
Theoret. Chim. Acta (Berl.) 41, 37-49 (1976) 
�9 by Springer-Verlag 1976 

Theory of Isomer Shift in Hemin* 

Jane C. Chang, Yong M. Kim, Tara P. Das 

Department of  Physics, State University of New York at Albany 

Kenneth J. Duff 

Department of  Physics, University of Wollongong at New South Wales 

Received September 10, 1974/April 28, 1975 

Using the self-consistent charge extended Hiickel procedure, the charge density difference Ap at 
Fe 57 nucleus, between hemin and Fe + 3 ion is calculated. This is combined with the recent value of  the 
calibration constant, -0.23_+ 0.02a g mm/sec to obtain an isomer shift of -0 .374 mm/sec between 
hemin and Fe +3 in good agreement with the value -0 .392 mm/sec derived from experimental data 
and the calculated value of the isomer shift of Fe +3 with respect to K3FeF 6 from first principle co- 
valency investigations in the latter compound. Ap is composed of contributions from core and valence 
electrons of  the same order of magnitude, with the latter being more than one-half of  the former. The 
core contribution is composed of a number of terms of comparable magnitude and differing signs, 
whose significance is discussed. 
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1. Introduction 

The electronic properties of hemin have been recently subjected to rather 
extensive theoretical analysis [1-6], using the extended Htickel procedure [7]. 
This procedure has been successful in earlier investigations in explaining both 
optical properties [-5] as well as a number of hyperfine and magnetic properties 
[1~4]. For  some of  the hyperfine properties, there are still some differences with 
experiment to be explained [2, 4, 6]. The present work is concerned with a theor- 
etical analysis of the various contributions to the isomer shift in the M6ssbauer 
effect of  F e  57m in hemin, using Fe + 3 ion for our reference. 

The paper is divided into three sections. The second section will deal briefly 
with a resum6 of  the self-consistent charge extended Htickel procedure and the 
results for the wavefunctions and charge distributions in hemin. The third section 
will deal with the various contributions to the isomer shift, in particular, the 
contributions from the valence and core electrons to the charge density at the iron 
nucleus which is related to the isomer shift. The fourth section will be concerned 
with a discussion of  the results we obtain for the isomer shift, the relative importance 

* Supported by grant HL 15196-02 from the Heart and Lung Institute of National Institute of  
Health. 
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Fig. 1. Molecular structure of iron porphyrin chloride the model of heroin used here 

of  valence and core contributions, comparison with experimental data and 
conclusions that can be drawn regarding the nature of  the isomer shift to be 
expected theoretically in other related compounds. 

2. Wave-Functions 

The self-consistent charge extended Htickel method that has been used to 
obtain the molecular wavefunctions ofhemin has been described in detail elsewhere 
[3, 5, 7]. However, we want to discuss some of  the parameters, for both the sake 
of  completeness and also because we will require some of them in the calculation 
of  the isomer shift. The coordinates of atoms in the iron-porphyrin system (Fig. 1) 
used here as representative of hemin are exactly the same as in our previous 
work [ 1 4 ]  and those used by Zerner, Gouterman and Kobayashi [5]. Because 
these are of  great interest in the present calculation, we have listed in Table 1 the 
coordinates of  four nitrogens, eight carbons of porphyrin rings that are nearest 
to the iron, and the chlorine atom attached to heme, with the atoms being num- 
bered as in Fig. 1. We have taken-the position of  the iron atom as being 0.455 A 
above the porphyrin plane in keeping with earlier work [3], although the X-ray 
data of  Koenig [8] seems to indicate that it is a little different, namely 0.475 A. 

In the wave-function calculation, one determines the molecular orbitals (MO) 
in the form: 

@u=~ Cuixi (1) 
i 

where Cui is the coefficient for the ith atomic orbital (AO) Zi in the #th MO ~b~. 
The C~i's are determined by solving the appropriate secular equation. In formu- 
lating the secular equation, one needs the matrix elements h u and hjj of the Hamil- 
tonian and S u, the elements of the overlap matrix, which are taken as the same 
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Table 1. Geometry of atoms in iron(III) porphyrin chloride (model 
used for hemin) 

Atoms a X(A) Y(A) Z(A) 

Fe(1) 0 0 0.455 
N(2) 2.054 0 0 
N(3) 0 2.054 0 
N(4) - 2.054 0 0 
N(5) 0 - 2.054 0 
C(7) 1.098 2.839 0 
C(9) 2.839 1.098 0 
C(12) 2.839 - 1.098 0 
C(14) 1.098 - 2.839 0 
C(17) - 1.098 -2.839 0 
C(19) - 2.839 - 1.098 0 
C(22) 2.839 1.098 0 
C(24) - 1.098 2.839 0 
C1(38) 0 0 2.67 

a The numbering of atoms and the designation of X and Y axes are 
shown in Fig. 1. 

as those utilized in earlier work [-3] 1. The matr ix  elements h u were related to the 

charges on  the a tom,  which in tu rn  are obta ined  from C,i th rough the Mul l iken  
approx imat ion  [9]. The convergence is characterized by the closeness o f t he  inpu t  

a n d  ou tpu t  charges. In  analyzing this convergence,  we util ized the following 
equa t ion  for the charge q~ on the l th a tom for the 2 th i terat ion,  namely  

2 - - 1  - -  2 - 1  

ql 2, input ~- Wql '  input -1- ql, output 
w + 1 (2) 

the paramete r  w being chosen judiciously  to speed convergence,  a convenient  
value to use at the start of  the i terat ions being in the range l0  to 20. The con- 
vergence cri terion used was 

[q~ i ,p , t -  q~, o,w,tl-~ 0.05 (3) 

Since the final charges and  the na ture  of the convergence of the calculat ion 

have not  been discussed in our  earlier publ ica t ions  on properties of heroin and  
since it may be of  some interest to other workers in the field, we have presented in 
Fig. 2, the charges of typical a toms at various stages of i teration.  The charges on 
the rest of  the a toms can be related to these by symmetry.  The final charges on the 
atoms, cor responding  to the molecular  orbital  wave-funct ion,  are listed in Table  2 
and  are fairly close to those of Zerner,  G o u t e r m a n  and  Kobayash i  [5]. F r o m  

Fig. 2 it appears that  in the intermediate  iterative stages, the major  oscillation 
does occur a round  iron. This is not  unexpected,  since the i ron a tom is the ma in  
source of charge transfer,  the charge being + 3 on the extreme crystal field model  

1 The Slater orbitals used in the calculation of overlap matrix elements in the secular equation 
have been chosen to reproduce the same overlap integrals as with the actual SCF atomic orbitats. 
However, the Slater orbitals do not have the correct behavior near the nucleus which is important for 
hyperfine properties. 
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Fig. 2. Distribution of net charges among atoms for various iterations 

with no interactions with the rest of  the ring. As we notice f rom the final charges 
on the iron atom, and in general the charges on the rest of  the atoms in the molecule, 
they are actually rather close to neutrality. The final electronic configuration of 
iron that is obtained in the Mulliken approximation f rom our calculations is: 
(ls)2(2s)2(2p)6(3s)Z(3p)6(3d)6"7r176 ~176 This configuration is fairly close 
to that of  neutral iron a tom and even closer to the 3d74s configuration of  iron in the 
metal  [10] for which the wave functions are also available. For  calculation of  
properties involving the regions near the nuclei it is important  to use the actual 
atomic orbitals in Eq.(1) for the MO instead of the Slater-like orbitals that are 
used [3] in obtaining the overlap matrix S in the secular equation. 

3. Isomer Shift 

The isomer shift for the same nucleus in two chemical environments is given 
by the relation: [11] 

e~ - ~2 = ~ [ p ~ ( O )  - p 2 ( O ) ]  ( 4 )  

~1 and ~z being M6ssbauer  frequencies for the two sources. The isomer shift 
proportionali ty constant parameter  e depends on the properties of  the nucleus, 
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Table 2. Final charge distributions a of hemin obtained from the self- 
consistent charge Hiickel procedure 

Atom Charge A tom Charge 

1 0.2507 20 -0 .04305 
2 -0 .1759  21 -0 .04305 
3 -0 .1759  22 0.03282 
4 -0 .1759  23 -0 .01626 
5 -0 .1594  24 0.03282 
6 -0 .04305 25 -0 .04305 
7 0.03282 26 0.06163 
8 -0 .01626 27 0.08774 
9 0.03282 28 0.06163 

10 -0 .04305 29 0.06163 
11 -0 .04305 30 0.08775 
12 0.03282 31 0.06163 
13 -0 .01626  32 0.06163 
14 0.03282 33 0.08775 
15 -0 .04305 34 0.06163 
16 -0 .04305 35 0.06163 
17 0.03282 36 0.08774 
18 -0 .01626  37 0.06163 
19 0.03282 38 -0 .2439  

a The number ing of the atoms is as in Fig. 1. 

namely, its nuclear charge, atomic mass number, the fractional change in nuclear 
charge radius during the y-ray transition, and the 7-ray energy, pt(0) and p2(0) 
are the electron densities at the nuclei for the two systems. Unfortunately, one 
cannot get a value of ~ accurately from the theory of nuclear structure. Instead, 
one has to obtain e by using the experimental el -52  in a pair of systems and the 
difference in the two p(0) on the right hand side of Eq.(4), which has to be calcu- 
lated accurately for the two systems. The determination of  e has been carried out 
by a number of  investigators in the past few years. These have been reviewed in a 
recent article [12] where a first-principle covalency calculation for KaFeF 6 is 
done, using a model of a ferric ion surrounded by six F -  ions in a cubic arrange- 
ment. This charge density has been compared with that in a ferrous compound 
to evaluate e. The value ~ obtained was -0 .23  +_ 0.02 ag mm s-1 and the relation 
between this value of c~ and earlier ones was discussed [ 12, 13] 2. Further, recently, 
an evaluation of  many-body effects on the charge densities in Eq.(4) has been 

2 The value of  c~ is assumed (Ref. [ 12]) to include the relativistic correction so that  it has  to be used 
in conjunction with non-relativistic electronic densities at the iron nucleus. This process of  incorporating 
the relativistic effect on e is strictly justified if the relativistic correction is nearly the same for all the 
s-orbitals of  the iron a tom in the compounds  involved. There have been arguments  for both sides of  this 
question in the literature [ 13]. Our present study of the isomer shift in hemin is not  aimed at obtaining 
very precise quantitative agreement with experiment but  rather at an examination of  its origin f rom a 
semi-quantitative point of  view with the purpose of assessing if one could use the presently used 
procedures to explain the small variations between a number  of  heme compounds.  We shall therefore 
not  be concerned with the question of the proper incorporation of relativistic effects, and shall utilize 
the non-relativistic result for the density at the nucleus and the value of c~ = - 0 . 2 3 a  g m m  sec- x in our 
isomer shift analysis. 
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carried out [14] through the linked cluster many-body perturbation theory. 
These effects have been found to be rather small in their influence on c~ derived 
from isomer shift between Fe +3 and Fe +2 compounds.  We shall therefore use 

= - 0 . 2 3  ag m m  s-1 in obtaining the isomer shift in hemin. 
Next, we have to consider the values of px(0) and p2(0) in Eq.(4) with 1 re- 

ferring to hemin and 2 to a reference system. In our work here, we shall make use 
o f F e  § 3 ion as a reference system. There is no experimental value available for the 
isomer shift of  hemin with respect to Fe § 3 ion. To compare  with experiment, we 
shall therefore follow two steps. First we shall convert the measured [15] isomer 
shift of  heroin with respect to cobalt in plat inum to K3FeF 6 as reference system 
using experimental data [-16, 17] on the isomer shift of  K3FeF 6 and some other 
systems. The second step will involve use of  the calculated isomer shift of  K3FeF 6 
with respect to Fe § 3 ion f rom recent first-principle covalency investigations [ 12] 
on this system. 

The charge density p(0) is given by the expectation value of  the charge density 
operator  pop(O) 

po~(O) = F~ ~(7,) (5) 
i 

over the determinental wavefunction ~ i/avolving both the core and valence orbitals 
of  hemin. The summation over i runs over all the electrons in the system which 
consist of  both paired and unpaired electrons as well as the core electrons of  the 
atoms, particularly those of  the iron atom. The core electrons of  neighboring 
atoms are not expected to contribute too much to the density at the iron nucleus 
so they can be dropped. But we must include contributions f rom both the valence 
and the core electrons of  iron. If  all the core electrons and valence electron orbitals 
were or thogonal  to each other then p will be given by 

p(o )  = <Olpo, (O) lO> =  1o=(o)1% �9 (6) 
v 

the ~ being one-electron wave-functions of  the system and n~ = 2, 1 or 0 repre- 
sents the number  of  electrons in the orbital v. The summation over v extends over 
the core orbitals of  iron and the occupied valence orbitals. However, the summa- 
tion in Eq.(6) is only correct as far as valence orbitals are concerned, since they 
are mutually orthogonal.  The core orbitals, however, are not orthogonal to the 
valence orbitals and one thus has to take into account the overlap of  the core and 
valence orbitals. It  has been demonstrated in several calculations E18] involving 
non-orthogonal  core orbitals that one can still use the summation in Eq.(6) 
provided one makes the core orbitals orthogonal  to the valence orbitals by the 
Schmidt or some other orthogonalization procedure. We shall adopt  the Schmidt 
procedure here and therefore replace ls, 25 and 35 core wave-functions by functions 
that are or thogonal  to the valence wave-functions and to each other. The latter 
requirement is pertinent, because if we merely orthogonalized the core orbitals 
individually to the valence orbitals, these orthogonalized core-orbitals would not 
be orthogonal to each other. The mutually orthogonalized core wave-functions 
are given by: 
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where 

In Eqs.(7) and (8) 

ortho __ 

- -2s l s ,#  
bt 

tF 2,I,t s 711/ [dt~176176176 
,l,.ortho - -  N 7" 2si'#" l s  /Wi t s  
W 2 s  - -  

t or tho  2 >1 
,I. ,t / d /  Id~orth~  ortho / f l /  [,/,~ 

~l,ortho=tY3s-- \~F3sl '~2s / t f f2s - - \  tY 3sI"Y l s  / ' # l s  
W3s / d /  d ,  o r t h o N [ 2 - ] / % t /  [ d ~ o r t h ~  2 

- -  \ W 3 s  ~/*2s / I  I X ~ ' 3 s t  5 v l s  / 1  

(7) 

~ 2 S - - 2  S2s ,  g@g 

2s, l* 
# 

t 
3 s  - -  ,u . / i - 2  sL. 

(8) 

is the overlap integral between the core 0n  orbital and the occupied valence 
orbitals O,- The summation is over all valence orbitals occupied by the electrons 
of  the same spin. From Eqs.(8) it follows that 

< @ i s l @ ] r t h o >  = - - 2  S i s , #  S2s ,  l~ 

. / ( 1 - Z  S12~, u)( 1 - Z  $22~, .) (9) 
// # 

with corresponding expressions for \~'3~lvls/a" l,/,or,ho\/ and @;s l0~h~ 
In terms of  the valence orbital and orthogonalized core orbital wave-functions, 

the charge density at the iron-site can then be written as 
M N 3 

ortho 2 ortho 2 p(O)-- Z 21r ~+ 2 lO#(o)l 2 + Z ElO.~, (o)l +t4,.s, (o)1 ] (lO) 
# = 1  I t = M +  1 n = t  

where /z=  1 to M represents the number of  orbitals that are doubly occupied, 
# = M +  1 to N represents singly occupied orbitals and the last term corresponds 
to a sum over the orthogonalized cores, the subscripts ]" and J, referring to spins 
parallel and antiparallel to the unpaired valence electrons. The valence orbitals 
~J#(#= 1 to N)'s, as defined in Eq.(1) of Sect. 2, are taken with the molecular 
orbital coefficients C,~ determined from the extended Hiickel calculation but with 
the atomic orbitals Z~ at the iron site replaced by Hartree-Fock orbitals. One then 
gets 

M N 

# =  1 # = 5 I  + I 
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where 

[O (o)r = ]Z c  z,(o)l 
i 

In Table 3, we have separated the contributions to the density from the valence 
orbitals of  heroin as composed of those from doubly occupied orbitals k'val'n(2) and 

(1) Th a or from singly occupied orbitals P~al. e m j contributions arise out of  the doubly 
occupied orbitals 1, 8, 12, 14, 46, 47 which all involve significant amounts of iron 
4s character. Among the unpaired occupied orbitals only one makes a finite 
contribution, namely orbital 65 which is primarily of dz2 character but hybridized 
to 4s. The net contribution from the valence orbitals is given by 

Pval = 0.6716ao 3 (12) 

For  the core contributions one has to obtain the [~~176 using the ortho- 
gonalized functions ~Un~'~176 

The core-contribution to the density Ap . . . . .  are obtained by comparing the 
density due to core states on hemin with that in ferric ion. There are two kinds of 
contributions that can occur. One is the difference between the densities due to 
non-orthogonalized cores and the orthogonalized cores in hemin. This represents 
the influence of  Pauli principle on the core orbitals. The second difference is the 
result of  the different potentials seen by the cores in Fe § 3 ion and in hemin, the 
contribution to this potential due to the valence electrons being influenced by 
molecular orbital formation. This difference in densities is essentially given by the 
difference between the densities due to unorthogonalized hemin and ferric ion 
core orbitals. This second difference would not occur in a crystal field model 
involving a Fe + 3 ion located at the iron site in hemin. These two core contributions 
thus represent respectively the influence of  Pauli and potential distortions. The 
unorthogonalized core functions in heroin correspond to the neutral iron atom. 

Thus the two types of  contribution to the charge density difference between 
heroin core orbitals and Fe § 3 ion core orbitals can be written as 

3 3 

App~u,~ = Z ]O,,s(O)] 2 Z S.z~,. - 2  Z (p,,~(O) Z S,,~,.Ou(O) 
n = l  u n = l  ,u 

+ 2 ~ ~.~(0)~.,~(0) Z S,,~, ~,S,.~,~, 
n > m  # 

(13) 

Table 3. Direct valence contribution a Pva~ to 
the charge density at iron in hemin 

0 1) 0.0078ao 3 
p ( 2 )  0.6638ao 3 val 
Pwl 0.6716ao 3 

" p(~(0), p(~]~(0) and pval(0) are the direct con- 
tributions of singly occupied valence orbitals, 
of doubly occupied valence orbitals and of 
all valence orbitals, respectively. 
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which follows from Eqs.(7) and 

n e u t r a l  2 Appot=~ [ItP,s (0)1 -Ikr (14) 
n 

In Eq.(13) only terms of second-order in overlap between the core and valence 
orbitals are included, terms like the second one in Eq.(13), are considered as 
second order since they involve one order in the amplitude of the valence wave- 
function at the iron nucleus in addition to one order in overlap. The total core 
density difference between hemin and Fe + 3 is given by: 

Ap . . . .  = A PPauli + Appot (15) 

In Apva,~U, we have three terms in Eq.(13), the three being referred to respectively 
as renormalization, valence-core cross and reorthogonalization terms. One need 
not have made a separation into these terms and could have just used the sum of 
the differences between [~[/~176 and --.sl'~neutral(O],v, z The difference between the 
result obtained in this way and according to Eq.(13) involves terms that are higher 
than second order in overlap and give very little contribution to the isomer shift. 
From the interest of  computational accuracy, it is perhaps better to use Eq.(13) 

o r t h o  2 rather than the difference in large numbers that one would get from I~,~ (0)1 
a n d  ~ neutral(ITd2 In addition, the separation of Appau u into three parts according - - n s  k v I  I ' 

to their origins does provide additional physical insight. 
In Table 4, we have tabulated the pertinent quantities such as overlap factors 

and wave-function amplitudes for the neutral atom 3 and Fe +3 ion that go into 
the evaluation of Apvauli and APpot.  In Table 5, the various contributions to 
AppauI~ and also Appot a r e  tabulated for the various core-states. For  the two 
different spin-states there are slight differences because there are more valence 
orbitals with one spin-state to which the corresponding core orbitals of the same 
spin-state have to be orthogonalized than for the other spin-state. An important 
feature of  the results in Table 5 is that all the contributions to App~uli(0) and Appot(0 ) 
are comparable and dropping any of these would not be meaningful. In particular, 
the potential terms, which would be neglected if one used a crystal field type model 
of a Fe + 3 ion unbonded [20] to the rest of the orbitals, make important cancella- 
tions with Appauli for  the 2s and 3s states and add in the case of  the ls state. It 
should be remarked however that practically all of  the contributions in the 

3 In the calculation of the results in Table 4, Mann ' s  numerically tabulated functions have been 
used for Fe + 3 core amplitudes. For  the evaluation of overlaps in the calculation of  the Pauli contri- 
bution, we have utilized Hartree-Fock wave-functions in analytic form obtained for the 3d74s con- 
figuration. However, in calculating the amplitudes at the nucleus for the core wave-functions, we have 
used Mann ' s  numerically tabulated core-electron wave-functions for the 3d64s 2 configuration (J. B. 
Mann,  Atomic Structure Calculation, II Hartree-Fock Wavefunctions and Radial Expectation Values : 
Hydrogen to Lawrencium, Report  LA3691, Los Alamos Scientific Laboratory of University of  
California, Los Alamos,  New Mexico (1969)). The reasons for the latter choice are first that  it is difficult 
to get accurate amplitudes at the nucleus f rom analytic wave-functions. Secondly, as shown by Duff  [ 12], 
in taking differences between densities at the nucleus for two configurations, it is necessary to use 
wave-functions calculated by the same procedure and since Mann ' s  numerical wave-functions were 
used for Fe +3 ion, it is desirable to use Mann ' s  wave-functions also for the neutral a tom as well. 
Finally, Mann ' s  numerical core wave-functions were found overall, particularly in the inner regions 
of  the atom, to be quite close to those for the 3d74s configuration. 
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reorthogonalization terms comes from terms involving the 4s component of the 
molecular orbitals. Terms involving products of iron atom orbital amplitudes 
and neighboring atom orbital amplitudes which can be referred to as [21] non- 
local terms and the distant terms, involving the products of  neighboring atom 
orbital amplitudes make rather small contributions. Thus almost the entire 
contribution to Ap(O) is local in origin. 

The above analysis of our results has shown that the valence electrons have 
importance for the isomer shift due to a number of  reasons. First, one has of  course 
to include their contributions to the density directly because this effect is sizeable, 
as seen from Eq.(12), namely about more than one half of the core contribution 
in the present case. This point has been demonstrated also by recent covalency 
calculations in ionic crystals [123. Secondly, the valence orbitals also play a 
significant indirect role through their influence on the core contribution in two 
ways, the potential and Pauli overlap effects, both of which we have considered 
above. 

The net theoretical result for [Plaemin(0)[- IpFe+ 3(0)[ is given by combining the 
valence and core contributions, namely, 

Phemin  - -  P F e  + 3 = 1 . 6 2 5 %  s (16) 

Using this density difference and the values [12] of  e = - 0 . 2 3 a  3 mm sec-1, we 
get 

ehemi n - -  EVe +3 = - -  0.374 mm/sec (17) 

4. Discussion 

There is no direct measurement of isomer shift between hemin and a free 
Fe + 3 ion. We have therefore to derive it by combining the isomer shifts in a 
number of  related systems. Thus, there exists a measurement [15] of  the isomer 
shift in hemin with respect to a cobalt source in platinum. This result can be 
combined with the measurement of isomer shift in nitroprusside [ 17] with respect 
to cobalt source in platinum for which data is available. The two above data, when 
combined, give the isomer shift of  hemin with respect to nitroprusside. These data 
can in turn be combined with available data for isomer shift [ 17] of nitroprusside 
with respect to stainless steel. One next uses the available isomer shift data [16] 
for K3FeF 6 with respect to FeF z and of  the latter [17] with respect to stainless 
steel to get the isomer shift for heroin with respect to K3FeF6. Finally a combina- 
tion of  these results is made with the calculated isomer shift of  K3FeF 6 with 
respect to Fe +3 to get the isomer shift of hemin with respect to Fe + 3 to compare 
with our theoretical result i n Eq.(17). The process of combination is shown in the 
Eqs.(18): 

ehemin - -  8Fe in Pt. ~ 0 . 0 9  mm/sec 

eFe in Pt, - -  Enitroprusside = 0.607 mm/sec 

enitroprusside - -  estainless steel = - -  0 , 1 7 5  mm/sec (18) 

'~stalnless steel ~ EFeFz ~--- - -  1 . 4  m m / s e c  

eFoF2 -- eK3Vev, = 0.93 mm/sec 

eI~3VeV~ -- eVe + 3 = -- 0.437 mm/sec 
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leads to 

'~hemin - -  s  + 3 = - -  0 . 3 8 5  mm/sec (19) 

A second way to derive the isomer shift of hemin with respect to Fe § is the 
following. One can use available experimental data [22] for heroin with respect 
to iron in copper, combine this with the isomer shift [17-1 of  iron in copper with 
respect to nitroprusside to get the isomer shift of heroin with respect to nitro- 
prusside. F rom this information, one gets to Fe +3 through stainless steel, FeF2 
and K3FeF6 in the same way as above. This alternate avenue is indicated in 
Eqs.(20) and (21). 

~3hemin - -  ~Fe in Cu = 0.2 mm/sec 

~Fe in Cu - -  ~nitrop . . . .  ide = 0 . 4 8 3  mm/sec (20) 

~nitrop . . . .  ide -- ere +3 = -- 1.082 mm/sec 

leading to 

~hemin - -  ~Fe +3 : - -  0 . 3 9 9  mm/sec (21) 

The two answers in Eqs.(20) and (21) derived from combination of  different 
experimental data thus agree with each other within a factor of  better than 5%. 
It is reasonable therefore to take the mean of  these two results, i.e. - 0 .392  mm/sec 
as the value to compare with our result in Eq.(17). The experimental result carries 
a probable uncertainty of  about 0.05 mm/sec due to the fact that the rest of the 
experimental data used in Eqs.(18) and (20), besides that for hemin, are for room 
temperature while the latter is at liquid helium temperature. There is good agree- 
ment between the experimental result and theoretical value in Eq.(17). The 
agreement is better than we had expected because of the approximations involved 
in the extended Htickel procedure. It does show that the extended Htickel approach 
provides a reasonable description of the total charge density at the nuclei which 
is composed of  valence and core contributions of comparable order of magnitude. 
As far as the valence contribution is concerned, the fact that we obtain a reasonable 
charge description with the extended Htickel approach is not surprising, because 
the extended Hfickel approach we have used here involves self-consistency in the 
charge distribution. The fact that the core contribution appears to be also satis- 
factory indicates that it is important  to incorporate the two effects that we have 
considered, namely, the Pauli effect and the potential effect. If we had neglected 
the latter, namely, the difference between the free ferric ion density and the core 
density in hemin (excluding overlap effects) which corresponds closely to the 
neutral atom, we would have obtained rather poor  agreement with experiment. 
For  a theoretical understanding of the isomer shifts in more complicated systems 
[231 involving ligands joining heroin to proteins as in methemoglobin or in hemo- 
globin fluoride one must therefore take into account all of  the contributions 
considered here, namely, the valence and core Pauli and potential terms if one is to 
aim at a satisfactory agreement similar to that obtained here for heroin. Since all 
these terms are sizeable and involve positive and negative signs, their variations 
could well combine to explain the substantial observed isomer shifts between 
hemin and methemoglobin and hemoglobin fluoride. 
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