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Summary. The existing models of the low-spin to high-spin transition (spin crossover) are briefly
reviewed. Experimental data pointing to a need of new models are displayed. A statistical model with
the distribution of the solid-state cooperativeness is outlined. A modeling is shown as well as its
application to a spin crossover system [Fe(bzimpy),](ClO,4), - 0.25H,0. This shows an abrupt spin
crossover at temperature as high as 403 K with a hysteresis width of 12 K. The angled walls of the
hysteresis loop can be followed by the outlined statistical model.

Keywords. Spin crossover; Domain model; Solution model; Statistical model; Cooperativeness.

Introduction

Several transition metal complexes, especially those with d* to d” metal ion con-
figuration, can exist either in the low-spin (LS) or high-spin (HS) states. Excep-
tionally, they can exist also in an intermediate-spin (IS) state. When the high-spin
state is the ground-one, this is not altered by the temperature variation. However,
when the ground state is the low-spin, a spin transition to the high-spin state can
occur (Fig. 1).

There are two conditions for the spin crossover:

1. the enthalpy change (that includes the electronic and the vibrational contribu-
tion) should be positive

AH = (Ejs +efis) — (Ef's + £§) >0 (1)

* Corresponding author. E-mail: boca@cvtstu.cvt.stuba.sk
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Fig. 1. Circumstances of the spin crossover

2. the entropy change (in the first, very crude approximation given by the elec-
tronic state degeneracy g*') should be positive

el
AS:klnggS—klngilS:k1n<g§f>>o 2)
LS

Consequently the Gibbs energy AG = AH — T - AS passes through the zero at
the transition (critical) temperature (Fig. 2).
T. = AH/AS (3)

and the vant’ Hoff plot, i.e. InK vs. (1/7), is a straight line intercepting zero at
the transition temperature

InK = In"1S = jp M5 (4)
XS 1 — xus
A AH AS
an:——G:——+— (5)

The slope of the vant’ Hoff plot determines the enthalpy change whereas the
intercept with the abscissa (when 1/7— 0) determines the entropy change. All
these estimates are valid for a perfect fulfillment of the Boltzmann statistics when
the deviations (the solid state cooperativeness) are negligible. When the entropy
change would vanish, the system does not show the spin crossover: it stays low-
spin.

The above requirements are well fulfilled for d° systems — iron(Il) complexes.
The ground low-spin state is 'A 1¢ and this transforms to the high-spin excited state
5T2g. The enthalpy change is positive owing to the promotion of electrons from
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Fig. 2. Temperature variation of the Gibbs energy (left) and the vant’ Hoff plot (right) for a spin

Ccrossover system

Table 1. Experimental monitoring of the spin crossover

Experimental method

Monitored property LS T Hs

Magnetic measurements (MM)

Mossbauer spectra (MS)
Vibrational spectra (IR)
Electron spectra (ES)
Calorimetric measurements (DSC)
X-ray diffraction

Extended X-ray absorption fine
structure (EXAFS)

Nuclear magnetic resonance
(NMR) in solutions

Volumetric measurements (VM)
Electron spin resonance (ESR)

magnetic susceptibility, effective magnetic moment,
low — high

quadrupole splitting, low N high for Fe(II)

M-L stretching wavenumber, high — low

excitation energy, low — high

heat capacity, low Lhigh, a lambda-peak

cell parameters, volume of the unit cell, low — high
metal-ligand distances, low N high

paramTagnetic shift, effective magnetic moment,
low — high
. T ..
partial molar volume, low — hlg}:l
absorption, g-factor, no (S = 0) — yes

non-bonding t,, orbitals to the antibonding e,-ones (the energetically unfavorable

el

process). The entropy change is positive as g = 1 and g = 3 x 5. When the or-
bital degeneracy is removed on symmetry lowering, the high-spin state SAlg will
possess g}”{ls = 5 givingrise to the lowest estimate of AS = RIn5 = 13.6 JK ' mol .

The spin crossover can be monitored by several experimental techniques as
listed in Table 1. However the monitored properties can be transformed to a com-
mon basis that is the high-spin mole fraction xgs. For more deep information the
reader should consult the literature [1-9].

Hamiltonian and Kets

The Hamiltonian appropriate for the spin crossover system is a two-level Ising-like
Hamiltonian of the form

H=(Ay/2)6 —J{0)6 (6)

where ¢ — operator of a fictitious spin that distinguishes between the LS and HS,
Aq — site formation energy (energy difference LS—HS), and J>0 — “ferromag-
netic”’-like or ““‘cooperative’ interaction (the sign in front of J is a matter of the
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Fig. 3. Energy levels for the Ising-like Hamiltonian

convention; this parameter not to be confused with the exchange constant). The
thermal average of the fictitious spin (o) acts as a mean-field term and it is

> 0iexp(—E;/kT)
(o) = ) (7)
2 exp(—Ei/kT)
It scales the high-spin mole fraction as follows

xus = (1+(0))/2 (8)
The kets act as follows
l—1)=-1 9)
l+1)=+1 (10)
and they yield two energy levels (Fig. 3)
Ei(c=-1)=—-Ay/2+J(0) (11)
E2(02—|—1) :+A0/2—J<U> (12)

The key problem of the Ising-like model and its variants is the determination of the
thermal average of the fictitious spin. There are two routes for such a purpose.

1) The equilibrium constant of a unimolecular reaction LS < HS is expressed
through the reaction Gibbs energy

K = exp(—AG/RT) = eXP[_(Gg,HS - G%LS)/RT] (13)
On ignoring the difference between AF and AG for a solid sample (equivalent
but distinguishable particles are assumed)
G~F=—RTInz (14)
where
s = 7)Y (15)
stands for the partition function of the given reactant (LS) and product (HS),

respectively. Then

el vib
s © 7
K =:Hs “HS (16)
el . ,vib
ZLs " 2LS



Need of New Models?

On the other hand there is

gtus_ _dws 14 (0) (17)
xs l—xgs 1— (o)

from where one gets the equation
-1+K

=k (18)

2) A direct application of the Boltzmann statistics for two possible values of the
fictitious spin yields (the total partition function is applied)

(o) = (—1)z§S zL;E + (Tl)zgf; 48 _ —1+K
s s 1 s Zs +1+K
where the expression for K is identical as above.

For the two-level Ising-like model the electronic partition functions are

(19)

Zs = &rs exp[—(—L0/2 + J(0)) /kT] (20)
s = 8iis exp[—(+00/2 — J (o)) /KT] (21)
and thus the equilibrium constant becomes
2 - Siis
K = (m) exp[—(Ag — 2J (o)) /kT] (22)
Ls " 8Ls

In the simplest case — the model A — a constant preexponential factor is
assumed and termed the effective degeneracy ratio

vib | el
Teff = (Ziilii ' gills ) (23)
s " 8Ls
Then the implicit equation is to be obeyed
<O’> _ —1 + 7etr exp[—(Ao — 2J<O'>)/kT]
+1 + regrexp|— (Ao — 2J(0)) /KT
and this needs to be solved through an iterative procedure. The free parameters

of the model are: r.g, Ag and J. These microscopic parameters are related to the
thermodynamic quantities through

AS=RIn Feff (25)

(24)

AH = NyA (26)

The involvement of the molecular vibrations — the model B — proceeds through
the vibration partition function

LS 1 —exp(—hvrs,;/kT)

i=1

3n—6 3n—6
1
= h i /2kT 27
p[2< s/ >]i1_111_exp(_hvm7i/kn 7)
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and analogously for the HS molecules. Then the equilibrium constant becomes
expressed as
K gils 3ﬁ6 1 — exp(—hvrs ;/kT)
gils i1 1-— exp(—thsji/kT)
CXp{—[Ao + (6]{5 - 5LS) - 2J<O'>]/kT} (28)

where the energy of the zero-point vibration was summed up over all vibration
modes

1 3)1—6
fLs =5 ; hvrs i (29)

and analogously for the HS.

There are two approximations to the model:

. The relevant (low-energy) modes are averaged to give horg and hvys; then
o _ (s [ L= exp(-hos/kT) )"
gtk ) | 1 — exp(—hvus/kT)
exp{—[Ao + (3n — 6)/2(hvus — hors) — 2J ()| /kT} (30)

. In the limit of low vibration frequencies hv < kT is fulfilled. Then the expo-
nentials can be expanded into a Taylor series and their truncation after the
second term yields

K (g%ls> |:hULS ] o exp{—[Ao + (3n — 6)/2(hvys — hvrs) — 2J{(o)]/kT}

gils hoys
(31)
and now
el — 3n—6
8Hs hvys ]
Feff = — 32
! (gils> {ths (32)
Acir = Ao + (3n — 6) /2(hvys — hips) (33)

For hexacoordinate Fe(Il) complexes 15 vibrational modes of the chromophore
are relevant and the experimental data show that (hvys) & 1.5(hoys). Then the
rough estimate is 7o = 5(1.5)'°=2189 and consequently AS=RInrqs=8.3 X
In(2189) =64JK~ 'mol .

Final Formulae and Modeling

The final formulae of the Ising-like model of the spin crossover are collected in
Table 2. A modeling is given by Fig. 4 and the following important findings be-
come evident.

1. An increase of AH (at constant AS) raises the transition temperature.

2. An increase of AH, and simultaneous accommodation of AS to keep the transi-

tion temperature 7. = AH/AS constant, causes an increased abruptness of the
conversion curve xys =f(7).
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Table 2. Formulae of the Ising-like models for mononuclear spin crossover systems

Derivation

Implicit equation
to be iterated

High-spin mole fraction

Model A
(Ising-like)

Model B
(Ising-like & vibrations)

Model C
(Ising-like & domains)

Model D
(Ising-like & parameter
distribution)

05

Cooperativeness ./

00 1

00 02 04 06 08 10

Distribution »;

Equilibrium constant

Hamiltonian H = (A(/2)6 — J{0)é in mean-field approximation

Ay — site formation energy (energy difference Fyg — Erg)
J>0 — “ferromagnetic”’-like or *“‘cooperative’ interaction

(o), ~L ()
ST (o))

XHSZ(I =+ <G'>)/2

f® =rgr expl — (Ag — 2J(0) ) /KT
Feft = Feilvib > 5 — effective degeneracy ratio; rq = gig /gt
AS=RIn Feffs AH:NAAO

F® = rei(T) x exp{ — [Degr— 2J(0) 71/kT}
el 1 —exp(hvrs/kT) 1™
rear (T) = ggs p( _LS/ )
ghs L1 — exp(hus/kT)
Aetr = Ao + m(hvys — hvrs)/2
m — active modes (m =15 for a hexacoordinate complex)
hvys and hv s — averaged vibration energies

@ =exp{ — [AH — TAS — y(2xys — 1)]n/RT)
=exp{ — [Ag — kTIn rege — 2J(0) 7ln /KT}

n — optimum domain size

£ = exp{—[A¢ — kT In regt — 2n:J ()] /KT}

xi=(1+(03)p)/2
w;~expl — (n; — nopt)2 /6] — Gaussian distribution

Mesh Mesh
XHs = Z w; -x,} / [Z w;| — a statistical average
i=1 i=1
XHS
InK = ln1 = —[AH — TAS + ~v(1 — 2xus)|n/RT
— XHS

3. The increased domain size raises the abruptness of the conversion curve.

4. The increased cooperativeness causes a non-linearity near T, (inverse S-shaped
curvature) in the van’t Hoff plot. above the critical value of J > kT, a hysteresis
is obtained: the conversion curves on the heating and the cooling directions have
different profiles.

5. The role of the vibrations makes a non-linearity of the van’t Hoff line at low
temperature; in an extreme case the system can return to the high-spin state on
cooling.
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Fig. 4. Modeling of the spin crossover with the Ising-like model. Individual lines (full, long dashed,
short dashed) correspond to the increase of a varied parameter

Extensions of the Ising-Like Model
Two basic derivations for the spin crossover models were presented in literature:

1) former thermodynamic approach starting with the mixing entropy, postulated
interaction terms, the Gibbs energy and its stationery with respect to xys;

2) anovel microscopic approach starting with the postulated Hamiltonian, derived
energy levels, partition function, and the thermodynamic properties.

Thermodynamic Approach

a) The mixing entropy is expressed through the statistical probability of the state.
In an assembly of N molecules there is a number of xys/N molecules in the HS
state and the residual number of (1 —xyzg)N molecules in the LS state. The
mixing entropy Smix accounts for the fact that there are several ways of
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distributing the LS and HS molecules within the assembly of N molecules
N!
(xN)![(1 — x)N]!
=k{NInN — xN1n(xN) — (1 — x)N In[(1 — x)N]}
= —kN{xInx+ (I —x)In(l —x)} (34)

Smix =kIn W =kIn

where we applied the Stirling formula for the factorials (x = xyg for the sake of
clarity).

b) When the formation of domains of like spin is assumed then the number of
molecules per domain is n=N/D if the domains have a uniform size. The
mixing entropy alters to

Smix = k1n

D)1 ‘—x)D]! = —kD{xInx + (1 —x)In(1 —x)} (35)

For one mole (N = N,) of molecules the molar mixing entropy can be rewritten
as

Smix = —(R/n){xInx + (1 —x)In(1 —x)} (36)
where R = Nk holds true.
¢) The intermolecular interaction term I, can be expressed in the general form
Ix = ILL(I — X)2 + ZILHX(l — X) + IHHX2 = J() + Jlx + J2X2 (37)

where Ij 1, I; i, Igy refer to interactions between LS-LS, LS—-HS and HS-HS
pairs, respectively. Then Jo=1I 1, J1 =2 g — 1), and Jo, =11 + Iyg — 2] u.
d) The molar Gibbs energy can be constructed from the following contributions

G, = xGus + (1 — x)Grs — TSmix + I, (38)

where Gyg (Gig) is the molar Gibbs energy for the HS (LS) molecules.
e) The condition for the equilibrium demands

0G,
( o )TPIGHs—GLs-i-(R/”)Tln (%) +J1+2/x=0 (39)

from where one gets the final, implicit equation for the high-spin mole fraction
1
X =
1 +exp[n(AH — TAS + J, + 2J>x) /RT]

The last, very general equation — model C has many links to more approximate
models as reviewed by Table 3.

(40)

The basic assumption of the solution model is that the interaction term involves
the cooperativeness  through the form

I, = vx(1 —x) (41)
This formula has its origin in the intercentre interaction

I =Jo+ Jix + Jox* = Ip + 2(Iy — Iip)x + (Ip + Ing — 210g)x° (42)
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Model

Parameters
Ix=J0+J1x+J2x2

x=AT)

1. Thermodynamic models

Domain model
Sorai & Seki [10]

Solution model
Drickamer [11]

Interaction model
McGarvey et al. [12]

Zimmermann &

Konig [13]
Spiering et al. [14, 15]
Interaction & domain
[16]
Interaction model for
two-step and

binuclear systems
[35, 28]

2. Microscopic models
Ising-like [17, 18];
model A

Ising-like with
vibrations [19];

model B

Ising-like & domain
model;
model C

Parameter
distribution [20];
model D

Two-step Ising-like
[21]

1D-Ising-like [29]

Ising-like for
binuclear compounds
[22]

Ji=J,=0
Ji= L=
L="x(1—x)
J1#£0, J,#£0

J1=0,,=-J

leAxv Jo= 7Fx

J1#0, J,#0
I, =—J{o)é
(o)y=2x—1
1, =—J{o)é
(o)=2x—1
I, =—J{0)é
(oy=2x—1

x=2+4{o4) + (o)) /4

x=1/{1+exp(nAG/RT)}
x=1/{1+exp[(AG + — 2yx)/RT]}
x=1/{1+exp[(AG +J, + 2J,x)/RT1}
x=1/{1+exp[(A —RTInZ—2Jx)/RT]}

x=1/{1+exp[(AG+ A, — 2T".x)/RT]}
x=1/{1+exp[n(AH — TAS +J, + 2J>x)/RT]}

x=1/{1+exp[(Ao— kT In regr — 2J(2x — 1)) /kT1}

xX= ]/{ 1 +expl(Aegr — kT In regrr — 2J(2x — l))/kT]}
iﬂls {1 — exp(hors/kT) 1™

g8ls | 1 — exp(hvus /kT)

Aetr = Ao + m(hvys — hvrs)/2

x=1/{1 +exp[n(Aesr — kTIn regr 7 — 2J(2x — 1)) /kT1}

Teff,T =

x;i=1/{1+exp[(Acsr — kT In regy 7 — 2nJ(2x; — 1)) /kT]}

(o) = —1 + resrexp{—[Ao — 2(Ja{ou) + Jan(os))]/kT}
4 1+ refrexp{—[Do — 2(Ja(oa) + Jag(os))]/kT}
(0 > _ —1 + reffexp{—[Ao — 2(.]B<O'B> +JAB<UA>)}/kT}
BT T+ rarexp{—[D0 — 2(J5(08) + Jan(oa))|/KT}

(o) =[ —exp(— E/kT) — regrexp( — E> /kT)
+retr exp(—E3/kT) + r2 exp(—E4 /kT)] / Zo
(o) =[ —exp(— E /kT) + regrexp( — E>/kT)
—retr exp(—E3/kT) + r’ exp(—E4 /kT)]/ Zo
Zy=[exp(— Ey/kT) + regrexp( — E /kT)
+7eir exp(—E3 /KT + 12z exp(—Ea /KT )]

(continued)
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Table 3 (continued)

Model Parameters x=AT)
IX:J0+J1.X+J2X2

Ei= — Ao+ ((oa) + (o) +J) — Jap
Ey=({(o4) — (og)J = T) + J4p

Ez= —({oa) — (og))J =) + s

Ey= Ao — ((0a) + (o) +T) = Jup

3. Other models

Vibronic models
(electron—phonon
coupling) [13, 23]

yielding the relationship within the solution and/or solution & domain model as

follows
oI,
azjl+2J2x:(J1+J2)—J2(1—2x):’y(1—2x) (43)
The remainder
Ji+Jy=1Igg — L (44)

is thought either to vanish or to be absorbed to the effective parameter A.¢. Then
the cooperativeness becomes
vy=—J2=2Ln—IL —lun (45)

This means an excess of the interaction energy between the molecules of the
different spin relative to the interaction energy of the molecules of the like spin.
It is a measure of the tendency for molecules of one type to interact effectively (to
be surrounded) by molecules of the like spin.

The solution model, in fact, is fully equivalent to the two-level Ising-like model
through the correspondence /R =2J.

Model of a Parameter Distribution

This model has been motivated by the fact that the solid state samples are far from
their ideal behavior and some drop in the cooperativeness could be described
through a statistical distribution. As the sizable cooperativeness is responsible
for the eventual hysteresis, the above effect will manifest itself in the profile of
the conversion curve.

The key idea of this model D is that the optimum cooperativeness drops as

J, i = niJ (46)
Here i is the mesh point, say 1/100 of the value of n,,=1. Then the factor
entering the implicit equation for (o;) becomes

£ = exp{—[Ao — kT In regr — 2. (0)] /KT (47)

The equation is to be iterated for the given trial set of parameters (A, 7., J), for a
given temperature, and for the given mesh point. Moreover, the iteration should
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start differently for the data point taken in the heating direction (050)’T = —1isused
as an initial trial) and the cooling direction (cfl(OH = +1). The statistical average is

provided by the formula
Mesh Mesh
XHS — [Z wi - xi] / [Z Wi] (48)
i=1 i=1

where the weights can be determined from the postulated distribution, e.g. the
Gaussian distribution in the form of

w; A2 exp[—(1; — fop)” /8] (49)
Additional parameter 6 determines the width of the distribution (Fig. 5):

1) for 6~ 0 a sharp distribution exists and the model D collapses to the model C
(or A) with fixed parameters. The hysteresis loop of the conversion curve pos-
sesses the rectangular walls.

2) The increase of 6 manifests itself in angled walls of the hysteresis loop and
decreased hysteresis width.

3) At the same time the completeness of the spin crossover is lowered and the con-
version curve becomes smoother, resembling suppress of the cooperativeness.

The existence of the hysteresis originates in the fact that the Gibbs energy
possesses two minima at different temperature; the system falls into one of them
depending on the history of the heating/cooling regime.

Model for Two-Step Spin Crossover

Some compounds exhibit a spin crossover of the form that the fraction xyg of
molecules in the HS state increases with temperature in two steps; a plateau of a
few K exists between these steps. This behavior can be explained by considering
two sublattices (A and B) containing the same number of molecules [21]. The
Ising-like Hamiltonians corresponding to the respective lattices, in the mean field
approach, are defined as follows

Hy = (A0/2)64 — (Ja{oa) + Jan{os))6 (50)
HBI(A0/2>5'B—(JB<JB>—|—JAB<O'A>)6'B (51)

where J, and Jp are the intra-sublattice interaction parameters for A---A and
B ---B pairs; Jyp is the inter-sublattice interaction parameter for A---B pairs.
Their positive values mean a ‘‘ferromagnetic-like” or cooperative interaction.
The mole fractions of the HS state are interrelated through

<0‘A> = 2xA —1 (52)
<O’B> = 2)63 -1 (53)

The corresponding eigenvalues are
Exy = (Ao0/2) = (Jaloa) + Jas{os)) (54)

Exr = —(A0/2) + (Ja(oa) + Jap{os)) (55)
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Thermal population within the Boltzmann statistics yields

—1+KA

== 58

o) =T g, (58)
where

_ ZAHS _ gfqls exp(—Ear/kT)

K —
AT s glsexp(—Eai/kT)

= Teff exp[—(EAz — EAl)/kT] (59)

Feff = g?{ls/ gi]s (60)
and analogously for the sublattice B. Then two coupled equations should be ful-
filled simultaneously

<0’ > _ —1 + Feff exp{—[Ao — 2(JA<O'A> —|—JAB<O'B>)]/]€T} (61)
YT regrexp{—[Ao — 2(Ja(0a) + Jag (o)) /KT
(op) = —1 + regrexp{—[Ao — 2(Js(o5) + Jag(oa))]/KT} (©2)

1+ rege exp{—[Ao — 2(Jp(08) + Jan(0a))]/KT}

These equations can be solved by an iterative procedure. The free parameters of the
model cover Jyu, Jp, Jap, Ao, and re. For modeling see Fig. 6.

Two—step spin crossover in a mononuclear system

Modeling parameters: 10F 2
Ao’k =300 K,
8ns! 8ls =5 = 0r
JA/szE/k=50K, X% 05+ § \\\
J 5 /k==50K (solid), . oL L
—80 K (long dashed), — | 4 > N
100 K (short dashed) Ny ) O\
0 100 200 300 0.00 0.01 0.02 0.03
TIK (/1) IK?
Spin crossover in a binuclear system
Modeling parameters: 1.0 F 2
Ap/k =300 K,
8is/ 8Ls =33 ] ot
JIk=50K, X NN
J'=0, - N\
J 5 'k =—50 K (solid), 2r O
-80 K (long dashed), — N
100 K (short dashed) -4 L '
0 100 200 300 0.00 0.01 002 0.03
TIK (/T IK?

Fig. 6. Modelling of the spin crossover for a two-step case and a binuclear complex
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Model for Binuclear Compounds

The case of the binuclear compounds formed of a symmetric pair of metallic
centers the Ising-like Hamiltonian is

H = —JAB(OA'A . 5’3) —|—%(OA'A +5’B) _J(<0A>&A —|— <O'B>(5'B) —J/(<UA>5'B —|— <UB>6'A)

The intracomplex A-B interaction parameter J4p adopts positive values for a
“ferromagnetic-like” (cooperative) interaction of the fictitious spins. This has
nothing to do with the isotropic exchange coupling constant J., that determines
the energy levels in a binuclear system and has some connection to the site-
formation energy. The intermolecular interaction parameters are J for A---A
and B - - - B pairs, and J' for A---B and B - - - A, respectively (these are eventually
neglected). The energy levels results in the form (see Fig. 7)

Ei(oa =—1,05=—1)=E L =—A¢g+ ((0a) + (0B))(J +J') —Jap  (63)
Ey(oy = —1,08 = +1) = Epy = ((04) — (08))(J —J') +Jas (64)
Ey(oa = +1,03 = —1)=Eg = —((04) — (o)) (J = J') +Jap  (65)
Ey(oa = +1,08 = +1) = Egu = Ao — ({(0a) + (o)) (J+J') —Jap  (66)

The partition function of the system is constructed as follows

4
zZ= Zg,- exp(—E;/kT)

i=1
= g1 s[exp(—E1/kT) + reqrexp(—Ex /kT) + resexp(—E3 /kT) + rogexp(—Ea /kT))]

s=5— 1
S=4 (9) (36)
S=3 (7) —15J,,(H9)
s=2 ®) (12) 24,
S=1 (3)
§=0
M 4
= (3)
S=1 1/,J ) @)
S=0 (1) ex et
1/2..1/2 5/2...5/2 1/2..1/2 5/2...112 5/2...5/2
LS-LS HS-HS LS-LS HS-LS HS-HS
g=4 g=36 9is9:s Ius-9is s Ins

Fig. 7. A relationship between the energy levels of the isotropic (Heisenberg) exchange (left) and
the Ising-like model of the spin crossover (right) for a binuclear Fe(IlI) complex. Degeneracies of the
respective energy levels are given in parenthesis
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where the effective degeneracy ratio, regr, occurs. The thermal average of the indi-
vidual (formal) spin values are calculated as follows

4
(o4) = Z o8 exp(—E;/kT)

= g%s[— exp(—E1/kT) — retr exp(—E2 /kT)
+ regrexp(—E3 /kT) + rgff exp(—E4/kT))/Z (67)
and
(o) = gis[— exp(—E1/kT) + regrexp(—Ey /kT) — regrexp(—Es /kT)
+ rggexp(—Ea /kT)) /Z (68)

Such a pair of the coupled equations can be solved by an iterative procedure. When
J=J" are assumed, the values of (0,) and (o) are necessarily equal. Finally, the
high-spin mole fraction is

x= (24 (o) + (08))/4 (69)

The modeling is shown in Fig. 6 and some recent applications were presented
elsewhere [24].

Application of the Distribution Model

A need of the new spin crossover model has been motivated by some experimental
facts that could not be explained by previous models. The molecular complex
[Fe(bzimpy),](ClOy), - 0.25H,0 (hereafter 1) was identified as a spin crossover
system with high transition temperature of 7, =403 K and a hysteresis width of
12 K. This is true for a freshly prepared microcrystalline sample [20]. On the
sample aging and its treatment like graining a marked loss of the cooperativeness
is observed which manifests in these features of the conversion curve: 1) the
hysteresis width becomes lower; 2) the wall of the hysteresis loop become more
angled; 3) a back-ground signal increases; 4) the conversion seem be incomplete.
The distribution model D is quite successful in reproducing of all these features, as
shown in Fig. 8.

One could expect that the above model can be applied to some other cases. A
loss of the cooperativeness has been identified for [Fe(PM-BiA),(NCS),] when
passing from the crystalline sample 1 to its powder counterpart 2 prepared by a
fast precipitation [25]. The dilution of the [Fe(ptz)¢](BF4), complex in an analo-
gous Zn-matrix led to a systematic decrease of the abruptness (cooperativeness) of
the conversion curves as well as a decrease of T, that correlates with the dilution
degree [26]. A decrease of the transition temperature along with a change of the
profile of the conversion curve has been observed in [Fe(pap),]ClO4 system as a
time effect [27]: one weak after preparation gave a substantial effect.

Remember that the cooperativeness has its origin in the intercentre interaction
(irrespective of its nature). Thus any break of such an interaction (point defects,
dislocations, surfaces, hetero-atoms, degradation and oxidation products) will low-
er cooperativeness in a statistical manner.
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Fig. 8. Temperature variation of the effective magnetic moment (open symbols) for samples of 1

with different history (top — a one year-old sample, center — three-month old and powdered sample,

bottom — a freshly prepared microcrystalline sample). Full points — fitted data using the theoretical

model D. Solid line (center) — predicted. Dashed line — a theoretical curve in the absence of the
cooperativeness

A Need of New Models

Not all experimental data were reproduced satisfactorily by the existing models of
the spin crossover. The first problem occurs when the hysteresis loop possesses a
strong asymmetry as found experimentally many times [30-33].

Second, a general, appropriate model should recover not only the conversion
curve (usually constructed of the magnetic susceptibility data or the Mdssbauer
spectra data) but also the whole profile of the heat capacity [34].

Third, there are three-nuclear and polynuclear complexes exhibiting the spin
crossover. A successful model for them is absent so far.

Fourth, a more complete inclusion of the interactions in the solid state is
feasible, as outlined elsewhere [28, 35].
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