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A fast freezing technique using liquid propane was used to obtain frozen solutions of methemo­
globin at pH 7. With this method it was possible to eliminate largely the presence of a low spin 
component which is usually found in slowly frozen solutions but not present in the sample at room 
temperature. The magnetic susceptibility and Mössbauer spectra of Hb(H20) in the temperature 
range 4.2 K 5̂  T <  250 K have been measured. The data of the high spin compound of Hb (H20) 
were evaluated with a Hamiltonian containing the Coulomb repulsion of the five 3d-electrons of the 
Fe3+ ion, a crystal electric field of C2v symmetry and the spin orbit coupling. The term describing 
the crystal electric field depends on five energy parameters , e2, e3, D, and E which are 
determined by least squares fits to the experimental data. The most relevant parameters e2 and f3 
which equal the energies of the antibonding single 3d-electron orbitals 3dzJ and 3dx*_y* with 
respect to the 3dxy orbital are compared with earlier results of these energies e2 and s3 of the high 
spin compound of Mb(H20). From this comparison conclusions regarding the different spatial ar­
rangements of Fe3+ in Hb(H20) and Mb(H20) are drawn.

1. Introduction

Optical absorption spectra 1 and magnetic suscep­

tibility measurements 2 of aqueous solutions of met­

hemoglobin at pH 6 — 7 taken at room temperature 

show that the electronic ground state of the ferric 

irons in Hb(H20) is a high spin configuration. In 

contrast to these results the Mössbauer spectra of a 

frozen solution of Hb(H20) at T 195 K showed a 

large quadrupole splitting of about 2 mm/s 3 which 

is typical for low spin ferric compounds. The results 

of the temperature dependence of the magnetic 

susceptibility of Hb(H20) at low temperatures have 

also been at variance with the assumption of a 

high spin electronic ground state of the ferric iron 4. 

Careful investigations of frozen samples of Hb(H20) 

by means of EPR spectroscopy5,16 and magnetic 

susceptibility measurements7 at low temperatures 

showed clearly that frozen samples of Hb(H20) al­

ways contain a low spin compound in addition to 

the expected high spin compound. It could be 

shown, that the relative amount of sample material 

in the low spin state decreases when the freezing 

time of the sample becomes shorter7. From these in­

vestigations one may conclude that at room tem­

perature only the high spin compound is present and 

that the low spin compound of Hb(H20) is formed
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during the freezing process. Therefore in order to 

study the properties of methemoglobin we were 

predominantly interested in the properties of the 

high spin compound of Hb(H20). In this paper 

susceptibility and Mössbauer experiments on frozen 

samples of methemoglobin Hb(H20) are described. 

The formation of a low spin component was largely 

avoided by freezing the sample as rapidly as pos- 

siple. In the data analysis the low spin part was 

separated and treated as a contamination. Our sus­

ceptibility data were evaluated with a Hamiltonian 

J i acting on the 3d5 configuration which takes into 

account the Coulomb repulsion (!Hcb) of the five 

3d-electrons of the ferric iron ions of Hb(H20), the 

interaction of a crystal electric field of C9V-symmetry 

(̂ Hc4v(£i , 2̂ » £3) + 3"frhom (£*>£)) and the spin orbit 
coupling CHls)-

= !Hcb + WC4V (el 5 €2 ’ ^3) + ̂ Hrhom {E), E) + J^LS •

(1)

For the diagonalization of J i we used the five multi­

electron wave functions 6A j, 4A2, 2E, 2B2 and 4E 

as a base which will be split into 12 Kramers 

doublets by (!Hrh0m (D,E) +^Hls)- Within a certain 
range the relative energies of the unsplit multi-elec­

tron wave functions (i.e. neglecting 3-Jhrom + 

!Hls) are linear dependent on the parameters e1, 

s2, £3 which determine the strength of the crystal 

electric field. The parameters , e2 , £3 equal the 

splitting energies of the five antibonding single 3d- 

electron orbitals dxy, dxz and dyz, dx2_y2, dz2 (see
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Fig. 6) as caused by the crystal electric field of 

C4V-Symmetry. The rhombic distortion J~lrhom(D, E) 

then splits the still degenerated orbitals dxz and dyz 

by 2 • (D + E ). This theoretical treatment was de­

veloped by different authors8-10 and has already 

successfully been used for the analysis of experi­

ments performed on different high spin and low 

spin compounds of metmyoglobinn . The calcula­

tion of the temperature dependence of the induced 

paramagnetic magnetization (M )t of the Fe3+-ion 

and of the ^-factors </(#, 99) of the lowest Kramers 

doublet can be done in a straight forward manner 

and has been described in our previous work 11 in 

some detail. It is obvious that (M )t and <7 (# ,99) 
are dependent on the electronic structure of the 

iron, and thus they are functions of the parameters 

£i > e2 5 £3 5 D and These parameters in principle 
can be determined by a least squares fit to the sus­

ceptibility data. In addition the experimental ^-fac­

tors of the lowest Kramers doublet12 are part of our 

interpretation. Especially from the parameters e2 and 

£3 one may draw information on the spatial arrange­

ment of the irons Fe3+ in the active centers of 

Hb(H20) with respect to their nearest neighbours. 

As these parameters have already been determined 

in several myoglobin compounds11 a comparison 

between the relative positions of the iron in metmyo­

globin Mb(H20) and methemoglobin Hb(H20) can 

now be undertaken.

2. Sample Preparation and Experimental 

Techniques

The magnetization measurements at temperatures 
between J’ = 4.2K and 7’ = 120K were performed 
using a commercial vibrating sample magnetometer 
of “Princeton Applied Research Corporation”. The 
Mössbauer experiments at different temperatures 
and small longitudinally applied magnetic fields 
were carried out in a liquid He-cryostat equipped 
with a superconducting solenoid delivered by “Sie­
mens AG”. In order to obtain Mössbauer data at 
temperatures below 4.2 K the original construction 
of the cryostat had to be changed. A more detailed 
description of the magnetometer and of the Möss­
bauer equipment has already been given in a pre­
vious report11. The Mössbauer spectra were mea­
sured by means of a 57Co in Rh source and an elec­
tromechanical doppler drive coupled to a 400 chan­
nel analyser operated in time mode.

The Mössbauer sample was a solution of met­
hemoglobin Hb(H20) prepared in a 0.66 M  Ka-

lium-Natriumphosphate buffer at pH 6.0. The pre­
paration was done according to the procedures given 
by Perutz 13. In order to get an appreciable absorp­
tion strength the natural iron of the Hb(H20) 
molecules was chemically exchanged by 57Fe. The 
enrichment of 57Fe14 amounted to 80%. The con­
centration of hemoglobin was about 70 mg/ml, the 
volume of our sample holder 1 ml.

The samples used for the susceptibility measure­
ments contained exclusively crystalline material, in 
order to get a higher concentration. The preparation 
and crystallization of Hb(H20) again was done in 
a Kalium-Natriumphosphate buffer at pH 6.7 13. The 
volumes of our sample holders were roughly 50 
mm3, and thus the sample contained (0.2 —0.3) x 
10 17 molecules of Hb(H20). The exact number of 
molecules in the samples was determined from the 
intensities of the optical absorption lines at X = 540 
nm and X = 557.5 nm of the reduced pyridine hemo- 
chromogen complex 15 to which the hemoglobin had 
been transformed after the susceptibility measure­
ments. By this method we achieved an accuracy of 
±1.5% in the determination of the number of 
molecules in our samples. The single crystals of 
Hb(H20) were broken into small pieces by a glass 
rod before freezing the samples in order to avoid 
an influence on the data by anisotropy effects.

As shown in the next chapter we measured the 
magnetic susceptibility of two different samples of 
Hb(H20), the results of which differ considerably. 
While the sample used for the Mössbauer experi­
ments and the sample I of Hb(H20) used for the 

susceptibility measurements were frozen simply 
by putting these samples into liquid nitrogen, 
the sample II of Hb(H20) was frozen in liquid 
propane at a temperature of T = 90 K. As the 
boiling point of propane Th = 231 K lies far 
above its melting point Tm = 83.7 K no boiling 
of the liquid propane occurs if the sample is 
put into liquid propane at T = 90 K. Thereby the 
freezing time of the sample II of Hb(H20) is con­
siderably shorter than the one of the sample I of 
Hb(H,0) which was frozen in liquid nitrogen.

3. Results and Data Analysis

3.1. Mössbauerexperiments

In Fig. 1 the Mössbauer spectra of a frozen solu­

tion of Hb(H20) at pH 6.0 measured in the tem­

perature range 4.2 K ^  T ^  30 K and at small 

longitudinal magnetizing fields Hext ä; 1 kOe are 

shown. In addition Fig. 2 shows spectra of the same 

sample at more elevated temperature without an ex­

ternal field applied. In contrast to the results given
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Fig. 1. The temperature dependence of the Mössbauer spec­
tra of a frozen solution of Hb(H20) at pH 6.7 measured 
at small longitudinal magnetizing fields. The dashed curve 
in the spectrum at T = 4.2 K represents the spectrum of the 
part of the sample which is assumed to be in a low spin 

state.

by Lang and Marshall3 one clearly recognizes in 

the spectra at T = 4.2 K (Fig. 1 ) and at T = 190 K 

(Fig. 2 ) that the sample contains at least two dif­

ferent species of hemoglobin. Based on results of 

EPR measurements ̂  6 only two different compounds 

of methemoglobin, namely a high spin and a low 

spin compound were considered in the analysis of 

the Mössbauer spectra. Similar to the case of 

Mb(H20) 11 it was not possible to least squares fit 

the Mössbauer spectra of Hb(H20) at intermediate 

temperatures 4.2 K < T ^  160 K since an appro­

priate relaxation theory of paramagnetic spins is not 

available at present. In addition the detailed shape 

of the spectra of the low spin compound at these 

temperatures are not known, rendering the separa­

tion into the two components practically impossible.

In the spectrum of Hb(H20) at T = 4.2 K 

(Fig. 1 ) the typical hyperfine pattern of a ferric

high spin compound of heme proteins like Mb(H20) 

and MbF 11 can be seen. Beside this pattern no re­

solved resonance lines of the low spin compound of 

Hb(H20) are recognizable. Therefore we attempted 

by a large number of simulations to find a simple 

analytical function, which is able to represent the 

broad and unresolved spectral shape arising from 

the low spin compound. We finally used for a pheno­

menological description of the low spin absorption 

spectrum a function proportional to exp[ — (v/4.0)8], 

where v is the Doppler velocity in mm/s. The re­

sulting spectral shape is indicated as a dashed line 

in Fig. 1 . The fully drawn curve is the sum of the 

resonance spectra of both the high and the low spin 

compound, where the theoretical calculation of the 

spectrum of the high spin compound of Hb(H20) 

was performed based on the considerations used 

earlier in the cases of Mb(H20) and MbF11. In 

order to determine the energies of the different re­

sonance lines the Hamiltonians IHngr and ^n g r  de­
scribing the interaction of the electronic shell with 

the nuclear ground state and the 14.4 keV nuclear 

excited state of the 57Fe ion, respectively, was 

diagonalized. For example is given by:

■H%a R ~ ß H a t {£ +  9 , S ) + 9 t A 0S r  (2)

+ 4/»(2g/- - 1) (3^ - r2) 

where ß is the Bohr magneton

Hext is the external magnetizing field; 

gs = 2.0023;

g* is the nuclear ̂ -factor of the 14.4 keV level;

A0 is the magnetic hyperfine interaction con­

stant ;

Q is the nuclear quadrupole moment and

V2Z is the electric field gradient at the nucleus 

assumed to be rotational symmetric.

The point symmetry of the Fe3+ ions in Hb(H20) 

was assumed to be C4V . This should be a good ap­

proximation, because the experimental ^-factors gx 

and gy of the lowest Kramers doublet12 differ only 

slightly (see Table IV). The form of the Hamiltonian 

Wngr is quite analogous, only the electric quadru­

pole interaction vanishes, because of /=  1/2. A more 

detailed description of the basis vectors used and 

of the calculation of the intensities of the different 

resonance lines was given in a previous publica­

tion n .

Fitting the Mössbauer spectrum at T = 4.2 K and 

Hext = 1 kOe the hyperfine parameters A jß n (ßn-
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Fig. 2. Mössbauer spectra of the same sample as used in 
Fig. 1 at higher temperatures and without an external field 
applied. Only the spectrum at 190 K is least squares fitted 

with a pure quadrupole interaction.

nuclear magneton) and h eQ Vzz as well as the 
isomer shift which appears as an additional parame­

ter in the Mössbauer spectrum have been determined 

for the high spin compound of Hb(H20). From the 

ratio of the areas under the spectra of the high spin 

and the low spin compound one obtains the relative 

amount a of the low spin compound with respect to 

the total amount of Hb(H20). The numbers ob­

tained from the fit are summarized in Table I.

At T = 190 K the relaxation times of the spin 

fluctuations are so short with respect to the period

Table I. The magnetic hyperfine interaction constant A0/ßn , 
the quadrupole splitting \ e Q Vzz , the isomer shift S of 
the high spin compound of Hb(H20) and the relative 
amount of the low spin compound a determined by the least 
squares fit of the Mössbauer spectrum of Hb(H20) at T =  

4.2 K and H = 1  kOe (in Fig. 1).

A0/ßn [kOe] 201.3 ±0.7

i  e Q Vzz [mm/s] 1.27 ±0.10
S [mm/s] 0.18 ±0.04

a [%] 43 ±5

v (mm/sec)

of the hyperfine interaction frequency that a para­

magnetic hyperfine splitting can no longer be seen. 

We thus fitted the Mössbauer spectrum at T = 190 K 

with two independent quadrupole doublets. As can 

be seen from Fig. 3 a these two quadrupole pairs 

are not resolved. A least squares fit of such a spec­

trum with two independent quadrupole pairs in­

volves nine independent parameters and therefore is 

unable to a unique result. It is necessary first to get 

additional information on the parameters of the two
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Fig. 3. Mössbauer spectra of Hb(H20) at higher tempera­
tures. The spectra are measured in the sequence a), b), c). 
The relative amount of the Hb(H20) molecules which are in 
the low spin confirguration (larger quadrupole splitting) 

increases by warming up the sample to T=250 K.

quadrupole interactions. This in turn will allow to 

keep some of the parameters constrained at reason­

able values. From susceptibility experiments7 it is 

known that the relative amount a of the low spin 

compound in a frozen sample of Hb(H20) will in­

crease, if the temperature is raised into the range 

between T = 225 K and T = 250 K, but will no 

longer be changed by a new cool-down of the 

sample. This change in the relative amount of the 

low sipn compound is clearly to be seen from the 

comparison of the Mössbauer spectra a) and c) in 

Fig. 3. The spectrum a) at T = 190 K was measured 

before warming up to sample to T = 250 K, whereas 

the spectrum c) was measured after the sample has 

been warmed up. The least squares fit of the spec­

trum c) in Fig. 3 could determine the Mössbauer 

parameters \ e Q Vzz and S of the low spin com-

Table II. The isomer shift S and the quadrupole splitting 
£ e Q V zz of the low spin compound of Hb(H20) at 7 =  

190 K as obtained from spectrum c of Fig. 3.

h e Q Fzz [mm/s] 

S [mm/s]

2.16 ±0.10 
0.05 ±0.03

pound of Hb(HoO) to a relative high accuracy, 

because a had risen to more than 90%. The result 

of this fit is given in Table II. Keeping S and 

i  e Q Vzz of the low spin compound fixed at these 
values, it was possible to fit the spectrum a) in 

Fig. 3. The isomer shift, the quadrupole splitting 

and the relative amount a at T = 190 K before 

warming up the sample to T = 250 K could thus be 

determined. The result is also given in Table III.

Table III. The isomer shift S and the quadrupole splitting 
i e Q V zz of the high spin compound of Hb(H20) at T— 
190 K together with the relative amount of the low spin 
compound <x as obtained from the Mössbauer spectrum a) of 

Fig. 3.

i e Q Vzz [mm/s] 

5 [mm/s] 

a [%]

1.44 ±0.15 

0.16 ±0.05 

47 ±5

3.2. Susceptibility measurements

Since a frozen sample of methemoglobin Hb(H20) 

prepared under normal conditions always contains 

the high spin (HS) and the low spin (LS) com­

pound of Hb(H20), the experimentally determined 

paramagnetic magnetizations Mexp of such a sample 

are composed of two independent compounds 

^exp,HS and ^exp.LS • The relative amount of the 
low spin compound of the sample again shall be 

denoted by a. The value of a has to be determined 

by the experiment. In general we fitted the experi­

mental data Mexp at different temperatures to the 

following expression:

MP M,

H
exp.HS
H

+
M,epx.LS

H
(3)

= ( l- a ) .N .< M h i s +a.jv.
<M>T.LS

H
+

M,dia

H

where H is the strength of the applied magnetizing 

field, N is the total number of Fe3+ ions in the 

sample and ia is the total diamagnetic contribu­

tion of the sample including the sample holder. 

M(ija was treated as an additional fitting parameter. 

<^>t,hs or <M>Ti ls are the calculated mean values 
of the magnetizations of the irons in the high spin 

(HS) state or low spin state, respectively, at a 

given temperature. As already mentioned above 

(M }t is a function of the fitting parameters e1, e.2, 

£3, D and E. Because of their mutual linear depen­

dence1^ 11 it is possible to use either the energies 

£i 5 e2 -> ei or relative energy separations of the
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multi-electron wave-functions (£ (4A2), £ ( 2E), 

£ ( 2B2) ) from the 6AX state as fitting parameters.

It is obvious that it is impossible to infer elec­

tronic structures of the HS and LS compound of 

Hb(H20) simultaneously by fitting the temperature 

dependence of Mexp/H via Eqn (3), because of the 

large number of free parameters. Therefore, if a =£ 0 

one has to use further independent information in 

order to reduce the number of parameters.

The evaluations of the data of MbCN11 which 

is a low spin compound showed that the r̂-factors 

of the lowest Kramers doublet and the temperature 

dependence of the magnetic susceptibility of MbCN 

are mainly determined by the energy difference 

£ ( 2B2) — £ ( 2E) or , respectively, and by the 

rhombic distortion energy D. (In all considerations 

the parameter E has been fixed to £  = 0cm-111.) 

For different values of these energies we calculated 

the ^-factors and compared them with the experi­

mental ones of Hb(H20 )Ls (gx = 1*7, gy = 2 .2, grz = 
2.8) as determined by6. The best agreement was 

achieved for:

£ ( 2B2) - £ ( 2E) = 160 cm" 1 
D = 35 cm- 1  

£ ( 4A2) - £ ( 2E);>1000 cm- 1  
E (6A2) — E (2E) ^2000 cm-1.

Using these numbers we calculated which

should represent the induced paramagnetic moment 

of one Fe3+ ion of the LS compound Hb(H20). Fit­

ting the experimental magnetizations Mexp/H mea­

sured with sample I of Hb(H20) and taking further 

into consideration the ^-factors of the HS com­

pound of methemoglobin 12 as additional experimen­

tal data we tried to determine the remaining free 

parameters of Eqn (3). These are a, A/(j;a and the 

energies E(*A2), £ ( 2E) and D of the HS compound. 

Like in the case of the high spin compounds 

Mb(H20) and MbF11 we kept again the energies 

E{2B2) — £ ( 2E) =500 cm- 1  and E = 0 cm- 1  of 

Hb(H20)HS fixed in the present evaluations. Be­
cause a is a free fitting parameter the accuracy of 

the results is rather poor. From sample I of Hb(H20) 

we obtained the following results by the manner just 

described: a = 44 + 8%

4-400
£ ( 4A2) =700 _^qq c u r t

The energy £ ( 2E) should always exceed £ ( 4A2). 

A reliable value of D could not be determined. For

Table IV. The energies of the unsplit low lying multiplets 
4A2, 2E, 2B2 and 4E relative to the 6At level of the Fe3+ 
ion for the high spin compound of methemoglobin Hb(H20). 
The definitions of the energies e2 an<̂  3̂ can be seen in 
Fig. 6. At and As are the splitting energies of the three 
Kramers doublets of the 6At level caused by the spin orbit 

coupling. Compare with Figs 5 and 6.

Hb(H20 )HS 
pH 6.7

E ( Ax) [cm-1] 0
E(* A2) [cm-1] 1000 ±80
E(2 E) [cm-1] 5500 ±1200
£ ( 2B2) [cm-1] 6000
E (4E) [cm-1] 5000 ±1000
s2 [cm-1] 8300 ±2000

£3 [cm-1] 24000 ±80

Ax [cm-1] 29 ±2
a 2 [cm-1] 95 ±5

9L =  t(9x + 9y) * 5.87
gxy—gx—'9y * 0.14

D [cm J] 170

* The «̂ -factors of the lowest Kramers doublet are taken 
from Gray and Buckmaster 12.

Fig. 4. The temperature dependence of the induced para­
magnetic moment of two samples (I and II) methemoglobin 
measured with an applied magnetizing field of H = 20.0 + 
0.04 kOe. Sample II was frozen with the use of liquid pro­
pane whereas for the freezing of sample I liquid nitrogen 
was used. The solid curves represent the least squares fit.

The data of Mb(H20) are taken from ref. u .
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sample II of Hb(H20) the quick freezing method 

discussed earlier was applied. This made the parame­

ter a smaller than 3% which means that this sample 

practically contains no Hb(H20) molecules in the 

low spin state. Therefore we set a = 0% and ex­

tracted from this set of data the temperature depen­

dence of Mexp/H and the ^-factors of the lowest 

Kramers doublet of Hb(H20)Hs12> The results are

6000

5000 -

£000

1000 -

- -V

HblHjO) 

pH= 6.7
Mb(HjO)

pH=6.3

Fig. 5. The energies of the low lying electron multiplets 6A j , 
4A2 , 2E, 2B2 and 4E of Fe3+ in the high spin compound of 
Hb(H20) and in Mb(H20) n . Also shown is the splitting 
of these levels into Kramers doublets, which is caused by 
the spin orbit coupling and the rhombic distortion of the 

axial crystal electric field.

V-yJ

HblHjO)
pH=6.7

d .d xz’ yz
x̂y

MWHjO)
pH=6.3

Fig. 6. The energies of the antibonding single 3d electron 
orbitals 3dxä_ y2 and 3dzJ with respect to the dXy-orbital of 
the ferric iron in the high spin compound of Hb(H20) and 
in Mb(H20) u . Within the chosen energy scale the error 
bars of the 3dxs_ys orbitals are too small to be shown in 

the drawing.

given in Table IV. The possibility that a deviates some­

what from zero has been taken into consideration in 

dettermination of the error of the different parame­

ters. Fig. 4 shows the experimental data Mexv/H and 

reduced to 1 mol together with the theoretical temper­

ature dependence of ({A/)x/H)m01 as delivered by the 

least squares fitting procedure (solid curves). From 

the analysis of the data as described the relative 

positions of the low energy levels 6AX, 4A2, 2E and 

the positions of the antibonding single 3d-electron 

orbitals dx2_y2, dz2, dxz, dyz, dxy, respectively, are 

obtained. They are shown in Figs 5 and 6 in an 

energy level diagram. For comparison we also show 

in these figures the data of Mb(H20) as obtained 

earlier n .

4. Discussion

In agreement with the results of EPR spectro­

scopy 5»6 and magnetic susceptibility measure­

ments 7 we also find two different species of ferric 

hemoglobin in our experiments at low temperatures. 

Especially our Mössbauer data clearly show the 

overlap of spectra of the high spin and the low spin 

compound of Hb(H20), in contrast to the Möss­

bauer spectra given by Lang et al. 3 where only the 

quadrupole splitting characteristic for the low spin 

compound of Hb(H20) has been present. The ap­

pearance of a noticeable amount of the low spin 

compound in a sample can be avoided by freezing 

the solution of Hb(H20) very rapidly in liquid 

propane.

We are presently interested predominantly in the 

electronic properties of the ferric iron of the high 

spin compound of methemoglobin, because one be­

lieves that at room temperature only the high spin 

compound is present. This general belief is well- 

confirmed by our results of the susceptibility data. 

As we know the energies and the eigenvectors of the 

low lying electronic levels of the ferric iron from 

the evaluations of the experimental data, we are in 

the position to calculate the molar magnetic suscep­

tibility of the high spin compound of Hb(H20) at 

any temperature. That means, it is possible to extra­

polate our experimental data to room temperature. 

A comparison of the extrapolated value (0.0141 ±

0.0001 cm_ 3/mol) with other experimental data col­

lected directly at room temperature (0.0140 +

0.00007 cm3/mol) 2 shows very good agreement. 

For that reason we may first conclude that the elec­

tronic properties of the high spin compound of
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Hb(H20) at low temperatures are identical with 

those of Hb(H20) at room temperature. This in 

turn proves secondly that in a solution of Hb(H20) 

at room temperature a low spin compound is not 

present. It is formed during the freezing of a sample 

of Hb(H20).

We proceed with a discussion of the differences 

between the electronic structures of the ferric irons 

in Hb(H20) and Mb(H20) and of the ferrous iron 

in deoxygenated Hb. For that purpose a compari­

son of the splitting energies e2 and £3 of the 3d- 

orbitals of the iron in these molecules is shown in 

Table V. In earlier publications11’ 16 the dependence

Table V. The energies e2 and s3 of the antibonding single 
3d-electron orbitals 3dz2 and 3dx*_y2 of the iron in methemo- 
globin, metmyoglobin and deoxygenated hemoglobin with 
respect to the 3dxy orbital whose energy is taken to be zero.

Orbital Energy Hb(H ,0) M b(H 20 )* Hbdeoxy *

3dz2 s2 [cm-1] 8300 10940 9440

3dx! _ y2 £3 [cm“ 1] 24000 23707 15880

* These values are taken from references n > 16.

of the energies e2 and £3 on changes of the spatial 

arrangement of the iron ion relative to its nearest 

neighbours had been already discussed. £2 and £3 
are the energies of the antibonding 3dz2 and 3dx2_y2 
orbitals of the iron relative to the 3dxy orbital, the 

energy of which is taken as zero. Because it is re­

lated to the antibonding character, the energy e2 

has to increase, if the distance between the iron and 

one of its ligands lying in the z-direction decreases. 

Looking at the different values of e2 and £3 for 

Hb(H20)ns aRd Mb(H20 ) in Table V one finds 

that £3,Hb is greater than £3,Mb ? whereas £2,Hb is 
smaller than £2,Mb • The difference in £3 infers that 

the ferric iron in methemoglobin lies closer to the 

heme plane than in metmyoglobin. Since two dif­

ferent ligands are bound to the iron the z-direction

— i. e. a water molecule and the nitrogen atom N£ 

of the proximal histidine — it is a priori not clear 

which of the ligands changes its distances with 

respect to the iron atom and thus causes the varia­

tion in £2 . It is reasonable, however, to assume that

1 E. Antonini and M. Brunori, Hemoglobin and Myoglobin 
in their Reactions with Ligands, chap. 3, North Holland 
Publishing Company, Amsterdam, London 1971.

2 Ch. D. Coryell, F. Stitt, and L. Pauling, J. Amer. Chem. 
59, 633 [1937].

the distance between the H20 molecule and the fer­

ric iron in Hb(H20) and in Mb(H20) remains 

nearly identical, because the water molecule is rather 

rigidly bound to the iron and only weakly bound 

(if at all) to the distal histidine. Therefore we be­

lieve the different e2 values of Hb(H20) and 

Mb(H20) being mainly due to a change of distances 

of the nitrogen Nf relative to the ferric iron. That 

means that in methemoglobin the iron is placed 

nearer to the heme plane and the distance to the 

nitrogen atom NE is larger in comparison to met­

myoglobin. The same type of correlation showing an 

increase of distance between Fe and N£, when the 

iron is placed closer to the heme plane has already 

been apparent in a comparison of the electronic 

properties of the ferrous iron in different deoxy­

genated hemoglobins 16.

Upon comparing the spatial arrangement of the 

iron in Hb(H20) with the one in deoxygenated 

hemoglobin Hb one finds that the ferric iron lies 

much closer to the heme plane than the ferrous 

iron. The distance Fe —N£ appears larger in met­

hemoglobin because of its smaller £2 value. Taking 

into account the watermolecule as an additional 

ligand in the z-direction in the Hb(H20) molecule 

the small £2 value then indicates a comparatively 

large increase in the distance Fe — N£ in Hb(H20).

The fact that in methemoglobin the iron lies 

closer to the heme plane than in metmyoglobin also 

helps to understand the appearance of the low spin 

compound of Hb(H20) upon freezing the sample. 

It is known that in low spin compounds of heme 

proteins the iron lies nearly within the heme plane. 

Therefore, the geometrical structure of the heme 

group is much closer to a low spin conformation in 

Hb(H20) than in Mb(H20). Therefore, the mechan­

ical forces generated by the expansion of the 

freezing solution are perhaps strong enough to 

change the structure of the hemoglobin molecule 

into a low spin conformation, a phenomenon which 

is not observed in Mb(H20) n .
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