi t  coupling of the sextet 
ground state with excited, non-spherical ly symmetr ic  electronic states resul t ing 
in  a spl i t t ing in to  three doublet  states SA 1 ( • 1/2), ( 2 3/2), and  ( +_ 5/2). Such a 
calculat ion was made in  strong crystal  fields of D~ symmet ry  including more and  
more excited states unt i l  the addi t ion  of others did not  change the na ture  of the 
ground and  low lying electronic states which determine most  of the properties of 
interest  of the system [4]. 

Table 3. Basis Set o/ States Used in 0 and D 4 Symmetry 

Energy of States 
0~ State 0~ Config. D 4 State D 4 Configuration Electrostatic 0~ l) a 

6A1 t~(4A2) e2(3A2) 6Ai b2 e i e2(4B1) b i ai(3Bi) 0 0 0 
~Ti t~(3Ti) e(2E) ~A. b~ e i e2(aB2) bl(2Bi) 10 B + 6 C - 3  -4u/3 

4E b 2 e~ e2(3E) bi(~Bi) 10 B + 6 C -z l  -u /3  
4T2 t~(3T1) e(2E) ~B 2 b~ e i e2(3A2) bl(2Bi) 18 B + 6 C A -4u/3 

4E b 2 e~ e2(SE) bi(2Bi) 18 B + 6 C - d  -u /3  
2A 2 t2 4 (1E) e(2~) 2B 1 b 2 e 2 (sAl) bl(2B1) 12 B + 9 C -A -4u/3 
2T i t~ (3T1) e(~E) 2A 2 b~ e~ e2(3B2) bi(2B~) 13 B + 9 C - A  4u/3 

~E b 2 e~ e(3E) bl(2B~) t3  B + 9 C - A  -u /3  
eT2 t~(~T2) e(2E) 2B 2 b~ e~(aA2) b~(ZB~) 17 B + 9 C - A  -4u/3 

2E b 2 e~ e(3E) bi(~B1) 17 B + 9 C - A  -u /3  
eT~ t~(2T~) ~B~ b~. e~ e~(2B2) 15 B + 10 C - 23  +2/3u 

~E b~ e~ e(~E) 15 B + 10 C - 2 A  -~/3  
~'E t~(~A~) e(eE) ~B~ b~ e~(~A~) b~(~B~) 22 B + 9 C - d  -4u/3 

2A 1 b~ e~(1A1) ai(eAi) 22 B + 9 C -A 0 
2T~ t~(~T~) e(eE) eAz b~ e~(~Be) b~(eBa) 23 B + 9 C -A -4u/3 

2E b~ e~ e(iE) bl(~Bi) 23 B + 9 C -A -u/3 
~T~ t~(~Ti) e(~E) ~B~ b~ e i e~(~A2) bi(~Bi) 27 B + 9 C - A  -4u/3  

~E b2 e~ e,z(~E) bi(~Bi) 27 B + 9 C - ~  u/3 
~Ai t~(iE) e(~E) ~A i b~ e~(1Bi) bi(2Bi) 32 B + 9 C - A  -4u/3  
~E t~(iA1) e(~E) ~B~ b~ e~(~A~) bl(~B~) 31 B + 12 C - A  -4u/3  

~A 1 b~ e~(~A~) a~(2=4~) 31 B + ~2 C -~1 0 

With a strong crystal field of cubic symmetry, the original 3d 5 configuration becomes a 
set of five t~ es-~ configurations. Forty three 5-electron multiplet states can then be built from 
these strong field configurations. These states are the strong field analogues of the free ion 
terms and are labeled by a total spin and symmetry representation i.e. ] Sh} quantum number. 
We have allowed twelve of the lowest strong cubic field states to interact. These become 21 
states when further split by a tetragonal field. The set of states used, together with their 
electrostatic and crystal field energies to first order, are listed in Tab. 3. The states of a given 
multiplet can further be labeled by their z component of spin and by the component of the 
representation to which they belong, i.e. each state is labeled by the four quantum numbers 
I ShM~O}. When this is done, the original set of 12 strong cubic field I Sh} multiplets turns out 
to be a total of 66 states, which factor into two degenerate 15 x 15 and 18 x 18 spin-orbit 
coupling matrices in tetragonal symmetry. These blocks of states may also be labeled by the 
representation t and components ~ to which they belong in the spinor group D*. The list of 66 

26* 
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basis states in the ] ShM~O} scheme factored according to I t~} is given in Tab. 4. After spin- 
orbit coupling then, there are 33 pairs of Kramers doublets. A detailed description of the calcu- 
lation of the spin-orbit elements, resulting eigenvahes and eigenfunctions, and other properties 
of interest for the high spin system with this basis set, will be presented elsewhere [4]. 

We have already used the results of  this calculation to  explain with reasonable 
success the observed properties of  the high spin systems [5]. The high spin system 
is defined as the field s t rength region where the ground state is predominant ly  the 
~A1 ( - t/2) component .  This is t rue for cubic fields < 25000 cm -~ with te t ragonal  
distortions of  i000 -- 5000 em -1. All of  the high spin properties were assigned with 

Table 4. Basis set in I ShM~O> scheme~ 

E" a" E" fl" E" cr E"~" 

5 6A1(1/2) 6 ~A~(-t/2) 1 6A~(5/2) 2 6A 1(-5/2) 
4 6A 1 (-3/2) 3 6A 1(3/2) 

9 4T x (0,1/2) t0 aT 1 (0, -1/2) 
14 4T~ (1, -1/2) 17 aT 1 ( -1  -t-J/2) 8 4T~ (0, -3/2) 7 aT~ (0, 3/2) 
15 aT~ ( - t ,  3/2) 12 ~T~ ( +1, -3/2) 11 4T~ (1, 3/2) 16 4T~ ( - t ,  -3/2) 

18 ~T~ ( -1,  -1/2) 13 4T 1 (1, 1/2) 
20 4T 2 (0, -3/2) 19 ~T 2 (0,3/2) 
23 ~T 2 (t, 3/2) 28 4T 2 ( -1 ,  -3/2) 21 4T 2 (0,1/2) 22 ~T 2 (0, -1/2) 
30 ~T 2 ( -1 ,  -1/2) 25 ~T 2 (+1, +1/2) 26 ~T~ (t, -1/2) 29 aT~ ( - t ,  1/2) 

27 4T 2 ( - t ,  3/2) 24 4T 2 (1, -3/2) 
33 ~T~ (0, 1/2) 34 ~T 1 (0, - t /2)  

31 2A~ (i, 1/2) 32 2A 2 (i, -I /2) 
36 2T~ (t, -1/2) 37 2T~ ( -1 ,  I/2) 

38 2T1 ( -1 ,  -1/2) 35 2T1 (1, 1/2) 
44 2T 2 ( - 1 , - 1 / 2 )  41 ~T 2(1,t/2) 

39 2T 2 (0, 1/2) 40 2T 2 (0, -I/2) 
43 ~T~ ( - t ,  -1/2) 45 ~T~ (I, t/2) ~2 ~T~ (t, -1/2) ~3 ~T~ ( -1,  t/2) 

53 ~E (0, t/2) 54 ~E (0, -1/2) 46 ~T~ (1, -1/2) 47 ~T~ ( - t ,  1/2) 

60 ~T~ ( -1 ,  -1/2) 57 ~T~ (1, 1/2) 49 ~Te (0, t/2) 50 2T~ (0, -1/2) 

6t ~A~ (i, 1/2) 62 ~A~ (i, - t /2)  51 ~E (~,1/2) 52 ~E (e, - t /2)  

65 ~E (0, t/2) 66 ~E (0, -1/2) 55 ~T~ (0,1/2) 56 ~Te (0, -t /2) 
58 eT2 (1, -1/2) 59 ~Te ( - t ,  I/2) 

63 2E (e, 1/2) 64 ~E (e, -1/2) 

Numbering of states is in order of 1st order electrostatic and crystal field and spin-orbit 
coupling energies. 

field parameters  for which this condit ion was true, bu t  which were close enough to  
the t ransi t ion region i.e. > 25000 cm -1 to make it  reasonable tha t  a change in one 
ligand could push the system to the low spin side. 

We have also shown how and under  what  conditions the transi t ion to  a low spin 
ground state occurs and the nature  of the t ransi t ion region. Near  the boundary  of  
the high spin system region, the SA 1 ( -- 3/2) state becomes the dominant  compo- 
nen t  of  the ground state. The t ransi t ion to  a double ground state occurs by  the 
mixing into the sextet  ground state of  more and more doublet  character  until  over 
a range of about  t000 cm -1, the ground state is a pure doublet.  The intermediate  
spin system then,  oceuring approximate ly  between 26 000 and 27 000 cm -1 in cubic 
field strengths,  is characterized by  a substant ial ly mixed sextet-doublet  ground 
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s ta te .  The expec ted  proper t ies  of  ferric ion in  th is  region will be discussed else- 
where.  

The resul ts  of  our  calcula t ions  show t h a t  i t  is the  2T2(t~) exc i ted  s t a t e  t h a t  
becomes the  g round  s ta te  a t  cubic fields grea te r  t h a n  abou t  27000 cm ~, for spin- 
orb i t  coupling pa r ame te r s  in the  range i 5 0 -  600 em -1 and  t e t r a gona l  field 
s t reng ths  of  1000 - 5000 cm -1. The pa r t i cu l a r  componen t  of  th is  s ta te  which 
mixes  s t rong ly  wi th  the  6A 1 ( _+ 3/2) s ta tes  and  f inal ly becomes the  g round  s ta te  
is a 2T2( + I, T- 1/2) double t ,  i.e. s ta te  46 and  47 of  the  E", ec" and  fi" 18 basis  
funct ion set. 

F o r  the  low spin  sys tem then ,  in  D* s y m m e t r y ,  the  same cMculat ion as for the  
high spin  sys tem,  inc luding  exc i t ed  s ta tes ,  was con t inued  bu t  for cubic field 
s t rengths  h igher  t h a n  27 000 cm-L  These resul ts  t hen  should  be appl icab le  to  low 
spin  sys tems  wi th  t e t r agona l  s y m m e t r y .  However ,  unl ike high spin systems,  we 
know t h a t  there  is evidence of  rhombie  fields in  the  only  low spin  ferric hemoglobin  
de r iva t ive  whose single c rys ta l  e lec t ron spin resonance has been obta ined ,  i.e. 
th ree  d i s t inc t  g values  for the  azide [3]. Therefore  we also wish to  ex t end  our  
cons idera t ion  for the  low spin case to  rhombie  fields. 

Before doing ~his however, in order to determine the elaborateness of the calculation 
necessary to reasonably explain observed properties, we wish to consider the question of 
whether or not for the low spin system one needs to include excited state interactions, as was 
necessary for the high spin system. This question is quite relevant, since unlike the high spin 
6A 1 ground state, the 2T 2 state is affected both by the crystal field and by spin-orbit coupling 
among its degenerate partners to first order. Since there are now present these first order 
effects which are absent in the high spin system, the question arises as to whether higher order 
interactions of the same Mnd are appreciable. To answer this question, a calculation of the 
spin-orbit coupling among only the six 2T2(t~) states of the ground state multip]et in Da 
symmetry was made. The details of this calculation are given in the next section. I t  is then 
followed by a comparison with the results of the more elaborate machine calculation including 
excited states, in order to evaluate the effect of excited state addition. We then proceed to a 
calculation of spin-orbit coupling in a rhombie field among the six low spin ground state 
components. From these new energies and eigenfunetions we calculate such properties as 
components of the magnetic field energies, the effective magnetic moment of the ferric ion, 
and components of ~he electric field gradient. These results are compared with experiment and 
previous eMculations whenever possible. Finally we compare high and low spin results and 
point out the success and limitations of the crystal field explanation of these two systems. 

I I .  Spin Orbit Coupling of ~T~ Ground State Components in Tet ragonal  Symmet ry  

A. First Order Energies 

The ~Tu(t~) s t rong cubic field s ta te  is s ix-fold degenera te  wi th  a first order  
e lec t ros ta t ic  and  cubic c rys ta l  field energy of  15B + 10C - 22 re la t ive  to  the  
6Al(t~e2 ) s ta te  as shown in Tab.  3. The six s ta tes  can be labe led  in  the  [ ShMsO > 
scheme as shown in Tab.  5. I n  th is  labeling,  complex  components  0 = ( i ,  0 , - -1 )  
of  the  T 2 r ep resen ta t ion  are used. I f  sp in-orb i t  coupl ing is to  be considered,  i t  is 
also convenient  to  work  in a spinor  r ep resen ta t ion  ] Shtv > in which the  sp in-orb i t  
coupl ing opera to r  is diagonal .  Tab.  5 also shows the  six 2Tz s ta tes  l abe led  b y  the  
spinor  r ep resen ta t ion  E '  or E" and  componen t  c~ or fi of  the  D* group.  

The ~T 2 s ta te  is spl i t  in to  two s ta tes  b y  a t e t r agona l  field as shown in Fig.  1, a 
doub ly  degenera te  ~B 2 s ta te  and  a four-fold degenera te  2E s ta te .  These have  a 
t o t a l  energy  sepa ra t ion  # which is defined as the  t e t r a gona l  field s t rength.  F i r s t  
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order spin-orbit coupling within these states further splits the ~E state into two 
doubly degenerate states, one belonging to the E '  and the other to the E" represen- 
tat ion of D*. The energy separation between these two states is b which is the 

Table 5. Basis Set/or Low Spin System: Ground State Only 

O~(ShMO) Da(Sh) D~(t~) ])a* Energy~ One Hole ~(i)  
(first order) Notation b 

2T)( - i ,  "112 ) UE E"~" -~/2 1 -'i~> "~' 
2T2( -~., -1/2)  ~E -~'<~' +,~/2 I - t ~>  2 
~T~(~, ~12) ~E E'~' +~1~ I ~ )  2' 
~T~(0, tt2) ~B~ E"a" +# I ~fl) 3 
~T~(0, -~/2) ~B~ E"fl" +l~ I ~ c~) 3" 

Relative to E(2E)= 0; 6 = spin-orbit coupling parameter; # = 
tetragonal field strength parameter. 

b Following GI~IFFITH, J. Nature 180, 30 (1957). 

spin-orbit coupling strength parameter.  Thus, even to first order, the ~T~ sextet 
is split by  spin-orbit coupling in a tetragonal field into three doubly degenerate 
components as shown ia  Fig. I. The first order energies relative to the unsplit ~E 

2~ 

D~ D~ostorder) D~(2~dOrder) 
E§ 

~ ) , u  /z , , , 

- - X  . . . .  - - - 7 -  I [(,~;Z') EO/z) 
\ -ms ) z  2~I_[J_+_(~L2)_6 -, . . . . .  ,,~ 

- - ~  E-(2) 
Fig. 1. Splitting of Low Spin Ground State of Ferric 

in Da Symmetry 
Ion 

states are given also in Tab. 5. The 
zero field splitting among these three 
states to first order then is AE 1 = (5 
and AE~ = # -  1/2 (~. The spin-orbit 
coupling strength is typically of the 
order of 400 and the value of # is 
about 2000 cm -1. Thus the magnitude 
of the zero field splitting in the low 
spin compounds is approximately 400 
and 1600 cm -1 as compared to 5 -  
20 cm -1 for the high spin system. We 

see then tha t  first order effects alone are about two orders of maglfitude greater than  
the total  effect of 30 excited states on the high spin ground state. 

B. Second Order Spin-Orbit Mixing o/~T~ Components 
Two of the three doubly degenerate components of the ~Tg. state belong to the 

same representation in D*, i.e. t = E", and hence mix under spin-orbit coupling. 
These two are : the ground state partner  of the 2E state and the 2B 2 doublet. The 
middle 2E component belongs to E ' (~ ' ,  ~') and remains unmixed with the other 
two in D* symmetry.  Thus to the approximation of considering only the six 
components of the eT 2, the solution of the problem of spin-orbit coupling in 
tetragonal symmet ry  involves the solution of a 2 • 2 E"(c~",/~") matr ix  and a 
i • ~ E'(cr fl') matrix.  The energies of the two mixed doubly degenerate states 
are the roots of the quadratic: 

E~ = ~ [ -- (3/2 -- ~) + V(~/2 -- ~)~ + 2~(~ + ~)] .  

Thus the first order energy of the ground state is lowered and the energy of the 2B~ 
component is raised, as shown in Fig. i. The energy of the middle component 
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remains  a t  ~/2. The difference in  d iagonal  m a t r i x  e lements  H2~ --  H l l  is (# § ~/2). 
Therefore,  for a g iven va lue  of  sp in-orb i t  coupl ing s t rength ,  t he  s t ronger  the  
t c t r agona l  field the  less the  i n t e r ac t ion  be tween  these  two  s ta tes  (see Tab.  6). 
The off-diagonal  e lement  of sp in-orb i t  coupl ing is (~/~2 and  hence for a g iven va lue  
of  t e t r agona l  field s t r eng th  the  g rea te r  the  va lue  of  sp in-orbi t  coupling the  g rea te r  
the  in te rac t ion .  This m a y  also be seen in  Tab.  6. 

Table 6..First and second order energies o/the three 2T 2 ground state components~ 

~ = 420 200 
300 
500 

1000 
2000 
3000 
4000 

= 300 300 
3000 

2nd order energies 

E_(2) Elr~ " E+(2) 

1st order ~o change 
energies in energy 

E_(I) E+(I) orE+ 

-366 2t0 356 
-346 210 436 
-318 210 608 
-279 210 1069 
-249 210 2039 
-237 210 3027 
-230 210 4020 

-234 210 384 
-164 2t0 3014 

-210 200 
-210 300 
-210 500 
-210 1000 
-210 2000 
-210 3000 
-210 4000 

-150 300 
-150 3000 

78.0 
45.3 
2t .6 

6.9 
2.0 
0.9 
0.5 

28.0 
0.47 

All units are in cm -1. 
b AE 1 = first energy interval E(2E E ~') - E(zE E~). 

A E  2 = second energy interval E(2B2 E") - E(2E E'). 
# = tetragonal field strength. 
6 = spin-orbit coupling parameter (free ion value: 420). 

zero field 
splitting 

AElb AE2c 

576 146 
556 226 
528 398 

+489 859 
+459 t829 
+447 2817 
+440 3810 

384 234 
314 2864 

C. G~vund State  Proper t ies  

The three  doub ly  degenera te  componen t s  wi th  energies E_, E ! ,  E+ arc:  
2 

•1(0r fi") = A•I(1, ) § B~ba(3' ) 

~r/(~,,, ft,) = B~bl(1 ) _ Afiba(a,). 

Since, as seen f rom Tab.  6, the  zero-field sp l i t t ing  is v e r y  large,  mos t  of  the  proper-  
t ies  of  the  sys tem ~ ] I  be de t e rmined  b y  the  na tu re  of  the  lowest  ly ing  ~T 2 com- 
ponen t  ~ r  I n  par t i cu la r ,  the  observed  e lec t ron  spin resonance behav io r  of  the  
sys tem is the  behav io r  of  th is  s ta te .  

W h e n  a magne t i c  field is t u r n e d  on, the  double  degenera te  g round  s ta te  is spl i t  
in to  two components  : E"cr and  E"fl". The z componen t  of  the  magne t i c  field does 
no t  mix  these  two s ta tes .  The difference in the  z magne t i c  field energies of  each 
p a r t n e r  is : 

�9 A E  = gzf lHz 

where 

gz = <fi" I L z  + 2Sz  i fi"} - <o~" [ L z  + 2Sz  I or 

F o r  th is  m i x e d  g round  s ta te  

gz = 2 I ( 2 A ~ -  B2)]. 
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The x and  y componen t  of  the  magne t i c  field does mix  the  two degenera te  pa r tne r s  
E"cr and  E"fl" of  the  g round  s ta te .  There  is no d iagonal  e lement  of  magne t i c  field 
energy  in  these  direct ions.  Therefore  the  t o t a l  energy  separa t ion  be tween  these  
two  s ta tes  in  an  x or y magne t i c  field is twice the  off-diagonal  m a t r i x  e lement  

g = 2 (2T~E"~" I Lx  § 2Sx ] ~T2E"fl" ) . 

W i t h  this  mixed  g round  s t a t e  wave funct ion,  resul t ing from spin-orbi t  in te rac t ion  
in  D 4 s y m m e t r y :  

= = g •  = : I ( V :  A B  + I 

Thus,  as usual  for t e t r agona l  s y m m e t r y ,  even wi th  sp in-orb i t  coupling, there  are 
two  d i s t inc t  g values.  

W e  have  ca lcu la ted  values  of  A, B, gz, and  g ,  for selected values  of  #. These 
are given in Tab.  7. 

Table 7. D~ Ground State .Functions: Comparison o/Results with and without Excited States~ 

3000 1000 500 300 200 

A .995 .967 .939 .909 .805 
A'  .987 .967 -.901 -.878 

B +.090 .232 -.342 -.416 -.441 
B'  +.094 -.232 +.422 .467 

gll 3.92 3.646 3.30 2.95 2.83 
g~l 3.66 2.90 2.66 

gl 0.270 0.742 1.14t 1.416 1.61 
g~ t.32 1.48 

AE 1 447 489 528 556 576 
AE~ 48t 517 587 607 

~E2 2817 859 398 226 146 
AE~ 2710 849 224 144 

A = 28000, 8 = 420. All energy units are in cm -1. Primed values are results including 
excited states, unprimed values are ground-state results. 

III. Effect of Excited State Mixing on Low Spin Ground State Properties in D* 
W e  now wish to  examine  the  effect on the  zero field sp l i t t ing  and  na tu re  of  the  

g round  s ta te  wave  funct ion  of  al lowing exc i t ed  s ta tes  to  mix  with  the  componen t s  
of  the  2T 2 g round  s ta te .  As a con t inua t ion  of  the  high spin  calculat ion,  the  mos t  
e l abora te  basis set shown in Tab.  4 inc luded  30 exc i ted  s ta tes  belonging to  E '  and  
E" represen ta t ions  of  Da*, in add i t i on  to  the  th ree  d o u b l y  degenera te  g round  s ta te  
components .  The zero field sp] i t t ings  A E  x and  A E  2 ob ta ined  from a d i agonahza t ion  
of  the  15 • i5  E '  m a t r i x  and  the  18 x 18 E" m a t r i x  are given in  Tab.  7, toge the r  
wi th  the  mix ing  coefficients and  g-values.  We  see tha t ,  while there  are not iceable  
differences, the  resul ts  are close enough tha t ,  to  descr ibe the  proper t ies  of  the  
sys tem in general ,  one would no t  make  much  of  an  error  to  consider  only  the  ground  
s ta te  funct ions  in  the  case of  the  low spin  systems.  

As soon as exc i t ed  s ta tes  are also inc luded  in  the  calculat ion,  the  resul ts  would  
be somewhat  dependen t  on the  cubic field s t rength,  since this  q u a n t i t y  enters  in  
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the intermultiplet energy differences. Tab. 8 shows the effect of the cubic field 
strength on the coefficients of mixing of the two ~T2E" states into the ground 
state, at a fixed value o f#  and ~. A slight decrease of mixing occurs with increasing 
field, but again this is a very small effect because the entire effect of the excited 
state mixing is small compared to the ground state interaction. In  addition, we 
know that  the spin systems are very close to the minimum spin transition condi- 
tions in the ferriheme complexes and we do not have much freedom in the value 
of cubic field strength to assign low spin properties. 

To compare either set of results with experiment, one needs an example of a 
low spin ferric hemoglobic complex in a local crystal electric field of tetragonal 
symmetry. The M6ssbauer resonance splitting has been observed for three low 
spin compounds, the N~, CN- and CO derivatives [6]. However, both tetragonal 
and rhombie symmetry give a doublet with different contributions to the magni- 
tude of the observed splitting. The single crystal electron spin resonance has been 

Table 8. E//ect o/cubic ]ield strength on mixing o/two "2T2( E" ) components 
in low spin ground state ~ 

A 28000 30000 35000 40000 excited states 
not included 

A' -.9874 -.9913 -.9940 .9948 -.995 
B' + . 0 9 4 2  + . 0 9 3 8  +.093i +.0926 +.090 

# - 3000, d = 420. Energy unit is cm -1. 

done for only one of these, the azide. The three distinct g values are: gz = 2.80, 
g~ = 1.72 and gy -- 2.22 [8]. Obviously, we cannot get two different in-plane g 
values from D~ symmetry. However, the expression for gz is the same in rhombie 
and D~ symmetry, ff one considers only the contributions from the 29" 2 components. 
The closest comparison with experimental low spin results that  can be made with 
the calculated results from D* symmetry is then to fit the data to the observed gz 

value. The best fit to the experimental gz value is for a ,g - 200 cm -1 with a 
d = 420 em -1. The expression for gl is 5% lower than gx and about 30% lower 
than gy. 

I f  we were to end out investigations at tiffs point we would conclude that  the 
low spin system has a somewhat higher overall cubic field than the high spin 
systems, i.e. > 27000 compared to 20 - 24000 em -1, but has a much smaller 
tetragonal distortion, i.e. 200 em 1 vs 3000 - 5000, for the high spin system. This 
is not too bad a qualitative picture, if we recall that  the azide, for example, is a 
complex with the sixth ligand also a nitrogen. I ts  bonding then, might be more 
similar to the in-plane nitrogen bonding and stronger than the H20 and F -  
bonding. This would lead to a stronger cubic field strength and less tetragonal 
distortion. 

However, we wish to more precisely characterize the magnetic field results 
and make a quantitative calculation of the electric field gradient components to 
t ry to explain the observed MSssbauer resonance splitting and also to calculate 
the magnetic susceptibility of the azide. To do all this, with the most physically 
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reasonable model, we proceed to a consideration of the interaction of the compo- 
nents of the 2T~(t~) state, under spin-orbit coupling in a rhombic field. What  we 
have established thus far is tha t  it is reasonable to ignore the effects of excited 
states. 

IV. Spin-0rbit Interaction in Rhombic Crystal Fields 

A. Energy Matrix 

I f  we allow a rhombic distortion of the crystal field, the one electron orbital 
splitting of the tr iply degenerate te state is shown in Fig. 2 for a real component 
basis set : 

t2g(~]) = ]/3 dzz = t2g(y) = --]/2 (d 1 - d-l) (ia) 

t2g(~) = V a d y z  = i ' t 2 g ( X )  : i / V 2 ( d  1 -~- d_l )  (~b) 

t~a(~) = ]/~ d~y = lli.t~a(z) = 11i" V2 (d~ - d-s ) .  (1c) 
The corresponding rhomhic field diagonal matr ix  elements are then: 

< t2g(~]) I VRIt2g(V) > -- RI2 (dxz) (2a) 

< t2a(~) I Vn l t~a(~) > = --R[2 (dyz) (2b) 

< t~(~) ] V~ l t~(~) > = o (dx~). (2c) 

Thus for positive #, the dxy orbitM lies below the dxz, dyz pair and for positive R 
the dyz orbitM energy is lower than  the dxz orbital energy. For a five electron (t~) 
state or equivalently a one-hole state with this same basis set, the order of energies 
is inverted. 

We wish now to transform to the basis set we have been using, the six functions 
listed in Tab. 5 with complex components. Doing this, we find tha t  the rhombic 

o_ ~ _~ 
d x z  

e(dxz),u //---~6/7<rZ>Bzz~x, 

\lb~(~.~> j dxs 
Fig. 2: t2g-1 Electron Orbital Splitting in Rhombic 

Symmetry 

field component mixes the 2T2(i ) com- 
ponents with the e T ~ ( - i ) ,  i.e. < ~T*(I) 
I vR [~T~(-I )  > = + B/2, thus mix~g  
the two states ~E E"(da) and ~E E'(42) 
which did not mix under spin-orbit cou- 
pling. 

I f  we introduce spin-orbit coupling 
and a rhombic field at the same time, we 

no longer have a 2 • 2 E" matr ix  and i • i E '  matr ix  each with its degenerate 
partner,  but  now there are two degenerate 3 • 3 matrices, each of the following 
form : 

41 42 43 

41 - ~ 1 2 -  E RI2 ~IV2 
43 R/2 c5/2 -- E 0 (3) 

in the basis set defined and labeled in Tab. 5. 

13. Ground State Functions and Properties 

The ground state is now a mixture of all three components, being linked to 
one, ~E E', by the rhombic distortion and to the other, ~B~E", by spin-orbit 
coupling. The three mixed final states have the form: 
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~'/1(~/;1) = A l 1 ~  1 ~- B13{~3 + C12r ~ (~a) 

kP'2(T'2) = A21~bl + B23~b3 + C2~b 2 , (4b) 

~ t / a ( ~ )  = A a l r  1 + B a 3 ~  a + C32(P2 . (4c) 

This set of functions differs from those in tetragonal symmetry  in that  the ground 
state and third state in D* has C = 0, and the second state is pure ~b 2. 

With this form of ground state function, the g values, without allowing the 
magnetic field to mix states to higher than  first order, are : 

gz = 2 1 2 A  ~ - B z ] ,  (Sa) 

gy = 2 [ ( - -  1 / 2 A + B ) ( V 2 C + B ) ] ,  (5b) 

gx ~ 2 1 (  ( 2 A - B ) ( 1 / 2 C - B ) ] .  (5c) 

The first order contribution to the total  effective magnetic moments  is: 

, a~( l )  = { ~  [~f~ (N, N)  + ~%f~ (N, N") + ~ ( N ,  N")] . exp ( - E a r / k T ) }  • 
5 ~ 

• { ~  exp ( - E a r / k T ) }  -1 (6a) 
2/ 

and the second order terms are : 

* exp ( --Ear/kT)) • 
~1r LM EM-E~v ] 

• { ~ e x p  ( - E N / k T ) }  - 1  (6b) 
2/ 

where the operator 5/~/= (Li + 2S1) and N, N" are degenerate partners. 
For the off-diagonal matr ix  elements of the magnetic field energies which 

appear in the second order contributions, a general expression for the magnetic 
field energies is used to take into account differences in coefficients in each wave 
function At, M: 

Hz(N,  M ) =  ( 2 A a r A M -  BNBM) , (7a) 

gy(N,  M) = �89 ( - V.2 Aar + BN) (1/2 r  + ~ )  + 

+ 1 ( _ 1/) AM + BM) (1/2 Car + Bar), (7b) 

Hz(N, M) = { ( 1/2 Aar - Bar) (1/2 CM -- BM) + 

+ ~ (1/2 AM -- B~)  (1/2 Oar -- B ~ ) .  (7c) 

When C - O, H x  = Hy  and the rhombic results go over to the tetragonal. I f  only 
the ground state contributes to the magnetic moment,  e.g. Eq. (6) reduces to 

2 1 2 

2 
+ 2kT X [H~(0, M) + H~(O, M)  + H~(O, M)]/EM (8) 

M=I 

where E 1 = AE1, E 2 = AE 2. 
The valence contribution to the electric field gradient components from any 

two degenerate partners are: 

(Vzz)~,+~ : ( - -2A 2 + 16B 2 -- 2C2)/7 (9) 

and 
(Vxx - Vyy)~,+p = 8 ],/3 (AC)/7 . (10) 
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The con t r ibu t ion  of  s ta tes  wi th in  2000 cm -1 of  the  g round  s ta te  has been inc luded 
in the  t o t a l  value  of  e lectr ic  field g rad ien t s  

(Vzz)T = ~ (Vzz)N(~,+Z) . exp  (--E~v/lcT) (11) 
2g 

and  s imi la r ly  for (Vxx - Vyy)T. 
I n  a rhombic  field, the  m a g n i t u d e  of  the  sp l i t t ing  of  the  MSssbauer  resonance 

of  F e  57 due to  i n t e r ac t ion  of  the  electr ic  field g rad ien t  wi th  the  exc i ted  s ta te  
nuclear  quadrupo le  m o m e n t  is :  

1 
AE = �89 eQ(q 2 + v2q~/3) ~ (12) 

where 

q -  

qlat 

nlat  ~lat = 

~val 

(V~)  = (1 - R) qv~ + ( i  - y) q m ,  

( V x x - -  V y y )  = (1 - -  R )  7bva l q v a l - ~  (i - -  ~) nlat  q ] a t ,  

14 #/3e ( r  ~) = la t t i ce  con t r ibu t ion  to  the  z componen t  of  electr ic  field 
gradient ,  
7R/e ( r  e) = la t t i ce  con t r ibu t ion  to  the  difference in  x and  y components  
of  e lectr ic  field grad ien t ,  

(Vzz)T (r-8),  where (Vzz)T (r -a) is the  sum of  the  expec t a t i on  values  
of  the  (Vzz)~' opera to r  ((3z 2 - r2)/r 5) for all  s ta tes  wi th in  2000 em -1 of  
the  g round  s ta te ,  

q = 4.982 • 1011#- -  t .297 • 1016 (Vzz)t (t3) 

~q = t .047 • I012 R --  1.297 • t016 (Vzz - Vyy)t (14) 

1 
zJE = 3.077 • 10 -~5 Q(q2 + ~]~q2/3)~ = CQ. (t5) 

W e  see t hen  t h a t  the  t o t a l  va lue  of  the  electr ic  field g rad ien t  is dependen t  on the  
rhombic  field s t rength ,  the  t e t ragonM field s t r eng th  and  the  expec t a t i on  values  
of  the  valence con t r ibu t ion  to  the  field gradient .  These l a t t e r  quant i t i es  arc 
ca lcu la ted  wi th  th ree  componen t  e igenfunct ions  whose coefficients of  mix ing  also 
depend  on these  field pa ramete r s .  

Eigenfunctions and eigenvalues were obtained from the solution of the 3 x 3 spin-orbit 
rhombic-field matrix as a function of the parameters ~, R and d using a matrix diagonalization 
program written for the Burroughs 5500. From these resulting eigenfunctions and eigenvalues, 
the magnetic field energies, electric field gradients and magnetic moments were also calculated, 
as a function of the field and spin-orbit coupling parameters by an expectation value subrou- 
tine which was added to the matrix diagonalization program for the Burroughs 5500. 

C. Results 
As ment ioned ,  single c rys ta l  e lec t ron spin resonance of one low spin compound,  

the  ferric hemoglobin  azide, has been done and  three  d i s t inc t  g values  ob ta ined .  

and  nval qval is the  same sum for the  (Vxx - Vuu) opera tor .  (1 - y) and  ( i  - -  R) 
are S te rnhe imer  ant ish ie ld ing fac tors  [7]. W e  have  used the  following values  of the  
shielding factors  and  average  values  of  r ad ia l  d i s tances :  

(1 - -  ~ )  = 1 0 . t 4  [ 7 ] ;  ( r  2}  = ( r ~ }  = 1 . 4 a . u .  [ 8 ] ;  (1  - -  R )  ( r  - ~ }  = 3 . 3  - 4 . 0 a . u .  [8]  . 

Subs t i t u t ing  these values  and  expressions in to  the  t o t a l  express ion for q and ~q 
and  conver t ing  to  uni ts  such t h a t  q and  ~q are in esu/em a, zJE in ram/see and  Q in 
Barns  we ob ta in :  
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The effective magnetic moment of this compound has also been measured and is 
reported to have a value of 2.35 - 2.84 [1, 2, 3] Bohr magnetons. The quadrupole 
splitting of the M6ssbauer resonance has also been observed to be 2.00 - 2.30 
mm/sec [6, 9]. 

G~IF~ITH [10] has used the measured g values of the azide to calculate the 
coefficients A, B and C of the ground state wave function. With the restriction of 
taking A, B and C real and I/2 A § B positive, he obtains values of A = .842, 
B = A28 and C = .525. For the special case of letting R and/~ be proportional to 
the spin-orbit coupling constant, these three values of the coefficients correspond 
to a value of R -  -2 .26  ~ and # = 3.32 ~. The exact physical significance of 
making the field parameters proportional to the spin-orbit coupling is not clear. 
There does not seem to be any physical necessity for so doing. Mathematically, of 
course, it has the effect of allowing the spin-orbit coupling to factor out of the 
3 • 3 matrix. Hence the eigenfunctions are independent of 5 while the eigenvalues 
are proportional to it. 

We have repeated this calculation, solved the 3 • 3 matrix with the above 
relationship for R and/ t  and for two specific values of ~. The zero field splitting, 

Table 9. Zero ]ield splitting ~ and electric/ield gradients 
]or]ield parameters R = -2.26 ~,/~ =3.32~ 

(~ A E  1 AlE 2 ( Vzz)T ( V• - Wyy)~, 

300 745 1432 -.2433 -.8740 
420 1043 2005 -.2433 -.8740 

Energy unit is cm -1. 

i.e. relative energy intervals between the three low spin ground state components, 
at the two values of (~ = 300 and 420, the free ion value, are given in Tab. 9. 

This relationship leads us then to the notion that  the amount of function 
mixing is independent of the value of spin-orbit coupling, which is true only for 
this special restraint on the field parameters. This restraint also has the effect of 
fixing the ratio o f# /R  at 3.32/2.26 which cannot be a general property of all types 
of rhombic distortions. In  fact, it seems that  a rhombic distortion with lEe ] 
cubic symmetry can lead to a fixed ratio of R/# since a tetragonal distortion has 
I EO I symmetry. The matrix elements of two operators belonging to a different 
component of the same representation can be factored into a different coupling 
coefficient term for each operator multiplying the same reduced matrix element. 
Hence there is the possibility of a proportionality between the two. However for 
a rhombie distortion belonging to the cubic representation T2, another common 
case, such proportionality is not in general obtained [11]. 

The negative value of R implies that  the dxz orbital energy lies below the dy  z. 

G~IFFITg in his original paper [10] notes this not very obvious result and makes 
some attempt to explain it by invoking bonding possibilities. Since that  time, this 
result has been discussed on several occasions [3, 12], with some elaboration and 
alteration of the original explanation for the ordering of the dxz and dyz  orbitals. 
While there seems to be clear evidence that  the dxy orbital lies lower than either of 
these, i.e. # is positive [12], there is not to this date any definite explanation for 
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the order of the dyz and  dxz orbitals.  Before any  more models of the bonding in  
this complex are made based on this  ordering, we thought  i t  reasonable at  this  
point  to examine the necessity of using a negat ive R and  the res t ra in t  t ha t  the 
spin-orbi t  coupling parameter  and  field parameters  need be proport ional .  

I n  order to invest igate  this  effect, we have allowed R to be positive which 
means  t ha t  the dyz orbital  energy lies below the dxz orbi tal  while keeping/z positive, 
i.e. the Clxy energy is lowest. We have considered sets of # and  R with each in  the 
range 250 -- 3000 em -1 (i.e. R, # -- 250, 500, t000, 2000 and  3000 cm -1) together  
with two values of (~, 300 and  420 cm -1, and  calculated fifty sets of three eigenfunc- 

t ions and  eigenvahies. 
The first quest ion to be answered was whether  a ny  results with a positive value 

of R gave g values close to the exper imenta l  ones. The answer to t ha t  is affirmative. 

Table 10. Calculated g values as a/unction o/rhombic and tetragonal /ield strength~ 

tt R 250 500 1000 200 3000 

250 

500 

t000 

2000 

gx 
gy 
g~ 

gx 

fly 
gz 

~x 
gy 
g~ 

g~ 
gu 
g~ 

0.513 .316 1.21 1.74 t.87 
2.30 2.71 2.84 2.63 2.47 
2.80 2.71 2.53 2.33 2.24 

�9 098 .671 1.39 1.79 1.89 
2.02 2.46 2.65 2.52 2.41 
3.19 2.98 2.65 2.36 2.25 

.338 1.02 1.57 1.85 t.92 
t .68 2.16 2.4t 2.39 2.32 
3.51 3.19 2.74 2.39 2.26 

.657 1.26 1.70 (1.72) t.89 1.94 
1.40 1.90 2.20 (2.20) 2.25 2.23 
3.66 3.27 2.78 (2.80) 2.4t 2.27 

gx .777 1.35 1.75 
3000 gy 1.28 t.79 2.10 

g~ 3.70 3.30 2.79 

8 = 420. Units are cm -1. Experimental g values in parenthesis. 

t.91 1.95 
2.18 2.17 
2.41 2.28 

F rom the var ia t ion  of g values with R positive we conclude t ha t  the g values are 
fairly sensitive to the magn i tude  of R and  t h a t  an  R = 1000 is defini t ively se- 
lected from the range of 250 -- 3000 considered. The magni tude  of R determines  
the ex ten t  of mixing  of the E" and  E '  states and  hence the relative magni tudes  
of the A and  C coefficients. The results are also sensitive to the value of #. This 
parameter  determines to a large ex ten t  the mixing  of the B 2 state in to  the ground 
state. The g var ia t ion  with # and  R for d = 420 cm -1 is shown in  Tab.  t0. Results  
with (3 = 300 are no t  very  different. Fa i r ly  reasonable agreement  with exper iment  
is ob ta ined  with R -- 1000, for # = t000, 2000 and  3000, for bo th  (3 = 3" .~and  
420 cm -1. The closest agreement  which is wi th in  exper imental  accuracy however 
is obta ined  for R = t000, /z  = 2000 and  d = 420 cm -1. 

Tab.  11 summarizes the differences in  the g values obta ined  from the best 
ass ignment  with § R varied freely and  -- R res t ra ined to propor t ional i ty  with 
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d and  ~t. We see from this table  tha t  a somewhat  be t te r  fit to g values is obta ined  

from a + R assignment.  We also see t h a t  the value of g is no t  very  sensit ive to the 
sign of R. The reason for this  appears to be the following : allowing R to be positive 
removes the restr ict ion t ha t  ~2 A + B be positive. A is in  fact negative.  I t  is also 
much larger t h a n  B which keeps the same sign. I f  we examine the effect this sign 
change has on the various components  of g, we find t ha t  it  does not  affect gz at all 
which depends on A 2. I t  would in  general  affect gx and  gy. However  for the case 
of A >> B, which is t rue  here, a small q u a n t i t y  B added or subt rac ted  to A makes 
little difference. I t  is this small  difference tha t  allows a somewhat  be t te r  ass ignment  
in one case t h a n  the other. We conclude t ha t  from a g value ass ignment  alone, a 
- R ass ignment  is not  necessary and  in  fact a + R ass ignment  fits the da ta  
somewhat  better .  

Table 11. Summary o/calculated results obtained/or - R -  and +JR-assignment 

- R.assignment ~ +/~-assignmentb 

R -950 +1000 
# +1400 +2000 

420 420 
A .842 -.837 
B .128 +.097 
C .525 +.539 
z~E 1 [cm -1] 1043 109t.0 
2E2 [cm -1] 962 15t7 
AE [era -1] 2005 2608 
g~ 1.62 i .70 
gu 2.30 2.20 
g~ (2.80) 2.7S 
V=(val) - .2433 - .26t 6 
Vxz - Vyy (val) -.8740 -.8926 
C 18.28 - 18.03 20.4 - 22.1 
Q [Barns] .126 - A27 .104 - .t13 
#+~f [Bohr magi 2.28 2.29 

Best values of g with restraint: _R - -2.26 8, # = 3.32 8. 
b Best values of g allowing free variation of R,/~ and 8. 

I n  order to fur ther  describe the system, we have calculated the vMues of the 
electric field gradients  obta ined  from both  - R and  § R values. For  the field 

parameters  in  the form R - - 2 . 2 6  ~, # = 3.32 ~, the valence contr ibut ions  to the 
electric field gradient  components  are independen t  of 8. These values of (Vzz) T and  
( V z z  -- Vyy)T are given in  Tab.  9 and  correspond to tota l  valence cont r ibut ions  of 
qva~ = --2.60 • ~015 esu/em ~ and  ~val qval -- --9.35 • ~015 esu/em a. The lattice 
cont r ibu t ion  to Vzz with a § # subtracts  from the valence cont r ibut ion  and  the 
lattice con t r ibu t ion  to (Vxx - V y y )  ~dth a negat ive R adds to the valence contri- 
but ion.  The numerica l  value of the latt ice cont r ibu t ion  depends on the value 
selected for the spin-orbi t  coupling parameter .  These are given in  Tab.  i2  for 
three values of 8. Comparing them to the two valence contr ibut ions  given above we 
see t ha t  the lattice makes a cont r ibu t ion  to Vzz of 28 to 6% and  to the (Vxx  - Vyy) 

component  of i t  to 2.5%. The q u a n t i t y  C, the to ta l  numerical  factor mul t ip ly ing  
Q, i.e. d E  - CQ, is also given in  Tab. 12. We see t ha t  even though the latt ice 
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con t r ibu t ion  is great ly affected by  the field values, since i t  is a small par t  of the 
to ta l  electric field gradient ,  the value of the tota l  numerica l  cons tant  C is not  much 
affected by  the change in  this small  contr ibut ion.  Unfo r tuna t e ly  the value of Q is 
unknown.  The most  t h a t  can be done with the final relat ionship is to use the 
observed value of A E  and  the calculated values of the electric field gradient  
components,  i.e. C, to calculate a value of Q. The value of Q obta ined  is listed in  
Tab. t2  for a measured value of AE = 2.30 mm/sec [6]. This is to be compared 
with values Q calculated for other ferric systems, zJE has been measured and  q 
calculated for F % 0  3 and  ferric ion in  rare ear th  garnets  [13--16].  I n  these high 

Table 12. Electric field gradient and predicted value o /Q as a 
/unction o/spin-orbit coupling strength 

420 300 100 

ql~t • 1015 0.695 0.496 0.165 
r/ql~t x 1015 0.993 0.709 0.236 
C o 18.03 t8.06 t8.28 
Q [Barns] (AEexp/C) b 0.127 0.127 0.126 

C is defined in Eq. (15). AE = CQ. 
b zJEe~p = 2.30 ram/see for the ferrihemoglobin azide [6]. 

Table t3. Electric /ield gradients: variation with # and ~ /or R best/it to 
g values (R = 1000 cm -1) 

/ ,  g~ g .  g~ ( v = )  ( v ~  - v~ . )  

t000 
2000 
3000 

1000 
2000 
3000 

d = 420 cm -1 

t.57 2.4i 2.74 -.2225 -.8718 
t.70 2.20 2.78 - .26t6 -.8926 
1.75 2.10 2.79 -.2732 -.8999 

d = 300 cm -1 

1.78 2.33 2.57 - .2541 - .9285 
1.85 2A7 2.58 -.2540 -.9390 
1.87 2A0 2.59 -.2797 -.9424 

spin systems the valence cont r ibu t ion  was assumed zero. A range of Q values was 
obta ined  of . i85 - .487. We see then  t ha t  with this  low spin calculat ion we are 
on the low side of results from other calculations. This range of C and  Q values 
from the - R ass ignment  are listed again in  Tab.  l i  where they  are compared 
with those obta ined  from the + R assignment.  

The valence con t r ibu t ion  to each component  of the electric field gradient  was 
also calculated for each set of eigcnfunctions obta ined  with a + R ass ignment  of 
rhombie field parameters  and  the free var ia t ion  of/~ and  ~. These values for R = 
i000 cm -1 and  ~ = 300, 420 cm -1 as a funct ion  o f #  are given in  Tab.  i3. The to ta l  
electric field gradient ,  the factor C, calculated for the best  fit to the g values, i.e. 
R = 1000, # = 2000 and  ~ = 420 cm -1, is given in  Tab.  i i  where i t  is compared to 
the value of C for the -- R assignment.  F rom this  table we see t ha t  the corres- 
ponding range of Q predicted for the + R ass ignment  is . t04 -- .113 Barns,  even 
lower t h a n  the -- R predict ion of .t26 - .127. Again we see t ha t  the results are 
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not terribly sensitive to the sign of R. I f  Q were known with great accuracy it 
might  be possible to distinguish between these two assignments on this basis. 

The effective magnetic moment  of the ferric ion was also calculated from the 
spin-orbit mixed eigenfunctions, with the same values of R, ~ and ~ tha t  fit the 
observed g values best. These are also given in Tab. 11. The zero field splitting is 
very large under these conditions, AE 1 > i000 cm -1. At room temperature  this 
corresponds to a Bo]tzman factor of exp(--1000//cT) = 0.007. Hence the excited 
state contribution to the effective magnetic moment  is negligible. Using Eq. (8), 
the first and second order contributions to the effective magnetic moment  were 
calculated. For the § R assignment: #e~ = 3.8675 § i.4017 = 5.270 and for the 

R assignment : - -  #~ff = 3.934 § i.302 = 5.236 leading to the values of effective 
magnetic moments  of 2.29 and 2.38 Bohr magnetons respectively. The small 
difference is due to small differences in the values of g, in the off-diagonal matr ix  
elements and in the zero-field splittings. These values of#~ff are in good agreement 
with the experimental value of 2.35. 

To summarize our low-spin rhombic field spin-orbit coupling results, we find: 
good agreement with experimental g values was obtained for assignment of 
parameters  with R both positive and negative corresponding to dyz lower and 
higher in energy respectively than  the dxz orbital, with and without the restraint 
of R proportional to d. For d = 420, the actual numerical values of the _+ R tha t  
best fit the data  were quite similar, R - - 9 5 0  a n d #  -- t400 compared to R = t000 
and # = 2000 cm -1. Total  electric field gradients calculated for the + R assign- 
ments were somewhat larger than  the -- R, leading to a smaller predicted value 
of Q. In  each case, the lattice contribution to Vzz was about 30% of the valence 
contribution and the lattice contribution to (Vxz - Vyy) was about t0% of the 
valence contribution. Good agreement with the measured magnetic susceptibility 
data  was obtained with no appreciable difference between the calculated values. 
At this point then it might be concluded tha t  this model for the low spin ground 
state is quite successful in explaining magnetic properties and less successful in 
unambiguously assigning a reasonable value of Q. 

D. Comparison o/ High and Low Spin Results 
The least successful result of our model for ferric ion in strong field complexes 

appears when one compares the high and low spin results obtained from it for 
values of the total  electric field gradients. For the high spin system, the electric 
field gradient calculated for the parameters  tha t  gave good agreement with the 
ESR data, yielded total  values of Q in the range .275 -- .505 Barns [5] when used 
with the experimental values of AE -- 2 ram/see. These values are within the range 
of previous estimates of Q of .t85 - .487 from other high spin ferric ion systems 
[13--16] and hence are not too discouraging. 

Predicted values of the total  nuclear quadrupole moment  of Q of the excited 
state of the Fe ~7 nucleus were obtained from the ratio of the total  electric field 
gradients calculated for a given iron complex and the observed splitting of the 
M6ssbauer resonance of iron in the same complex, i.e. 

Qi = AE~(exp) / C~(calc) . 

Thus in comparing the values of Q predicted for a series of complexes one is 
actually comparing the ratio : 

27 Theoret. chim. Acta (Berl.) Vol. 5 
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QIlQ2 = A Ella E~. 0~1C1. 
C is defined by  Eq. (15) and contains both the lattice and valence contributions 
to the tetragonal and rhombic terms of the electric field gradient. Our model is 
directly used to calculate what is essentially the expectation value of the angular 
portions of the field gradients. The expectation values of the radial integrals are 
taken from free ion calculations, as are the antishielding factors. Both of these, 
for a 23 electron atom, are quite difficult to calculate accurately. In  the high spin 
system the lattice contribution is the dominant one. The valence contribution is 
6 to 40% of it and goes to zero if excited states are excluded. 

As long as we are comparing the values of Q obtained from different high spin 
ferric ion complexes and hence taking the ratio of essentially the lattice contribu- 
tions, most  of the arbitrariness due to the factor (l - y) ( r  2} multiplying the 
lattice contribution cancels. For the low spin system, the total  electric field gradien ~ 
has both a Vzz and (Vxx - Vyy) contribution to the observed splitting. Here, the 
valence contribution to both components is the dominant one and is fixed by  the 
g value assignment. The lattice contribution varies from 6 -  28% to Vzz  and 
from 2 - ~ %  to (Vxx  - Vyy) for different reasonable values of field parameters.  
The value of Q obtained is A27. This is not too far from the vMues already pre- 
dicted. However, in comparing high and low spin hemoglobin predictions for Q, 
we see tha t  at best they are within a factor of 2 to one another. Since in the low 
spin case the valence contribution is the dominant one, the accuracy and validity 
of the factors (i -- R) ( r  -a} multiplying it are important .  In  the high spin case, 
with the lattice contribution dominant, it is the accuracy of the factor (i - y).  
�9 ( r  2} which is important .  The ratio of the total  electric field gradients calculated 
for the low and high spin cases retain then, to a large extent, their dependence on 
the ratio of these factors. Thus the result obtained tha t  a value of Q predicted 
from one system is twice the other contains in it not only the difficulties inherent 
in the calculation of the expectation values of the angular portion of the electric 
field gradients but  also the rather  significant difficulties of calculating accurate values 
for these different free atom properties. Since the agreement with experiment is 
least satisfactory for the one property calculated in which we do rely on para- 
meters other than  those directly involved in crystal field calculations, we may  
conclude tha t  a ra ther  significant part  of our disagreement is probably due to 
these portions of the results. A better  way perhaps to get at electric field gradients 
would be from a molecular orbital approach tha t  did not involve the use of anti- 
shielding factors at all. 

Hence, the crystal field model, assuming a strong field and including spin-orbit 
coupling, has been quite successful in explaining the properties of both high and 
low spin ferric ion in various hemoglobin derivatives. Magnetic susceptibilities 
and g values are accounted for consistently in going from one system to the other. 
However  the predicted values of Q from the M6ssbauer resonance quadrupole 
splitting of high and low spin ferriheme derivatives are at best within a factor of 
2 of one another. This added ambiguity in comparing high and low spin results is 
probably due to the non-cancellation of the arbitrariness in the radial integrals 
and antishielding factors. 
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