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Abstract

Effect of magnetic field on the cooperative Fe(Il)= Fe(IIl)) transitions in iron
compounds are studied on the basis of the ligand field theory by using the model in
which the coupling of the iron ion with t_hc intramolecular distortions and the inter-
molecular coupling between the melecular distortions are taken into account. The

model predicts that the Fe (I1) & Fe(IIl) transition can be induced by a magnetic field.
1. Introduction

The Fe(ll) Fe(Ill) transitions in haemoproteins play a fundamentally impor-
tant role in the photosynthetic and the respiratory chain systems. The transitions are
essential to the function of various cytochromes as electron carriers in photosysthetic
electron flow" ; it is highly probable that O, evolution in the photosystem II is generat-
ed by the cooperative Mn(Il) & Mn(IIl) transitions in the water dehydrogenase®?, It
has been found that the electrical conductivity of an anhydrous cytochrome ¢y changes
drastically with temperature and the origin of the drastic change is due to the Fe(Il)

< Fe(lIl) transitions*®.
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The redox transitions of transition-metal ions in organic compounds have been
investigated in various manners. It has been found by Drickamer™ that Fe (11I) reduces
to Fe(Il) with increasing pressure in a very wide variety of compounds which include
such prototype molecules for haemoglobin as protoporphyrin iron (III) chloride
(haemin) and hydroxide (haematin). They concluded from the observation that the
reduction of iron ions is a thermal process involving the transfer of an electron from
the ligands to the iron and the thermal deformation of the potential well for the iron
must be the dominating effect for the reduction in haemin and heamatin.

Recently we have investigated the thermally and pressure induced transitions of
valency and spin states of Fe ions in a molecular crystals on the basis of the
microscopic model® ', where the cooperative couplings of & electrons with
intramelecular distortions, in a state of intermolecular couplings and with a latice
strain are taken into account. It has been shown in the previous papers that the various
types of thermally and pressure induced Fe(Il)« Fe(lll) transitions are possible
depending on the relative energy positions of the ground states of Fe(Il) and Fe(III)
ions in the undistorted phase and on the coupling strength of the Fe ion with the
molecular distortion and the lattice strain. The model predicts that the Fe(Il)= Fe
(III) transition can be induced by a magnetic field, though it has not been observed yet.

In the present paper we investigate the effect of a magnetic field on the Fe(ll)=
Fe(lll) transition on the basis of our model and present the effect of the field on the
temperature dependences of such physical quantities associated with the transition as
the cooperative intramolecular distortions, the Fe(Il) ion fraction, and magnetic

susceptibilities.

2. Model and basic equations

2.1 Description of the model

We consider a system which is built up of N large molecules and has a cubic
symmetry. Each molecule contains an Fe ion surrounded octahedrally by bulky ligand
complexes. In the Fe(Il) = Fe(Ill) transition we consider explicitly only & electrons
of an Fe ion and = electrons in a molecular orbital which is extended on the ligands;

the effect of the other electrons on the transition are taken into account as the
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potential acting on the ¢ and = electrons. We assume for simplicity that the symmetry
of the molecular orbital treated explicitly is A,,. The octahedral ligand field gives rise
to two possible ground states in each Fe ion, the high-spin state °T,; (t,*e?) and the
low-spin state 'A,, (1,%) for the Fe(Il) ion, and the high-spin state ®A, (t.%¢*) and the
low-spin state *T,;(t,°) for the Fe(Ill) ion'". When the Fe ion is in the orbital-
degenerate state T,,, the molecule is unstable under a unixial distortion of its nuclear
framework'®?. Therefore, we take account of the coupling within a molecule
(intramolecular coupling) between d electrons in the FFe ion and the displacements of
the ligands with E, symmetry of the O, point group. Since the interaction between the
intramolecular displacements in different molecules is essential to the cooperative Fe
(IT) < Fe(Ill) trassition®, we take account of the intramolecular interaction by con-
sidering the dispersion of the molecular vibration modes corresponding to the E,
displacements.
Thus, the Hamiltonian of the system is represented as
H=H+H+H.+H., (1)

The first term H. is the Hamiltonian for the electrons in the undistorted system and

given by

He =232 e X", (2)

where ¢, is the energy of the electronic many body state |#nv> of the ith molecule and
X = |invd<invl. (3)
The second term H, of eq. (1) is the Hamiltonian for the E, intramolecular displace-

ments €., and €, of the ligands in a state of intermolecular coupling and given by

Hy = --1;“2?{ .};n!’a*wlmukl + Mowa(R)*Qa* (k) Qa ()}, (4)
Qn[k) = '}E\; Er{Ca'.!(k} Q}h"‘" Ca:!{k} QS:'}G*IN'- [ 5 J

where Q. ( k) is the normal coordinate belonging to the « irreducible representation of
the group of k, €, and @, are the displacements of ligands in the molecule with E,v
(oc?y—y?) and Egu(oc22?—x?— y?) symmetries, respectively, and C. (k) is a
symmetrization coefficient. The third term H,. of eq. (1) is the interaction of the

electrons with the intramolecular displacements (J,, and written as



24 Bulletin of The Nippon Dental University, General Education No. 18, March 1989

= S5 Ya(n) Qu+ Ya(nv) Qu) X/, -
where
Yilny) = Gnv |0V (i) [0Qu) | inv>, 73

V'(7) is the ligand field for the ith Fe ion and (W), means the value of W for the
undistorted system. The interaction H,. is rewritten by using Q. (k) for the latter

convenience as

Hee = 52 2{Y" (B)*Qa(B) + Yo (B) QX (R) }, (8)

ak Ny

t\:'n—-

where

}/:THI

i (nv) e R X, (9)

IIMCAJ

vIEC

The final term H, is the Zeeman term for d electrons in the external magnetic field B

and written as
Hy = 22 (liz+2s:2) p1sB, (10)

where puy 1s the Bohr magneton.
In order to obtain the eigenvalves of H, we eliminate the interaction H,. by means

of the unitary transformation®,

Yo" (R)*Pa(k)*+ Y, ’”‘(k)P (k) 1.

A = exp[_’z_hmbg Mrz&)a(k (11}
The Hamiltonian takes the form

H = He+ Hee+ Hy+ Hs, (12)
where

S Yo" (k) Yo" (k) )

h,w - 2 ny gm ok Macua"k) (13}

Ay = 3P (B) Pulh )+ Mawa (1)*Qe* (k) Qu(h) , (14)

P.(B) = A*P.(B) A = P.(B), (15)

Qs (k) = A*Qu(k) A = Qu (k) + D1 KLy, (16)

In order to clarify the meaning of H,., we rewrite /1, in terms of X/ as

3 N
s —%“2 ) Jues S Vi) Yo mps) XX, (17)

24
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where
= C/nf\k Cal:(k},k (R—R (18]
Jurs = 2 Nifowa ()2 ‘

The terms with 7%/ in eq. (17) represent intermolecular interactions between the
electrons in the different molecules. We adopt the random phase approximation to
investigate the effect of the intermolecular coupling He on the Fe(Il)= Fe(Ill)
transition. The operators X" X,™ with % in H,, are replaced by

(X X4 X X — (XM <KXM™D, (19)
where ¢X,"> means the thermal average of the operator X;" and is written hereafter
as¢ X™>, because it does not depend on the suffix 7. Substituting the expression (19)

into (17) and making the symmetry consideration'®’, we obtain

B —ggg{%ﬁ Yi() + KD Vi lmpo) <XW*>} Yi(ny) X

+ NS S Vi () <X P, (20)
where
Cazl k
o= J'r2='.2c - M§ '_iw_;i;%‘};j'gw")_; l21)
1 :
K= = Mo l)? J2. (22)

Thus, the Hamiltonian H,+ H,.+ H, for the electrons is written as the sum of the

Hamiltonian &; for single molecule, where

h = %6:;;-[<X>]X.-"“+%Kz${§ Yi(nw) (X3P 4 (L4 25:2) p1aB, (23)
en¢X>] = an—E{‘l}é Vilny) +KzE Vilmpe) <X’”">} Vilmype). (24)

The eigenvalues and eigenfunctions of /, are calculated within the *T,, (t,°a 2), 5A
(t,%%a?), A, (t,%a"), °Tu (ty'e®a'), and ‘T (t*e*a’) manifold whose wave functions
are represented as

B ToerMs, PA1Ms>, PAi1eMs>, |® TegrMs>, and |* TogrMs>,
respectively, where y =&, », & and M denotes a z-component of spin. The eigenvalues

are written as

Fr= Ea— K Y U [‘/§<}2>——< Y;>1+ l{z[<n> +< ¥a?)

+(3—2r+x)usB (r=12), (25)
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Ber = Eu—K;Y (D[4 ¥o F D+ LK Yo+ < Y]
+ (3=2r—x) B (r =12), (26)

Esy = Ex—KY (IIN<Y> + 5 K[ < Vo2 +< Y]

+{3=2r)usB {(r =12, (27)
I':-l.r == EIIH+%K2[< Y2>2“+‘ < Y3>2]+ (7—27) ,!EHB (r = I""()). (28)
Esn = FEs +%Kz[< Yor® 4 < Yar?], (29)

Esy = Em—Ke Yun[-‘-‘i}( Yo —+ (Yo l+L K< i+ (7]

+(6—2r+x)usB (r=1~5) (30)

+(6—2r—x)usB (r=1~5) (31)
Evr = Ea— KoY (D) <Y+ 5 K (Y™ + YY)

+(6—27r)pusB (r=1~5), (32)
where £, is the energy of the Fe**a® low-spin state |2T,,yM.>in the undistorted phase
((¥;>=<Yy»=0) andso forth, Y (II) and Y (/II) are the coupling constants Y, (nv)
of electrons with the intramolecular displacement @, in the high-spin state |5T 1 EMs>
or [*T,,EMs>of the Fe**a' configulation and in the low-spin state [T, EM>of the Fe’*

a® configuration, respectively, and

<Yp = 2V (nw) (X, (33)

Ry

x is the orbital reduction factor® for which we take 0.8 in the following calculation.

2.2 Basic equations in the thermodynamic equilibrium

The thermodynamic equilibrium state of the system is found by minimizing the
free energy F with respect to <(Y,> and <Y;> subject to the condition that the values
of <Y should satisfy eq. (33) selfconsistently. The free energy of the system is given
by

8 i .
F = kT In[ 2 Sexp(—435) 1+ Fon, (34)
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where F,;, is the free energy for the harmonic vibrations described by the Hamiltonian

fi, (eq. (14)). The equilibrium values of <Y,> and <Y,> are

Yo =By U (p—pd) + 2 Y UD (=), (35)

l\J|::5]

Yp = L} Y () (2pa—pr—e2) + % Y D) (2ps— ps— p1), (36)

where p, is the population of the nth level per ion and is defined by

cxp( — L )
Pr = E_rpn.r = Er i nr kTE v (37)
r=1 !‘»IEECXD(____H_.L)
n=1r=l kT

The low-spin fractions, py,* and py,", and the high-spin fractions p,," and p,", for the Fe

(III) and Fe(Il) ions are given by

ot = it pat s (38)
L

Pu= pPs (39)

0" = py (40)

{JHn = pst+prtps. (41)

Since the equilibrium value of Q. (k) is zero, that of the real displacement Q. (k) of

the ligands is obtained from eq. (16) as

@ lV (R i
Qulk)> = =B (R b
Using egs. (5), (9), and (33), we obtain
T ..« 2 (43)
Q> = e (002 e

This means that <Y,> may be interpreted as a quantity describing the cooperative
intramolecular distortion.

The magnetic susceptibility is the observable quantity which may show us
efficiently the existence of the Fe(Il)& Fe(Ill) transition. Therefore we calculate the
magnetic susceptibility x, of the system in the magnetic field parallel to the z axis. This
is evaluated by'"

_ _ve Kok,
X = N ’?::”EI oB On,r. (44)
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2.3 The values for Ey, Ew, E., Ey, VK, Y(III) and VK. Y(II)

In order to obtain the temperature dependence of the cooperative intramolecular
distortion, we require an information about the physically reasonable ranges of values
for By, Ew, Eo, Ean, VK2 YUII) and VK, YUI). Those for (Ey —Ey), (Ewm—Es).

(B —Ew), VK. YUIT), and VK. YUI) were estimated already from the previous
studies'™'" of the high-spin  low-spin transitions in the Fe(Ill) and Fe(Il) com-
pounds: The value for the energy separation ([, —FE,,) between the *T,, and Ay
states in the relevant Fe(IlI) compounds ranges from — 2000 to 1500 cm™?, the value
for (Eay—E.) between the *T,, and 'A,, states in the relevant Fe(II) compounds
ranges from 0 cm™ to 2000 cm™" and the value for (£, — ) between the Fe(Il) and
Fe(IIl) ions in the undistorted system from —2000 cm~' to 2000 cm~'; both the cou-
pling parameters, VK, Y (IIl) and VK.Y (II), of the iron with the intramolecular

distortion take a value in the region of 0~50 cm~'2,

3. The effect of magnetic field on the Fe(ll) =2 (lll) transitions

In this section we show how the temperature and magnetic field dependence of the
physical quantities relevant to the Fe (II) = Fe(Ill) transition changes with the energy
separation between the Fe(Il) and Fel(Ill) states and with the coupling strength

between the iron and the molecular distortion.

3.1 The case of the energy separation ([, —/[,,) =0

Various types of transition may occur thermally by changing values of
parameters®. We show in Fig. 1 the thermal variation of the population of the ferrous
state, py, as a function of magnetic field, in the case where £, — .y = —600 ot 1 QL
= Ey=—=500cm™, Ey—FE, =500cm™, JIK, YUII)=15em"2, and Y(II)/Y(III)=2.
It is seen in Fig. 1 that the thermal variation of the redox transition is much effected
by magnetic field. The thermal variation of the cooperative molecular distortion < Y;>
is shown in Fig. 2 as a function of magnetic field, where the parameter values are the
same as those in Fig. 1. The equilibrium value of <Y,> is always zero. At the mediate
strength of magnetic field, the discontinuous transition occurs twice. The first transi-

tion temperature 7;, decreases with strengthening magnetic field. The second transi-
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0 100 200 300 400 500
T (K)

Fig. 1 Thermal and magnetic field variation of the population of ferrous
state py in the case where E; —FE;,=—600cm™, E — Ey = —500
cm™!, By —F =500cm, VK. Y () =15cm™"? and Y (II)/Y (1II)
=2. The figures attached to the curves give values of B in kG.

1.0

1 1 1

0 100 200 200 400 500
T (K)

Fig. 2 Temperature and magnetic field variation of the cooperative distor-
tion <Y;>. The values of parameters are the same as those in Fig.
1. The figures attached to the curves give values of B in kG.
tion temperature T, at which the distortion disappears increases with magnetic field
but the rate of the change is much smaller than that of 7,. The temperature depen-
dence of magnetic susceptibility x, is also shown as a function of magnetic field in Fig.
3 where the parameter values are the same as those in Figs. 1 and 2. It is seen from
a comparison of Fig. 2 with Figs. 1 and 3 that the effect of a magnetic field on the
temperature dependence of cooperative intramolecular distortion is reflected on those
of the physical quantities such as p; and x;,.
3.2 The case of energy separation (£, — ) =0
Various types of transition may occur thermally by changing values of the

parameters®. We show in Fig. 4 the thermal variation of the population of ferrous
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0 100 200 300 400 500
T (K)
Fig. 3 Thermal and magnetic field variation of the magnetic susceptibility
xy for the same values of parameters as in Fig. 2. The figures
attached to the curves give values of B in kG.
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Fig. 4 Thermal and magnetic field variation of the population of ferrous
state py in the case where £, —E, Oem™, By — Euy= oy — Foy =
500em™, VIG Y () =32em™?, and Y (I)/Y(IH)=1. The
figures attached to the curves give values of B in pG.
state, py, as a function of magnetic field, in the case where £, — Ey =0, Ey — Ey = Eay
—E,, =500cm™, VK.Y (IlI)=32cm™*? and Y ({I)/Y (II[)=1. The temrperature
dependence of the cooperative molecular distortion <Y;> is shown as a function of
magnetic field in Fig. 5. As increasing magnetic field the discontinuous transition
occurs twice, i.e., firstly from the Fe(I1I) IS state to the Fe(II) HS due to the occur-
rence of the cooperative distortion and secondly from the Fe (II) HS to the Fe(I1T) HS
due to its disappearance. When magnetic field is very strong, the cooperative distortion
is unstable to occur and the continuous redox transition takes place. Figure 6 shows the
effect of the field on the temperature dependence of magnetic susceptibility x,. It is

seen from a comparison of Fig. 5 with Figs. 4 and 6 that the temperature dependence
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Fig. 5 Temperature and magnetic field distortion of the cooperative distri-
bution <¥;>. The values of parameters are the same as those in Fig.
4. The figures attached to the curves give values of B in kG.
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;Kg&

0 100 200 300 400 300
T (K)

Fig. 6 Thermal and magnetic field variation of the magnetic susceptibility
x, for the same values of parameters as in Fig. 5. The figures
attached to the curves give values of B in kG.

of the cooperative intramolecular distortionis reflected on those of the physical

quantities such as g, and x,.
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