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The temperature variation of the Mdssbauer quadrupole splitting of Fe’* ions in deoxygenated myo-
globin, deoxygenated hemoglobin, and its structurally similar synthetic analogues have been theoretical-
ly analyzed, with the effect of orbit-lattice interaction taken into account. The present study considers
Fe’" in the high-spin (S =2) configuration only and then uses the vibronic coupling as a perturbation
that effectively produces mixings between the otherwise static crystal-field orbital states. This results in
a better agreement between theoretical and experimental data. It shows that the effect of orbit-lattice in-
teraction should be duly included in the interpretation of Mdssbauer observables as a function of the

temperature in biological complexes.

I. INTRODUCTION

The Mossbauer parameters, magnetic susceptibility,
and x-ray data have been widely used to study the low-
energy electronic states of Fe(II) in biological complexes
like deoxygenated myoglobin, deoxygenated hemoglobin,
and its structurally similar synthetic analogues.!~%° The
main results of these studies are: (i) The magnitude of
quadrupole splitting at 4.2 K (QS ~2.3 mm/sec) and the
isomer shift (IS ~1.0 mm/sec) indicates a high-spin
(S=2) configuration for the Fe?" ions, (ii) QS decreases
considerably with temperature, (iii) the largest principal
potential second derivative V,, (the principal component
of the electric-field gradient) is —ve, and the asymmetry
parameter 7 is temperature independent, (iv) the
hyperfine field (HF ~ 11 T) is much smaller than expected
from S =2 with no ground orbital moment, (v) the fer-
rous ion has a nearly square pyramidal structure corre-
sponding to C,, site symmetry, and (vi) the low-
temperature magnetic susceptibility corresponds to
S§=2.2! A theoretical scheme which can explain all these
observed results consistently is still lacking.

Several investigators have suggested electronic level
schemes for fitting some or all of the above data. Eicher
and Trautwein' included all possible electronic states
arising from S =2,1,0 to explain the temperature depen-
dence of the quadrupole splitting and magnetic suscepti-
bility in a reasonable manner. The calculations of Huynh
et al’ and Eicher, Bade, and Parak'® were based on the
crystal-field approximation, while Trautwein, Zimmer-
mann, and Harris!® used molecular orbital techniques.
Bacci!® proposed a theoretical scheme which considered
only the high-spin Fe?" situated under a crystal-field po-
tential of C,, site symmetry along with a weak Jahn-
Teller and vibronic interaction of a discrete frequency.
All these proposed models have one common feature,
that is, the largest component of the electric-field gra-
dient was taken to be +ve. However, the experimental
results of Kent and co-workers'*”2° under an applied
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magnetic field of 6 T give contrary evidence. This makes
the approach of earlier workers suspect. Huynh and
Kent?! have discussed these points quite elaborately and
indicated the inadequacy of the existing theoretical
scheme in explaining simultaneously the temperature
dependence of the quadrupole splitting, the magnetic sus-
ceptibility, and a low value of the hyperfine field at the Fe
nucleus in deoxyhemoglobin and myoglobin. It is there-
fore obvious that a reinterpretation of the observed data
is needed.

In the present theoretical work, an attempt has been
made to explain the temperature dependence of the quad-
rupole splitting by taking into account the effect of orbit-
lattice interaction (or vibronic coupling) as a perturbation
over the appropriate static crystal-field potential, which
is expected to be as important in these biological systems
with low Debye temperatures as in the case of inorganic
and organometallic systems.??” 2?7 This approach has the
definite advantage of considering the Fe!™ (3d%,°D) ions
with the high-spin configuration only, which avoids the
multitude of electronic energy levels when different spin
configurations are included. In the following sections
first of all we have derived the correct form of crystal-
field potential from the coordinates of the ligands around
Fe?" ions in the deoxyhemoglobin structure and used the
same to obtain the crystal-field orbital states. The tem-
perature variation of quadrupole splitting has been
roughly calculated from these levels and then dynamic
crystal-field potential has been used as a perturbation to
improve the agreement between theoretical and experi-
mental data in a very natural manner.

II. STRUCTURE OF HEMOGLOBIN

Hemoglobin occurs in all vertebrates (with some excep-
tions) and in many invertebrates; it has also been found in
certain strains of yeasts, molds, etc. It is a chromopro-
tein, the protein part being globin (94%) and the
prosthetic group being Heme (6%). The composition of
hemoglobin varies slightly, depending on the species from
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which it is isolated; the variation occurs only in the glo-
bin part of the molecule.

The way in which the globin part is bound to heme has
been the subject of much discussion. Globin consists of
four polypeptide chains, and in human hemoglobin the
chains are of two types which have different terminal acid
groups: a chain, valyl-leucyl end group; 8 chain, valyl-
histidyl-leucyl end group. Normal adult hemoglobin con-
tains two a chains (141 amino acids each) and two S
chains (146 amino acids each).

Heme is an iron protoporphyrin complex. When the
iron atom is in the ferrous state, the complex is called
“ferrous protoporphyrin,” or “heme,” and the molecule
is electrically neutral. When the iron atom is in the ferric
state, the complex is called “ferric protoporphyrin,” or
“hemin,” and the molecule carries a unit positive charge
(and is consequently associated with an anion). In the an-
imal body, hemoglobin readily combines with oxygen to
form “oxyhemoglobin.”

In heme the four ligands (the four pyrrole groups) form
a square planar complex (via the nitrogen atoms). The
two remaining positions of coordination are perpendicu-
lar to this plane (i.e., the plane of the prophyrin ring) as
shown in Fig. 1. Hemoglobin contains four molecules of
heme for each molecule of globin (which consists of two
a and two B chains). Each iron atom (ferrous) has
formed a square planar complex with the protoporphyrin
molecule, and a fifth position is occupied by an imidazole
ring (of the histidine amino acid residue). It appears that
the ring atom is bound to histidine-87 in the a chain and
to histidine-92 in the B chain. Furthermore, it has been
shown that each heme molecule is embedded in one of
the four chains of the globin molecule.

If the sixth ligand of the ferrous ion is unoccupied, the
arrangement is a square pyramid. This is considered to
be the case with hemoglobin, but it is possible that the
sixth position is occupied by a water molecule, resulting
in an octahedral complex. In either case, when hemoglo-
bin combines with one molecule of oxygen to form ox-
yhemoglobin, it is this sixth position which coordinates
with the oxygen molecule (the iron atom is still in the fer-
rous state); the water molecule, if present in hemoglobin,
is readily displaced. The various hemoglobin compounds
are all derivatives of the parent substance known as “por-
phin.” Substituted porphins are known as porphyrins.

FIG. 1. Iron coordination symmetry in deoxyhemoglobin
and myoglobin.

Hemoglobin and myoglobin are very similar com-
pounds having almost identical structure and therefore
all the discussion pertaining to hemoglobin remains appl-
icable more or less to myoglobin.

III. ELECTRONIC STATES OF Fe (II)

The x-ray studies of deoxyhemoglobin show that the
ferrous ion has a nearly square pyramidal structure corre-
sponding to C,, site symmetry>® and is coordinated to
five nitrogen ligands as shown in Fig. 2. Assuming C,,
point symmetry of the ferrous ion, the coordinates of
iron(IT), N-imidazol, and the four pyrrole nitrogens in the
heme plane are expressed in Cartesian and spherical po-
lar coordinates as

Fe: (0,0,0),
N(1): (a,0,—b); (Va’+5%6,0),
N(2): (—a,0,—b); (Va?+b%6,7/2),
N(3): (0,a,—b); (Va’+b%6,7),
N(4): (0,—a,—b); (Va>+b%6,37/2),
N(5): (0,0,¢); (c,0,0),
where
0=m/2+a and sina=——b——. (1
Val+b?

The Fe ion is above the x-y plane, i.e., it is displaced at
a distance b toward the z direction above the x-y plane, as
shown in Fig. 2.

The crystal-field potential at the Fe*' ion is given
by28—*31

V(r)=Bj0}+B}0}+B%09+B30%, )

where B, (n=2,4 and m =0,2,4) are the static crystal-
field parameters and the operators O, are compiled by

Y z
A
38 N(0,a,-b) 54 N(0,0,C)
Fe(0,0,0)
2 1
[ o *—» X
N(—Q’O’-b) N(Q ,0"‘b)

4 & N(0,-a,-b)

FIG. 2. Coordinates of iron(II), N-imidazol, and four pyrrole
nitrogens in the heme plane.



634 T. P. SINHA 46

ENERGY ORBITAL WAVE FUNCTIONS
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FIG. 3. Energy-level scheme of Fe(II) in deoxyhemoglobin.

Orbach®' and Hutchings®® in a standard form. The term
B303 is needed if a rhombic distortion is considered. Us-
ing a=2.02 A, 5b=0.49 A, and ¢=2.00 A for deox-
yhemoglobin,'? one gets the relation 34B}=BY.

The °D state of a free Fe?" ion is split up by this
crystal-field interaction, as given in Fig. 3. The electronic
orbital states are represented as

d,,()=G/V2[I1)+|-17,

d.,(g)=—(i/V2)[I2)—|-2)], 3)
do a(P)=(1/V2)[12)+]-2)],
d_(¥5)=10) ,

and the energy separations are given by
A,=9BJ+59.65BY ,
A,=9B9+60.35B9 , )
A;=—3B9+120BY .

The optical absorption spectra of this compound show
an absorption band at around 15835 cm ~!,*? which cor-
responds to A;. For this value of A;, BY and BJ can be
evaluated for a given value of A; (which is not obtained
from optical spectra because of its small values). Hence
we will keep A, as a variable parameter.

This crystal-field scheme will fulfill the condition that
the quadrupole interaction must have —ve sign, which is
the case with the ground doublet (d,,,d,,). The only oth-
er orbital state which has got —ve quadrupole interaction
is d_, and on this basis it has also been suggested that the
ground-state wave functions should be like dzz.zl Howev-
er, this does not follow from the crystal-field approach.
In fact the state d_, could possibly become ground state
only when the site symmetry of Fe?" is either tetrahedral
or trigonal. Therefore, it is more realistic to assume that
the ground state consists of a doublet (d,,,d,,) for the
site symmetry C,,. This is also supported by the magni-
tude of the observed quadrupole splitting (AE,~2.40
mmy/sec) in these compounds. It can be easily seen that
the quadrupole splitting produced by d, is twice that
produced by the doublet (d,,,d,,) at very low tempera-

tures (T—0 K). The magnitude of the observed quadru-
pole splitting is ~3.5 mm/sec at low temperatures when
d , is the ground state as in the case of ferrous fluosili-

cate.’?

IV. STATIC CRYSTAL-FIELD SCHEME

An attempt was made to fit the observed data with this
energy-level scheme keeping A;=~A, as a variable. The
level at A; was not considered because of its very high en-
ergy (i.e., its contribution will be negligible at tempera-
tures of interest). For these four levels, the thermal aver-
age of the electric-field gradient (EFG) and asymmetry
parameter will be*

-2 _
(V) p=—=lel{r?)
7
2—2exp(—A/kgT)—2exp(—A,/kgT)
2+exp(—A/kgT)+exp(—A,/kgT)
and (5)
<77sz >T:() .

The quadrupole splitting at any temperature will be given
by34
172

1
ol (Vb |

AEo)r="T101=1)

where Q is the nuclear quadrupole moment of >’Fe, and 1
the nuclear-spin operator.
Finally, it can be written as

(AEp)r=(AEy)y
2—2exp(—A/kpT)—2exp(—A,/kpgT)
2+exp(—A,/kgT)+exp(—A,/kpT)

>

(6)

where

2.60

Dynamic

AEg(mm /sec)—»

0 50 100 150 200 250
T(K) —»

FIG. 4. Temperature variation of the quadrupole splitting of
Fe(II) in deoxyhemoglobin: X, Experimental points; O,
theoretical points.
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_—2 -3 eQ
(8Eg=—lel{r™) 3ror )

=quadrupole splitting at 0 K .

The best possible agreement of the temperature varia-
tion of the quadrupole splitting for A;~420 cm™! is
shown in Fig. 4. It is obvious that the agreement is not
very reasonable, and one needs much improvement.

(AEp),

V. SITUATION FOR NONDEGENERATE
d,, AND d,,

If one assumes that the doublet (d,,,d,,) splits because
of some rhombic distortion, Jahn-Teller effect, or any
other interaction, the term B203 of the crystal-field po-
tential will be considered and the situation will corre-
spond to a four-level problem having d,,<d,
<d,, <dx2_y2. In this case, the quadrupole splitting at
any temperature will be given by**

(AEg)r=-

[1+exp(—g,/kpgT)+exp(—e,/kpgT)+exp(—e3/kpgT)]

X {[1+exp(—e,/kpT)—2exp(—e,/kpT)—2exp(—e;/kyT)*+1[3—3exp(—¢e,/kz T))*} "%, @)

where €,, €,, and €; are the energy gaps between levels
d,,andd,,, d,, and d,, and d,, and dxz_yz, respectively.

The temperature variation of the quadrupole splitting
given by this expression (7) is much more drastic than
given by the expression (6) for the degenerate ground
state. For example, if one chooses £;,~100 cm~ ' and
g£,~€3~400 cm ™, it can be easily seen that the quadru-
pole splitting decreases by a factor of almost ; as the
temperature increases from 4.2 to 200 K. This is quite
contrary to the observed data. It can be easily seen that
if, at all, one assumes a splitting between d,, and d,,, this
splitting should be either of the order of 300-400 cm !
(which is very high) or less than 10 cm ! (which is very,
very small). An intermediate value of this splitting is not
consistent with the experimental results. The presence of
any strong rhombic distortion is not realistic in view of
the site symmetry (C,,) of Fe’" in the molecule con-
cerned; it is natural that the levels d,, and d, will be re-
garded as degenerate, which will be consistent with the
x-ray structure and the observed temperature variation of
the quadrupole splitting.

VI. CONSIDERATION OF SPIN-ORBIT
COUPLING

The spin-orbit coupling AL -S removes the orbital de-
generacy of the ground doublet (d,,,d,,) and also pro-

duces a substantial mixing with states dxy and dxz_yz.

The 20-basis spin-orbital states are the product functions
|M,Ms)  (where M =d,,d,.d,.d. , and
Mg=12,%1,0) and in general the electronic eigenfunc-
tions will be linear combinations of these basis states. To
include vibronic coupling between all these electronic
states is a potentially complicated problem, but, as point-
|

ed out by Price’® and Sinha and co-workers,>>?¢ the
essential features of the problem can be retained by as-
suming the spin degeneracy to be equal to 2, say Mg =12
only. This will eliminate the off-diagonal terms arising
from (A/2(L S_+L_S,), but at the same time re-
move the orbital degeneracy. In effect one obtains four
doublets given by |d,,,+2), |d,,,+2), |d,,£2), and
Idxz_yz,iZ) in order of increasing energy. The com-
ponents of EFG obtained from these states are used to
calculate the net quadrupole splitting. Because both the
components of a given doublet produce identical EFG,
the thermal average of the EFG will remain the same as
can be obtained by considering only four states with
Mg=2 or —2. This gives the same situation as discussed
in Sec. V and hence there is no possibility of any further
splitting of the energy levels due to spin-orbit coupling.

Once the energy-level scheme for the dominant
crystal-field interaction has been finalized (Fig. 3), the
effect of orbit-lattice interaction will now be considered
as a small perturbation.

VII. INFLUENCE OF ORBIT-LATTICE
INTERACTION

In the long photon wavelength approximation the
orbit-lattice interaction is represented as>"3¢
4 172
kVML)ay +aff) , (8)

where the terms have their usual meaning?? and the pho-
non spectrum is isotropic.

The vibronically perturbed electronic states can be ob-
tained by the first order perturbation method and given
by

(dxz’nleolldxy;nk+1> (dxz’nkIH!?I'de’nk_l)
O e L A A v
(dyni|Hyld 2 omy +1) a 1+ (dyni|Hyld, o 2m—1) |d 1) 9
A2+ﬁmk xz_yz,nk Az_ﬁa)k xz—y27nk ’
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where A4, is the normalization constant and n; the pho-
non occupation number.
Now it is seen that

(dxz’nk|Hol|dxyrnki1>:0 ’ (10)

because the sum of the matrix elements over the crystal-
field term (3 V,") becomes zero.
Further, it can be shown that

<dxz SV dxz_y2>=—1.5c;—3c§+3ci ,

<dyz Svr dxy>=1.5c;+3c}1+3ci ,
n,m N (11)
<d.VZ 2 Vn dxz_y2>:0,
and
<de v dxz_yz>=0 ,

where C," are the dynamic crystal-field parameters.
The dynamic and static crystal-field parameters, ac-
cording to Huang’s approximation®’ are related as

Cl'>~(n+1)B,",
giving

C}~3BY and C}~C;~5B). (12)
Thus,

1/’1=A1[|dxza"k)+0111dxz,yz,nk+1>

+Bild, 2 ame—1D1, (13)
where
 dgmi|Hyld, 2 ani 1)
“m Ayt Ficoy
and (14)
_ (deony|Hyld 2 2img— 1)
31_ Az—ﬁa)k .

Similarly, the other vibronically perturbed electronic
states can be represented as

wZ:AZ[Idyzynk>+a2ldxy1nk+1>+ﬁ2|dxy’nk_1>] >
¢3:A3[|dxy,nk>+a3|d ng+1)+Bsld,,,n —1)1,

yz? yz?

(15)
|

(Ve )y, =l V9

and
Y= Ay[ |dx2¥y2’nk Y taldeg,n +1)
+B4|dxz’nk_ 1].
It is seen that
a?+pi=al+pB: and a3+pBi=ai+ps. (16)
The normalization constants are related as
At=A;=[1+(a}+BD]"!
and a7n
A3=Ai=(1+3+BD]",

where
_ <dyz,nk|H0[ldxy,nk+1>
% A, +fiw, ’
(18)
_ (dyz,nle01|dxy,nk—1>
2 A, — o,

In an earlier paper?? the matrix elements over orbit-
lattice interaction have been obtained by using the prop-
erties of the phonon annihilation and creation operators,
and following the same procedure, one obtains that

A} +B=al(T)T* and a3+Bi=bI(T)T*, (19)
where
d,, vmld > 2
a=—2 ’< 2 e a |
41pv3 Al o)
o L2y
b= : -
47pv3 Al Ao’
and
Q,/T L 3(,x
n=J AT gy 0)
0 e*—1

p is the density, v the velocity of sound, and ®, the De-
bye temperature of the crystal. It has been assumed that
A, and A, >>%wp, where #iw, is the Debye energy.

Now the expectation values of the EFG operators are
to be obtained for these vibronically perturbed states,
keeping in mind that these operators connect only those
electronic states for which the phonon occupation num-
bers are the same. Then one obtains that

= A%[(dxz\szidxz ) +(a%+3%)<d)c2_y2| szidxl__y2>]

=AY —2le|(r ) +(ad+BDEe|(r )]

20, 1—2al(T)T*
7 1+al(T)T*

and

(21



46 VIBRONIC-COUPLING EFFECT ON THE PARAMAGNETIC. .. 637

<T,sz>¢‘=(¢1|Vxx—Vyy[¢1>=_%|e|<r_3) 3

1+al(T)T*’

(22)

where we have used the standard values* of the EFG produced by pure orbitals.
In a similar fashion, one can obtain (¥, )y, (V. )y, (Vz)y, (0¥ Yoy {V)y, and (V). Finally, the

Boltzmann thermal averages of { ¥,, ) and {(nV,, ) are obtained. Using these, the quadrupole splitting at temperature T

is given by
1

(AEg)r=(8E0)o s (T A, /Ky T)Fexpl— Ay /kpT)
1—2aI(T)T*+[—2+al(T)T*]exp(—A,/kgT)

1+al(T)T*

+ 1—2bI(T)T*+[—2+bI(T)T*)exp(—A,/kpT)

1+bs1(T)T*

14+al(T)T*exp(—A,/kyT)  1+bI(T)T*exp(—A,/kpT)

1+al(T)T*

This is the final expression for the variation of quadru-
pole splitting with temperature.

VIII. EVALUATION OF (AE, )y

The calculation of (AE,)r requires a good estimation
of various parameters.

It has been assumed that (AEQ Jo=2.43 mm/sec,
which is the measured value at 4.2 K, keeping in mind
that the vibrational effect will be negligible at this tem-
perature. In order to match the theoretical and experi-
mental values of the quadrupole splitting, an approximate
value of A=(A,+A,)/2~420 cm ™! has already been es-
timated from the static crystal-field scheme discussed in
Sec. IV. We have generated several sets of theoretical
values of AE, as a function of temperature by taking
different values of A between 400 and 500 cm~'. The
static parameters B> and BY and hence A, and A, are
each time derived for a given value of A. The agreement
appears fairly good for A=500 cm ™! (A;~465 cm ™! and
A,=535 cm™!). These values of A, and A, are quite
reasonable and well within the expected range.

An experimental value of the Debye temperature in
this compound is not available, however, it is expected to
be very low. In the present calculations, the Debye tem-
perature (®p) has been kept variable and each time the
velocity of sound v has been estimated from the standard
phonon density-of-states relation

3 VE}
pi=——2

6w #N
where N is the number of molecules in volume V and E,
the Debye energy. The molecular weight of this com-
pound is 616 g/mol, and the density p=~1.35 g/cm3,
which corresponds to the molar volume V' =456.3 cm’.
The integral I(T) was performed numerically for
different values of Debye temperature between 30 and 75

K. It was found that for ®, ~40 K and correspondingly
v=1.22X10° cm/sec, the agreement between calculated

(24)

21172
: (23)
1+b6I(T)T* ]

-
and observed values of AE, was quite fair. This value of
Debye temperature is also well within the expected range.
Using all these parameters, the (AEQ)T has been calcu-
lated as a function of temperature and compared with ob-
served data as shown in Fig. 4.

It is worth mentioning that formula (23) involves a
two-parameter fit (A and ®,). A greater value of A re-
quires a smaller value of ® and vice versa. The theoret-
ical data generated by using slightly different values of A
and @ (mentioned above) produce very similar types of
temperature dependence of AE,, but with somewhat
different degrees of matching with the experimental data.

IX. CONCLUSIONS

The overall agreement between the theoretical and ex-
perimental data between 4.2 and 225 K is fairly good,
which indicates that the proposed scheme is physically
consistent and satisfactory. It is noted that there appears
to be a small disagreement, which is of the order of
1-2 % only, between the experimental and theoretical
data at very low temperatures. This may be due to vari-
ous reasons including lattice changes at very low temper-
atures, variation (i.e., slight increase) of the velocity of
sound at low temperatures, and slight structural changes.

X. REMARKS

As already mentioned, the magnetic susceptibility of
Fe’* in deoxyhemoglobin corresponds to spin S=2,
whereas the observed magnetic hyperfine field (~11 T) is
considerably less than what can be usually expected from
S=2. However, the vibronic coupling may produce the
desired result in a physically acceptable qualitative
manner. An antisymmetric displacement of the ap-
propriate ligands around Fe?’" can produce a small ad-
mixture between its occupied 3d and empty 4p orbitals,
and the modified orbital function will take the form3%3°
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(3d|(8V /8r)dr|ap)
E3d_E4p

Y3y =13d) + l4p) , (25)

where (E;;—E,,) is the energy difference between 3d
and 4p electronic orbital states of the ferrous ions. This
scheme, known as the orbital mixing mechanism, is well
established in giving rise to dynamic exchange interac-
tion. Though this mixing will be quite small, it can
reduce the magnetic hyperfine field in a significant
manner by a reduced screening of 3s electrons. In effect,
the Fermi contact field (at the Fe nucleus) due to polar-
ized 3s electrons becomes significantly greater and this
will reduce the magnitude of the net contact field.** In
this picture the magnetic susceptibility will still corre-

spond to the spin S =2, (i.e., vibronic coupling does not
change the spin). This type of mixing will also reduce by
a constant factor the value of the quadrupole splitting
due to 3d electrons, but that will not be manifested in its
temperature dependence. We find that the temperature
dependence of Fe?" in deoxymyoglobin and its structur-
ally similar synthetic analogues can be explained in a
similar way with minor changes in various parameters.
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