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Summary. The theoretical formalism of solid-state spin crossover taking into account many-body
interactions and ordering has been extended to the case of 5-centre interactions in a diamond lattice
leading to the splitting of the free energy levels into quintets. Consecutive simplification of the
obtained equations has been achieved for multiplets with regularly varying splittings: the variation
according to the polynomial of the third order corresponds to 5-centre interactions; quadratic and linear
variations yield the formalisms of quaternary and ternary interactions respectively; equidistant multi-
plets correspond to the model of binary interactions. These types of variations have been deduced
from a simple microscopic model of the influence of the external molecule on the considered in-
teraction. Parameters of the developed formalism have been expressed in terms of binary potentials
and relative efficiencies of external molecules. The expressions obtained provided an adequate de-
scription of experimental two-step spin crossover curves. The formalism developed in this way was
found to be similar, but not identical, to the phenomenological description based on the Landau theory.
Odd power terms in composition (not entering the expansion of free energy derived from Landau
theory) were found to be generally non-zero and vital for obtaining adequate descriptions of experi-
mental data.

Keywords. Spin crossover; Many-body interactions; Ordering.

Introduction

Spin crossover equilibrium between HS and LS isomers of transition metal
complexes [1] is a perfect test system for checking theoretical descriptions of
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chemical reactions in the solid state. Spin crossover has been described employ-
ing quantum chemical DFT calculations [2-5] as well as the models of the
Ising-like Hamiltonian [6-9] and regular solution theory [10]. Parameters of
the latter two formalisms have been expressed in terms of the model of a
continuum within the theory of elastic interactions [11, 12]. The latter model
considers microscopic objects (a molecule or a reaction centre) as perturba-
tions within macroscopic elastic media and thus introduces macroscopically
long-range forces between molecules as an initial assumption. A purely pheno-
menological description of spin crossover involving higher order terms in the
expansion of free energy has been derived [13] employing the Landau theory of
phase transitions.

These formalisms successfully predict general features of all known types of
experimental spin crossover transition curves, however they generally fail at the
quantitative parameterisation of the most interesting two-step transitions. As has
been pointed out [14], models of regular solutions and Ising-like Hamiltonian,
‘““although physically transparent, merely squeeze many competing interactions
into the Procrustes bed of one phenomenological parameter in an oversimplified
model”.

Quantitative description of the two-step spin crossover has been achieved [15-21]
within two approximations, viz. the model of ternary” interactions [15] and the quasi-
chemical model [17]. The latter is applicable to systems with strong correlations (such
as in polynuclear spin crossover compounds) whereas the former can be applied to
systems of weakly interacting mononuclear spin crossover complexes.

The model of weak interactions is based on taking into account the effects of
two nearest neighbours on the partition function of a given molecule thus leading
to the splitting of free energy levels into triplets. The expressions obtained for the
free energy of a binary reaction mixture contain terms cubic and quadratic with
respect to mol fractions. The cubic term is connected with ternary interactions
characterised by asymmetries of splittings (A‘l*, APB) whereas the quadratic term
characterised by main splittings (D4, Dg) was assumed to arise from binary in-
teractions. Under simplifying conditions this model can be reduced to that of
the regular solution theory with excess energy being equal to the sum of main
splittings:

AE,, = Dy + Ds.

One of the cooperative phenomena observed in spin crossover is the abrupt spin
crossover (sometimes accompanied with hysteresis) that is connected with the
separation of HS-rich and LS-rich phases. According to the model of ternary
interactions [19] abrupt spin crossover can be observed when

AE,, + AAB®) > oRT,

# In our previous publications [15-21] we introduced 3-centre interactions as “triple interactions”.
However the term “ternary interactions’ seems to be more widely used. Higher order interactions will
be called: “quaternary’ (4-centre), quintary (5-centre), and so forth. In order to quantitatively char-

acterise them we have introduced “primary”, “‘secondary”, and “‘tertiary” effects of external mole-
cules on binary interactions
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in which Ty, = AE°/AS° is the temperature of half-conversion. Abrupt spin
crossover thus requires large positive excess energies and/or asymmetries of split-
tings. Another critical phenomenon: the two-step spin crossover is connected with
ordering in a binary mixture, i.e. with the formation of sub-lattices of A and
B isomers. According to the model of ternary interactions ordering occurs [19]
when

AAB) _ AE, . >RTy,,

i.e. at large negative excess energies. Sharp two-step transitions arise from a com-
bination of negative excess energies and the positive effects of ternary interactions
AAB) Negative excess energy can be interpreted as arising from the higher sta-
bility of HS-LS pairs compared to HS-HS and LS-LS pairs. Positive asymmetries
arise from either specific binary interactions (such as HS—LS charge transfer) or
specific relationship between ternary potentials [20].

Strictly speaking the formalism of ternary interactions is only applicable to
one-dimensional chains in which ternary and binary interactions alone are impor-
tant. However, the derived equations successfully describe complicated cases of
two-step spin crossover in 2D and 3D systems [15-17]. The reason why this is
possible is not obvious because some one-step transition curves require taking
into account a larger number of neighbours [19]. Corresponding formalism was
derived [19] without taking into account the phenomenon of ordering, i.e. for the
cases of large positive excess energies. Interaction of a given molecule with n
neighbours splits free energy levels into multiplets of the order n + 1. The pattern
of splittings was characterised by two main splittings (D4(s)) and 2(n — 1) asym-
metries (A;MB)).

This paper presents the derivation of the equation for free energy for systems
with many-body interactions taking into account the phenomenon of ordering.
In order to avoid cumbersome equations the case of tetrahedral environments
will be considered whereas the results for octahedral structures will be given
only in the final form in the Appendix. First a general equation for free energy
in a diamond lattice with ordering will be derived. Then we shall analyse pat-
terns of energy levels arising from taking into account binary, ternary, quatern-
ary, and 5-centre interactions. The corresponding equation for free energy will
be derived and the effect of higher order interactions on the shape of transition
curves of spin crossover will be analysed. Some examples of the fitting of
experimental transition curves to the derived equations will be given thereafter
and eventually we compare the presented formalism with that based on Landau
theory.

Derivation of the Equation for Free Energy

Let us consider a binary mixture of molecules A and B (LS and HS isomers of a
spin crossover compound, respectively) in a diamond lattice with tetrahedral
arrangement of nearest neighbours. In this lattice one can select two sub-lattices
built of o and [ centres so that every « centre is surrounded by four (3 centres and
vice versa; N = Ny + N centres of such a crystal are then divided into N/2
a-centres and N /2 (-centres. The main simplification of the Bragg-Williams model
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Fig. 1. Examples of possible configurations around central molecules A and B

Table 1. Probabilities (p,4, pp) to find molecules A and B in a- and (3-centres and corresponding mol
fractions (X4, Xp) according to Refs. [15, 18]

Pa PB Xa Xp
1 1
a-centre pa=ur = (14+5)xa pe=1—u X4 = Sl Xg = 5(1 —uy)
1 1
[-centre pa =Uy = (1 — S)XA pp=1—u Xﬂ = Euz X = 5(1 — Mz)

amounts to the suggestion that molecules A and B are randomly distributed among
the o and (3 centres. The ordering in such a system can be quantitatively charac-
terised by the degree of order, s = 2p — 1, the probability p of a molecule A to get
into an a-centre being p = Na(«)/Na.

We assume the molecules to be pseudo-independent, i.e. we suppose that molec-
ular interactions contribute to energy and probably affect vibrational frequencies
but do not change the configurational entropy. Before applying the Bragg-Williams
approximation we consider molecules A and B in ‘proper’ (A in « and B in ) and
‘improper’ (A in 3 and B in a) centres (Fig. 1; also see in Refs. [15, 18]). The
probabilities (p) to find molecules in these centres and corresponding mol fractions
(X) are given in Table 1.

The contributions of pseudo-independent molecules A and B towards the free
energy are

xaF* =X, (PZF QAAA +4P/31PBF @B + 61’217%31: Q_ABB +4PAP%F 2333 +P?3F gBBB)
+Xa <pj\F£AAA + 4P2P§F£AA§ + 6Pfo§;F/%A@ + 4pApBFQBBB +pBFgBBB)

B B B B B
xpF? = Xp (Pfo Aaaa T 4P/34PBF AaAB T 61’/2417%31: AABB T 4PAP%F ABBB +P;‘3F BBBB)

(2)
+Xp (PAF gAAA + 4PAPBF gAAB + 6PAPB AABB + 4PAPB ABBB +PBF gBBB)

Let us consider the contribution of molecules A, supposing that the nature of the
centre does not affect individual free energies (Bragg-Williams type approximation,
FQAAA = Fiianr FQAA B = =F aaap elc.) then the free energy level is split into a quintet

(FAnn Fliap FQABB, Fiaps, Fagsp)- By referring all free energies to F4,,, we
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introduce (see Fig. 2 below) individual splittings of the free energy levels J2:
Fianp = Fasan +J7, Fiagp = Faaaa +J7 +J3,
Ff\\BBB:FQAAA +J?+J§+J?7 FQBBB:FQAAA + Da 3)
ie. Dy=J'+Jy+J8+J4
This yields:
XaF* =XaFjuun +4(Xapaps + Xapips) 7t +6(Xapars +Xapapp) (It +75)
+4(XAPAPB +XAPAPQ)(J? +J§ +J§4) (XAPB +Xf_\pg)DA (4)

Expressing the probabilities p4 and mol fractions X4 in terms of x4 and s
according to Table 1 we get:

xaF = xaFyuq +4(1 —s2)x5 (1 +52)x5 — (14 35%)x)J2
+6(1 — sH)x% (x4 — 2(1 +57)x% + (1432 (I +3)
+4(1 =525 (1 = 3xa +3(1 +52)x% — (14352 (J2 + T4 +J5)
+ (x4 + (1 = P (—4 4+ 6x4 — 4(1 4+ 5%)x% + (1 +35%)x3))Da (5)
By introducing small parameters in the form of asymmetries of splittings
A} = 4J4 — D, one obtains:

A A 5 4 3 2
XaF” = xaF 40 + asXy + asxy + azx, + axxs + aixa (6)

=(1=s)(1+3) (- 1A +1A3 — Af)jas = (1 — s*) (+A1 +3A%)
= (1 =) (=341 =347 =3A%)ia, = (1 - 8°) (A} + A + A —Ds)  (6a)
a) :DA

Similarly the contribution of molecules B can be derived as:

xpFB = xgFp + b5xf‘ + b4xf1 + b3xf’\ + bzxi + bixy (7)
in which:
bs = (1—5")(1435%) (+3A7 — 347 + A7)
by=—3AT+3AF —2A% + (=347 +3A% —6A%) +5* (+1A7 —3A%)
by =—+3A% —TIAS + NS+ (+3AY —2A5 +3A%)
by =—3AP+3AS — Dg+5* (-1 AT +3AS + Dp)
=+AP +Dp
AP =4JF — Dy

(7a)

Combining Egs. (6) and (7) and adding configurational entropy (see Ref. [18]) we
obtain:

F = xaFauq + (1 — xa)F5ppp + 5 + caxh + c3xy + coxh + c1xa
—|—%NkT[M1 Inu; + (1 — M]) 11’1(1 — Ltl) +uyInuy + (1 — I/tz) 11’1(1 — uz)] (8)
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in which:

cs =+(1—s)(1+3s%) (1A + 1A% — AT +1AF —LAZ + AF)

co= A4 3AL Z3AB L IAB OB 4 P(—3AP 4 3A8 — 6AD)
+5* (A7 =345 +3A7 - 349

s = -3a0 ~ 1AL - 304 50 - 1AL+ A
+ (347 +3A7 +3A5 +3AF _IAE 1 3A8)S?

() :A?—FAQ—FA?—%A?—{—%AE—DB—DA
+ (Dg + Da — A — AY — Af — 1A} +%Ag)s2

ci =AY +Dy+Dp

This equation represents an expansion of free energy into a series of powers of
XA

F = A5Xi +A4Xi +A3xf‘ +A2Xi + Ajxa + Ag
+ INKT[uy Inuy + (1 —ug)In(1 —uy) + o Inuo + (1 — up) In(1 —w)]  (9)

in which the coefficients A; are functions of asymmetries A?, A?, main split-
tings, D4, Dg, and even powers of the degree of order s. Although Eq. (8) can
be directly employed in practical simulations, it contains too many adjustable
parameters (main splittings and asymmetries) that are not independent. Using
asymmetries as formal parameters is also inconvenient because by setting the
highest order asymmetry to zero does not cancel the contribution of the highest
order interactions®. The relationship between asymmetries of different orders
will be found in the next section by considering a physical model of many-body
interactions.

Effects of Many-Body Interactions

Assuming (for simplicity) the variations of vibrational frequencies, available
volume, and electronic degeneracy under the influence of environment to be neg-
ligibly small, then we can calculate parameters of Eq. (8) via the energies of the
central molecule in given surroundings. This can be done employing binary and
many-body potentials, the latter describing deviations of these energies from the
sum of binary interactions of the central molecule with its nearest neighbours.
Splittings of energy levels for the considered case of tetrahedral environment
can be written as (see Fig. 2):

I = Epap — Ejasa = 048 — 0aa + Yanag — Yaaaa (10)
J3 = Ensgp — Efasg = P48 — vaa + Yiaps — Yaaas (10a)
J? = E;l\BBB - EQABB = QAB — PaA T %333 - wﬁABB (10b)

® The advantage of the model of ternary interactions is that it employs one type of asymmetry; setting
it to zero does cancel the contribution of ternary interactions
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FBBBB
Iy
. I3 Dy
I3
A B
FBBBB AFO _ Jl
o P
I
D, N J;
I3
Ji
A
FAAAA

Fig. 2. Transformation of equidistant quintets as a result of taking into account many-body interactions

J4 = Egpgp — Efppg = a8 — s + Upgps — Vasss (10c)

Dy = Epppp — Ejpan = 40a5 — 40aa + Uippp — Viaaa (10d)

in which ¢ are binary and ¢ are many-body potentials. Relevant asymmetries are:
A} =407 = Da = +40 005 — 3Yaans — Vipas (11)

A} = 4Jy — Da = +4Uaps — 4Vhass — Vasss + Yiaaa (11a)

AQ =4J ? — Dy = +4¢fA&BBB - 4¢foABB - 7M;BBB + wAAAAA (11b)

A similar set of equations can be written for energy levels of the central mole-
cule B. These equations show that whereas asymmetries depend purely on the
strength of many-body interactions the excess energy AE,, = D4 + Dp contains
contributions from both binary and many-body potentials. As has been shown in
Refs. [15, 19] a system with purely binary interactions yields free energy multiplets
with equal individual splittings (i.e. with zero asymmetries A?(B) = 0). Taking into
account ternary and higher order interactions apparently yields some other regular
relationship between unequal splittings (Fig. 2). This relationship can be found by
supposing that many-body interactions are perturbations of binary potentials.

Ternary Interactions

Let us suppose that the many-body potential arises from effects of third bodies on
all pair interactions (Fig. 3):

i, =D ¢ (12)

in which 55. defines the effect of the ‘atom’ k on the ‘bond’ ij.
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Fig. 3. A model of many-body interactions arising from the effect of the third body

Table 2. Energy levels of a molecule (A) in a tetrahedral environment in terms of binary potentials
(py) and three-centre effects ef;

A B B
fﬁA €AB €AA €AB

12 0 0 0

Efpan = 4pant

Epap = 3044 + oan+

Efsps = 2044 + 2048+

‘altaiiatia

EQBBB = aa + 3pap+

EgBBB = 4papt+

There are 12 such “primary” many-body effects per tetrahedron (Fig. 3)
belonging to four types (Table 2) that can be represented as fractions (o) of the
corresponding binary potential:

EﬁA = aASOAA, 5’33 = aASOAB, EEA = OZB<PAA7 553 = O‘B‘PAB (13)

Due to the high symmetry of a perfect tetrahedron (Fig. 3) all homogeneous
effects can be assumed to be identical in all environments irrespective their com-
position: e.g. the effect €}, can be assumed to be the same in configurations
A(AAAB), A(AABB) and A(ABBB)".

According to Table 2, the splittings in multiplets are:

Dy = EgBBB - E,?AAA = dpap — 4paa + 12(€§B - 5?&14) (14)

¢ In a square-planar configuration one has to distinguish cis- and trans-effects having different
magnitudes and probabilities. However, the main results obtained for tetrahedral structures also hold
for square-planar ones (see Appendix Al)
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Ji‘ = EgBBB - EgBBB = PAB — PAA — 3533 - 3€§A + 65§B
J? = EQBBB - EﬁABB = +YAB — PAa — 252/4 - 52‘3 - EﬁA + 45§B
J5 = Ejugp — Efgag = 0an — pan — 4, + €4 +eha + 2255

J? = EQAAB - EﬁAAA = PAB — PAA — 6€£A + 35‘:3 + 3€§A

)
)
)
)

—_— = =
A ~ B b
o o0 o oo

(
(
(
(

All splittings are unequal but finite differences of the first order are constant:
df =03 —J =5 —J3 =J§ = J5 = 2(ehs — hg — Ena + Eap) (15)
Or, in terms of o and ©jj:
di =2(a" = af)(par — pa) (15a)

Finite differences of second and third orders are zero and therefore the variation
of splittings in such quintets is linear. Similar expressions can be derived for the
molecule B. Individual splittings can then be written as:

70 =0+ 6" = i - 18 (16)

in which the increments 6?(3) are:
& =2(c* — o) (pas — ¢an) (17)
67 =2(a — a”)(pap — ¢s5) (18)

The excess energy E,. = Ds + Dp can also be written as a function of binary
potentials and effects of third bodies:

AE,. = Dg + Dy
= 4(290AB — BB — Paa) + 12(OéA90AB — OéBSOBB + OéBSOAB — CVAQOAA) (19)

The asymmetries A?(B) in a quintet with linearly varying J?(B) are given by:
AN = a7 Dy (20)
AN = (=10 + 4i)5}®) (21)
ie.
AN — _65t® A = 25t AN = ost®) (22)

This linear relationship between J; drastically simplifies the expression for free
energy (Eq. (8)), it becomes:

F =xaF{yun + (1 —xa)Figpp + €353 + c2x3 + c1xa + SNKT [ug Inuy
+ (1 —up)In(l —uy) FusInuy + (1 — up) In(1 — uy)] (23)
in which:
c3=6(8% =851 —5%), ¢ =126° — 66! — Dp — Day + (68¢ + Dy + Dp)s?,
ci = Dy + Dp — 667 (23a)
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As expected, this equation is equivalent to that derived from a simplified model
of interactions with two neighbours [19]:

F = 4xpFaan + (1 — x0)Fppp — x5 (1 — s7)[A — AF]
£ 2[(1 = 2)(AY — A) — (A 1 D, + D)) — 2208
+ xo(Da + D + A?) —l—%NkT[ul Inuy + (1 —uy) In(1 — uy)
+urInuy + (1 —up) In(1 — uy)] (24)

Coefficients of Eq. (23) can be directly written in terms of w4, ©gg, Ya, &* and

O{B as:

c3 =12(c* — o) (pan + @85 — 2¢048) (1 — 5°)
2= —4(2pan — omp — par) (1 = 57) (1 +3a”) +24(a — ) (pap — wm) (25)
c1 = 4(20ap — B — 0an) + 12[” (08B — Qaa) + 205 (s — ©BB)]

Species in equilibrium (HS and LS molecules) are very similar therefore the
magnitudes of o and o should not be very different. One can thus assume
|o| ~ |aB|. However, at the complete equality o = of the highest order term
in Eq. (25) disappears: primary effects of molecules A and B compensate each
other. On the other hand when signs of these effects are opposite (o ~ —o,
‘“anti-compensation’’) the coefficient of the highest order term in Eq. (25) is max-
imal. Therefore the condition o = —a” can be used as a regularisation boundary
for systems with pronounced effects of many-body interactions.

The number of adjustable parameters can be further reduced by making some
assumption concerning binary potentials. One of the homo-molecular potentials
can be fixed at some feasible value (e.g. ¢pg = 12kJ/mol [20]). The energy of
hetero-molecular interactions can be computed according to a modified Berthelot
rule:

NI—

¢ap = —(1 + k) (paapns) (26)

Table 3. Non-ideality parameters computed from the effects of third molecules on binary interactions
in the approximation o = —a?; gz = —12kJ/mol

Pan — P88 o’ AE,, 657 668 AE,, 65 668
kJ/mol kJ/mol  kJ/mol kJ /mol kJ/mol kJ /mol kJ /mol
k= —0.03 k= +0.03

—4.0 0.040 6.394 2457 1383  -0257  —1.659  -2.181
—-4.0 0.000 4.474 0.000 0.000  —2.177 0.000 0.000
—-4.0 —0.040 2.554 2.457 1383 —4.097 1.659 2.181
0.0 0.040 2.880 —0.346 0346  —2.880 0346  —0.346
0.0 0.000 2.880 0.000 0.000  —2.880 0.000 0.000
0.0 —0.040 2.880 0346  —0346  —2.880  —0.346 0.346
4.0 0.04 2.048 1.444 2396  —2.655 2.008 1.832
4.0 0.000 3.968 0.000 0.000  —0.735 0.000 0.000

4.0 —0.040 5.888 —1.444 —2.396 1.185 —2.008 —1.832
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k=+0.03, Ap =-4.0 kJ/mol k=+0.03, Ap = +4.0 kJ/mol k=+0.03, Ap = 0.0 kJ/mol
250 2
+ + 2
E N -T-/ 3 2
2 N Py °
2 0.00 4 + o—v— +—
3 \n 3
i G
s +
g 2504 1 3 1 1
oS
o
-5.00 . , , . , , . ,
0.0 0.00 005 -0.05 0.00 005  -0.05 0.00 0.05
OCA OCA OCA

Fig. 4. Typical dependencies of non-ideality parameters on relative effects of third bodies (o,
of = —a) for different Ay = pan — @pp and deviations from Berthelot’s rule, k; thick lines (1)
refer to AE,,, and thin lines refer to §;* (2) and 6,2 (3)

in which x accounts for specific stabilisation/destabilisation of HS-LS pairs [20].
This leaves us three adjustable non-ideality parameters: (a4, &, and o/, that can be
reliably estimated from experimental two-step spin crossover curves (similarly to
A4, AB and AE,,; [15, 16, 19]). Employing o* = —a® and varying a4 and &
at fixed @pp one obtains a wide variety of combinations of positive and nega-
tive excess energies with positive and negative asymmetries (Table 3, Fig. 4). In
agreement with some experimental estimates [15, 19] the values of & and 6% are
close to each other but not exactly equal. The combination of negative 6/1‘ ~ 6F and
negative excess energies required for the simulation of sharp two-step transition
curves can be achieved at w44 — wpp>0 as well as at w44 — wpp <0; however the
ratio & /6% in these two cases is different, making the choice of parameters more
definite (see also later).

Quaternary Interactions

Quaternary interactions can be represented as effects of the (I # k)-th particle on
effects of the k-th particle on the neighbouring bond (Fig. 5, Table 4).

These “‘secondary” effects can be denoted as 5i/-k , for example, €, AB signifies
the contribution towards the many-body potential arising from the particle A chan-

ging the effect £5,:
TN s o

k#j o J I#k k#j ]

Fig. 5. Secondary effects of molecules on molecular interactions
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Table 4. Energy levels of a molecule (A) in a tetrahedral environment in terms of binary potentials
() three-centre (primary) effects 55., and four-centre (secondary) effects 5;@

A A B B _AA) _AA) _A(B) _A(B) _B(A) _B(A) _B(B) _B(B)
€AA €AB €AA €AB €AA EAB €aa €aB €aa’ €aB’ €aa’ CEaB

Ef s = doant 2 0 0 0 3 0 0 0 0 0 0 0
Elsp=3¢aa+past 6 3 3 0 12 6 9 0 6 30 0
Edpp =20aa + 205+ 2 4 4 2 2 4 8 4 4 8 4 2
Elpgs =¢aa+3pas+ 0 3 3 6 0 0 36 0 9 6 12
Efpps = 4oap+ 0 0 0 12 0 0 0 0 0 0 0 36
Jt = @ap — oant -6 +3 +3 0 24 46 +9 0 +6 +3 0 0
JS = Qap — paat —4 41 41 42 —10 -2 -1 +4 =2 45 +4 42
J5§ = oap — pant -2 -1 -1 +4 -2 —4 -5 42 —4 41 42 +10
J4 = pap — paat 0 -3 3 +6 0 0 -3 -6 0 -9 -6 +24
d'Jyz=J,—J3= +2 -2 -2 42 42 44 +2 -8 +4 -—-10 -8 +l14
d' Vs =J3—Jr= +2 -2 -2 +2 +8 -2 -4 -2 -2 -4 -2 48
d'Joy=J,—J, = 42 -2 -2 42 414 -8 —10 +4 -8 42 +4 42
dPIp=dJy—dJpy= 0 0 0 0 -6 +6 46 -6 +6 -6 —6 46
&Ply=dTy—d'Jpy= 0 0 0 0 —6 +6 +6 -6 46 —6 —6 +6
Secondary effects si}k) can be represented as fractions () of primary effects:
egk) = leg = 6lo/‘<pij (29)

There are 36 such secondary effects per tetrahedron, belonging to 8 types
(Table 4). Computations according to this scheme yield unequal splittings J; #
J> # J3 # J4 and non-zero differences of the second order. Third order differences
are zero, manifesting the parabolic variation of splittings:

T = A8 4 (i = )P 4 (i - 1)2607) (30)
in which:
81 = (o — o) (pan — pan) (2= 3(6° — 8Y)) + 20 [ (Toas — 4a5)
— 3% (4pan — oan)] — 20”3 (5pan — o ' 20a5) — 8% (2an + 0as)]  (31)
&7 = (o — o) (ns — a)(2 = 3(8" = 6°)) + 20" (3% (Tops — 4as)
— B (4088 — an)] — 208 (Sops — 20a8) — B 2¢ms + ¢as)]  (32)

8 =3(8° = B*)(a" — o) (pan — ¢ap) (33)

85 =3(6° — ) (! — ) (8B — as) (34)

le(%) asymmetries and main splittings can then be derived in terms of 6f(3) and
6, as:

Dag) = 417 + 66" + 148" (35)

1

AAME) —1()(5{‘(3) + 53“”) n 4i<6’f(3) _ 25/;(3)) + 4260 ®) (36)
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ie.:
AN = 66t — 146y AP = 26 106,
A = 12518 4 253"
Employing Egs. (31)—(34) one obtains:
Dyp = 4o — 4pan + 12[—apaa(1 4+ 38%) + oPopap(1 + 38°)] (38)
Dp = 4pap — dopp + 12[—aPopp(1 +36°) + ot pap(1 +38Y)]  (39)

Da + D = 8pap — 4pan — 4opp — 12[0 (1 4 36%) (0an — ©as)
—a®(1+38%)(ap — ¢85)] (40)

The parabolic relationship between splittings, Eq. (30), significantly simplifies
Eq. (8) to yield:

F=xaF{ 0+ (1 —xa)Fhppp + caxs + c3xy + coxi + c1xa

+ INKT[uy Inuy + (1 —up) In(1 — uy) + up Inwy + (1 — up) In(1 —up)]  (41)
in which:
cy=—8(8 +6)(1 -5
c3=6(8 — 65 +5(85 —65))(1 —s%) +3268
cy=(—6(61 —6%) —22(8 — 68) —Dp— D) (1 —5*) + (1468 +668) (1 +5*) — 1665
c1 =Dy +Dp— 687 — 1485

(41a)

The coefficient of the highest order term depends solely on 6§(B) , hence

(according to Egs. (33) and (34)) on quaternary interactions alone. These param-
eters however enter lower order terms and therefore in order to get zero con-
tribution of ternary interactions both ¢; and 6, must be zero. This is a reasonable
condition because it is difficult to imagine a situation when interactions of the 4-th
order exist but ternary interactions are absent. Parameters 6 can be considered as
rationalised asymmetries of splittings.

Similarly to the case of primary effects we must distinguish the cases of com-
pensation (8% = %) and anti-compensation (3! = —3%) of quaternary interac-
tions (Egs. (33) and (34). In the first instance the highest order term disappears,
whereas in the second case it is maximal. The magnitude of the total relative effect
of quaternary interactions can hardly be larger than that of ternary interactions;
taking into account the ratio of primary and secondary effects per tetrahedron
(12:36) one can assume || <|1a|. To a first approximation ternary and quaternary
interactions can thus be characterised by one parameter o together with regular-
isation bounds: o = +of, 4 = 14, BF = £ 34

A wide spectrum of non-ideality parameters can be obtained from various
combinations of o, Ay = @4 — ppp and deviations (k) from the Berthelot rule,
(see Tables 5 and 6). When o # o but 38 = 34 secondary effects are compen-
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Table 5. Non-ideality parameters computed for a system with anti-compensated primary and compensated

A

o =354 8=p", s = —12kI/mol, Ap = o4 — wpp; due to compensation

secondary effects: o =—
A(B
&s® =0
Ap a AE,, 66 668 AE,, 667 665 AE,, 66 668
kJ/mol kJ/mol  kJ/mol kJ/mol kJ/mol kJ/mol kJ/mol kJ/mol kJ/mol kJ/mol
xk=-—0.03 k=+0.03 £=0.0
—4.0 0.04 7316  —3.636 —2.047 0.665 —2.455 —3.228 3.990 -3.046 —2.638
0.000 4.474 0.000 0.000 —-2.177 0.000 0.000 1.149 0.000 0.000
—0.040  3.476 1.278 0.719 -3.175 0.863 1.134 0.150 1.070 0.927
0.0 0.040 2880 —0.511 0511 —2.880 0511 —-0.511 0.000 0.000 0.000
0.000  2.880 0.000 0.000 —2.880 0.000 0.000 0.000 0.000 0.000
—0.040 2.880 0.180 —0.180 —2.880 —0.180 0.180 0.000 0.000 0.000
4.0 0.040  1.126 2.137 3.546 —3.577 2972 2711 —-1.225 2.555 3.129
0.000  3.968 0.000 0.000 —0.735 0.000 0.000 1.616 0.000 0.000
—0.040 4966 —0.751 —1.246 0.263 —1.044 —0.953 2615 —0.898 —1.099

Table 6. Non-ideality parameters computed for a system with anti-compensated primary and secondary effects:
at=—af, ¥ =—p" =o', gy = —12KI/mol, Ap = pas — s

Ap  « AE. 66} 66% 2683 268 AE, 66} 667 2684 268

kJ/mol kJ/mol kJ/mol kJ/mol kJ/mol kJ/mol kJ/mol kJ/mol kJ/mol kJ/mol
k=-002p38=-p* Kk =40.02,088 = —p*
—4.0 0.014 4062 —-2.893 —1.707 0.046 —0.030 —-0.404 —-2.644 —1.831 0.035 —0.040
0.000 3.366 0.000 0.000 0.000 0.000 —1.068 0.000 0.000 0.000 0.000
—-0.014 2718 —1.266 —0.646 0.046 —0.030 —1.748 —1.390 —0.397 0.035 —0.040
0.0 0.014 1934 —1462 —1.301 0.005 0.005 —1.934 —-1.247 —1.408 —-0.005 —-0.005
0.000 1.920 0.000 0.000 0.000 0.000 —1.920 0.000 0.000 0.000 0.000
—0.014 1.934 —1.301 —1.462 0.005 0.005 —1.934 —1408 —1.247 —-0.005 —-0.005
40 0.014 2534 —-0.184 —-0.820 —0.030 0.045 —0.623 —0.008 —0.907 —0.038 0.038
0.000 3.184 0.000 0.000 0.000 0.000 0.049  0.000 0.000 0.000 0.000
—0.014 3.878 —1.261 —2.431 —0.030 0.045 0.721 —1.348 —2.255 —-0.038 0.038
pe=p"
—4.0 —0.014 2.807 0.677 0.441 0.000 0.000 —-1.627 0.522 0.596 0.000 0.000
0.000 3.366 0.000 0.000 0.000 0.000 —1.068 0.000 0.000 0.000 0.000
0.014 4.1507 —-0.9500 —0.6198 0.0000 0.0000 —0.283 —0.732 —0.837 0.000  0.000
sated and finite differences of second order are zero and hence 63(3) = 0. However,

secondary effects contribute towards §; and AE,, making their dependencies on «
parabolic (Fig. 6) and not linear as when 3 = 0 (Fig. 4).

A similar situation arises when primary effects are compensated (o* = o) but
secondary are not (3% = —3'). Complete compensation, o* = o and p* = /3%,
yields the approximation of binary interactions (6; = 0, 6, = 0). Non-zero « and (3
in such a case contribute insignificantly towards AE,,.
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Kk =-0.02, Ap = -4.0 kJ/mol k=+0.02, Ap = -4.0 kJ/mol
8.00 5.00
g g 2504
= 4.00 M 1 o)
3 90004 b=+ .
g 0004 , 4—+ g N+ 3
P &7 TEL 3 i 250 \
[ + [ 2
2
4,00 , , -5.00 , ,
0.02 0.00 0.02 -0.02 0.00 0.02
a’ a’

Fig. 6. Dependencies of non-ideality parameters on relative many-centre effects (o, of = —a?,

Ap = pan — @pp, < is the deviation from Berthelot’s rule); secondary effects are non-zero
(B* =1a*) but compensated (3% = %) leadmg to 6,2 = 0; thick lines (1) refer to AE,,, thin
lines refer to 8;4 (2) and 6,2 (3)

K= -0.03, Ag = -4.0 kJ/mol K= +0.03, Ap = -4.0 kJ/mol
8.00 5.00 1
1
g g 250
3 400+ 5
= s
=~ ¥ 0.00
s e :
8" 0.00 1 TSy g
= + =_ 250 1
3 “'it- 38
-4.00 x 2 -5.00 ; \
-0.05 0.00 0.05 -0.05 0.00 0.05
ot ot

Fig. 7. Dependencies of non-ideality parameters on relative effects of the third bodies (a™*); both
primary and secondary effects are anti-compensated (o = —o#, 3% = —* = —1a”); thick lines
(1) refer to AE,,, thin lines refer to 8;* (2) and 6,2 (3)

Non-zero second order differences (quadratic variations of splittings) appear
when both primary and secondary effects are anti-compensated (Table 6) giving
rise to considerable asymmetries. Corresponding dependencies of §; and 6, on «
are shown in Figs. 7 and 8.

Arbitrary zeroing of 6, visibly changes the shape of a transition curve (compare
Fig. 9A and B) but does not alter the nature of the transition (two-step spin cross-
over with sharp steps). Much larger effects are produced when zero values of 6, are
achieved by the compensation 34 = 38: this affects not only &, but also changes
AE,, and 6.

The last three rows in Table 6 show non-ideality parameters computed snmlarly
to the first three rows but with compensated 3. The values of AE,,, and 6
these two cases are considerably different (especially at x = 4-0.02). This leads to a
striking difference in the shape of transition curves shown in Fig. 9A and C. The
model of ternary interactions thus implicitly represents a considerable part of the
effects of quaternary interactions.
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k=-0.02, Ap = -4.0 kI/mol K= +0.02, Ap = -4.0 kI/mol
0.05 4 0.05 4
1 1
3 3
E £
= =
~ 0.00 4 + ~ 0.00 4 +
Q Q
E N, s VRN
s s + +
N / \ N
+ + 2 / \ 2
¥ +
-0.05 T | -0.05 T |
-0.020 0.000 0.020 -0.020 0.000 0.020
(XA OCA

Fig. 8. Dependencies of second-order non-ideality parameters 6‘2‘ (1) and 5§ (2) on relative effects of

the third bodies (o); both primary and secondary effects are anti-compensated (of = —o,
P =gt =~ tah
1.00 7 1.00 - 1.00 1
0.80 0.80 0.80 1
o, 0.60 o, 0.60 4 o 0.60 A
& ) &
= < &
0.40 + 0.40 0.40 A
0.20 A 0.20 - 0.20 A
0.00 0.00 - 0.00
80 120 160 80 80 120 160
A T/K B T/K C T/K

Fig. 9. Transition curves of a hypothetical system characterised by AE°=7K]J /mol, Ty, =120K;

graph A corresponds to AE,,=—0.404kJ/mol, 6§ = —2.644kJ/mol, 66 = —1.831kJ/mol,

264 = 0.035kJ/mol, and 265 = —0.04kJ/mol (first row of Table 6 for x=+0.02); graph B was

computed for the same set of parameters save & = &5 =0; graph C was obtained with

AE,,=—0.283kJ/mol, 6? = —0.732kJ/mol, 6{3 = —0.837kJ/mol, and 69 = 6129 = 0 arising from
compensation of secondary effects (last row in Table 6)

A similar analysis can be performed for the case of the cubic variation of
splittings that arises from 5-centre interactions considered as tertiary effects

5;}1(1(@ ) (see Appendix A2). The equation for free energy contains an expansion
over the powers of x4 up to the 5-th power
F = xAFQAAA +(1- XA)FgBBB + csxf‘ + C4Xi + C3xi + czxf‘ +C1x4
+%NkT[l/t1 Inu; + (1 — ul) ln(l — ul) 4+ upInu, + (1 — Ltz) 111(1 — uz)] (42)
in which:
s = (1—57)(1+3s%) (+68; — 665)
cq = —88) — 485 — 865 — 1865 +3605s* + (85, + 4855 + 885 +3065)s*
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c3 =68} +308) + 11485 — 657 +265 41865
+ (667 43055 + 7865 — 667 — 308, — 11487 s”

e = 1268 42065 44268 — 661 — 228y — 7283 — Da — Dp (42a)
+ (667 42285 + 7265 — 865 — 3085 4+ Dy + Dj)s”

c1 = —66% — 1465 — 3665 + Dy + Dp

Five-centre interactions are formally characterised by the rationalised asym-
metries of the third order (6/3'\(3)). The latter can be computed for known binary
potentials, deviations from Berthelot’s rule, and the relative primary, secondary,
and tertiary effects (v, (3, and ). However the effect of taking into account 5-centre
interactions on the shape of spin crossover transition curves is smaller than that of
the quaternary interactions. In the regressional analysis of experimental transition
curves it is therefore sufficient to limit the expansion of free energy to the fourth
power of x,4.

Fitting of Experimental Data

Recently a systematic study of spin crossover in a series of solvates [Fe(2-
pic)3]Clysolv (2-pic = 2-picolylamine, solv = MeOH, EtOH, allyl alcohol, n-PrOH,
iso-PrOH, t-BuOH) has been reported (Fig. 10) [22]. Variation of solvating mole-
cule causes a spectacular change from a gradual transition in the MeOH solvate to a
sharp two-step spin crossover in the EfOH solvate, poorly defined two-step spin
crossover in the allyl alcohol solvate, complicated curve with several steps (appar-
ently arising from minor structural transitions) in the iso-PrOH solvate, and no
transition at all (complexes remaining high-spin down to 4 K) in the n-PrOH and
t-BuOH solvates. Nevertheless the crystal structures of all these compounds at
200 K have been found to be astonishingly similar.

Two major factors control the variations of spin-crossover behaviour in this
series, first of all the ligand-field strength. In the solid state it is not a property
of a ligand molecule but depends strongly on the metal-to-ligand distance (as has

1.00 7 . 1.00 ;
0.80 1 0.80 1
., 060 .. 060
= 0401 = 0401
0.20 4 0.20 4
0.00 : : 0.00 += - - 0.00 T r .
50 150 250 50 100 150 50 100 150 200
A T/IK B T/K C T/K

Fig. 10. Experimental transition curves of spin crossover in [Fe(2-pic);]Clysolv [22] (solv = MeOH
(A), EtOH (B), and allyl alcohol (C)) approximated by the model of ternary interactions; dashed
lines represent the degree of order
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been recently emphasized by A. Hauser [23]) controlled not so much by the metal-
ligand interaction as by details of the crystal structure reflecting the balance of all
forces acting between all particles constituting a crystal. Small changes in the geo-
metry considerably affect the effective ligand-field strength (10 Dg being propor-
tional to % or r—> [23]). Therefore it is not entirely unexpected that solvent
molecules, although residing in the second coordination sphere, change the mag-
netic behaviour.

Another factor is the variation of binary and many-centre interactions be-
tween complexes in equilibrium. Solvent molecules being on the line of inter-
action of metal centres affect, to a considerable extent, both repulsive and
attractive parts of binary potentials. They also participate in hydrogen bonding
and this changes parameters of binary interactions between neighbouring mole-
cules. This brings about a variation of the contribution of many-centre molecular
interactions towards the lattice energy, and hence non-ideality terms in the
derived equations. Fitting the transition curves of MeOH, EtOH, and allyl alcohol
solvates according to the derived equations allowed us to determine the extent of
this variation. We did not analyse the curve of the iso-PrOH solvate because
according to Ref. [22] this compound undergoes a structural transition that af-
fects the transition curve.

The regression of these transmon curves easily converges when analysed in
terms of rational asymmetries (6 ) AE,,, and Ty, = AE° / AS° (the values of AE®
were fixed according to the calorimetric data). Direct fitting in terms of a4, o,
B4, ~* (with regularisation of conditions corresponding to anti-compensation), ,
and T}, was also successful in several cases, however, in general, it required a very
precise initial guess and did not converge smoothly. We performed therefore para-
meterlsatlon in terms of AE,, and rationalised asymmetries whereas the values of

ot 3, "y ©aa, and k have been obtained from estimates of 6 6;‘ B , 05, and
AEex employing a simple optimisation procedure according to the relationships
presented in the previous section and carried out in Microsoft Excel ™ worksheets.

Table 7. Estimates of parameters of Egs. (23) and (41) obtained by regression of experimental transition curves [22] of spin
crossover in [Fe(2-pic);]Clysolv (solv =MeOH, EfOH, allyl-OH, T, = AE®/AS°)

1000,, AE° Ty AE,, 65} 667 26 665
kJ /mol K kJ/mol kJ/mol kJ/mol kJ /mol kJ/mol

The model of binary interactions
1 MeOH 133 88 15294+03 0.29+0.04 0 0 0 0

The model of ternary interactions

2 MeOH 1.12 8.8 152.1+0.3 0.310+£0.04 0.19+0.05 —0.19 0 0
3 EtOH 2.14 614 1153+£02 —-032+£0.01 —1.65+£0.05 —2.28 +£0.01 0 0
4 AllyI-OH 197 6.14 116.7+£0.5 —-0.89+0.04 —047£0.12 —2.22+£0.06 0 0

The model of quaternary interactions

5 EtOH 204 614 1156+£03 —030£0.03 —1.61 £0.29 —2.36+0.01 —0.007 £0.038 0.012 £ 0.004
6 Allyl-OH 1.69 6.14 117.0£0.7 —0.09£0.13 —4.09 £0.45 —0.02+0.34 0.55+0.06 —0.239 +0.026
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A smooth curve of nearly gradual transition in the MeOH derivative cannot
yield a large number of non-ideality parameters: it is practically adequately
(1000, = 1.32, Table 7) described by the model of binary interactions with small
positive excess energy AE,, = +0.29 + 0.04 kJ /mol. This parameter can arise from
a number of combinations of microscopic parameters, e.g. zero or compensated «,
B, and 7 along with zero or non-zero x. For example it can be assumed that
waa — ppp=—1.967kJ/mol whereas @,p follows the Berthelot rule (k=0),
many-body interactions being zero. Another possibility is that ws4 — g =0 but
HS-LS pairs are destabilised (x =—0.031). Only a slightly better description is
obtained within the model of ternary interactions using regularisation bounds:

68 = —6F (second row in Table 7, Fig. 11A). These estimates can be explained
as arising from destabilisation of HS—LS pairs (x =—0.0032) and considerable
anti-compensated primary effects o = —0.2, o® =40.2 at zero difference of bin-

ary potentials (@s4 — wpp=0).
The curve of the EfOH solvate has been adequately described within the model

of ternary interactions. Employing a fixed value of the enthalpy of transition
AE®=6.14kJ /mol (calorimetric data [24]) well defined estimates of AE,,, &1,
and 6% have been obtained (row 3 in Table 7; Fig. 10B). These estlmates can be
represented as arising from positive anti-compensated o* =0.046, o = —0.046,
stabilisation of HS-LS pairs (x = +0.029), and considerable difference of AA and
BB potentials (a4 — ppg = —3.51kJ/mol). The contribution of ternary interac-
tions thus amounts to ca. a=0.04 of the contribution of binary interactions. This
is in the agreement with the established views on the relative role of binary and
many-body molecular interactions [25]. A slightly better descrlptlon can be ob-
tained within the model of quaternary interactions (non-zero 6 B) , Table 7, row 5).
Estimates of AE,,, 6‘14, and 63 are not much different from those obtained with
zero 0, AB) . Corresponding o* are smaller than in the model of ternary interactions
whereas negative Ay are larger (o = +0.036, o® = —0.036; 3* = —0.0003, 5% =
+0.0003; £k =0.0378; paa — wpp =—5.234).

The curve of the allyl alcohol solvate can be described employing models of
ternary and quaternary interactions (rows 4 and 6 in Table 7). In the absence of
calorimetric data on this compound it was assumed that AE° =6.14kJ/mol as in
the case of ErOH solvate. Within the model of ternary interactions (Table 7, row 4,
Fig. 10C) obtained estimates correspond to the stabilisation of HS-LS pairs and
small negative difference of binary potentials (aA = +0.13, o® = —0.13, k = +0.023,
waa — ppp= —0.86kJ /mol). The model of quaternary interactions yields a slightly
better accuracy (row 6 of Table 7) and estimates that imply a destabilisation of
HS-LS pairs and a large difference of AA and BB potentials (a” =—0.1,
of =40.1; g4 = —0.0037, 5% = +0.0037; k = —0.045; Ysp — wip = —7.2kJ/mol).
Microscopic interpretations of estimates obtained in the models of ternary and
quaternary interactions are thus different; however errors of regression are too
close for a reliable decision concerning the most probable model. According to
Occam’s principle the model of ternary interactions is preferable.

Indeed the model of ternary interactions seems to be the most versatile: it
describes the whole set of analysed data. Estimates of o* obtained within this
model regularly increase in the series of MeOH, ErOH, and allyl alcohol sol-
vates. The stabilisation of HS-LS pairs (x) and the difference of AA and BB
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potential vary unsystematically however within a feasible range. Probably the
choice of the fixed value of the enthalpy of transition for the allyl-OH solvate
was not correct.

Comparison with the Formalism Based on Landau Theory

Landau theory allows one to derive phenomenological formalisms describing pro-
cesses involving phase transitions without having recourse to molecular models.
Being applied to the solid-state spin crossover this theory yielded [13] an expression
for free energy similar but not identical to that of the model of ternary interactions
[15]. The model based on Landau theory predicts the general features of experi-
mental two-step transition curves — however it fails to produce a quantitative param-
eterisation of experimental data whereas the essentially microscopic model of
ternary interactions [15] provides for an adequate description yielding well-defined
estimates of parameters. It is therefore of interest to compare these two formalisms.

The models employ different variables: the model of many-body interactions
uses the composition (x,) and the degree of order (s) whereas the model based on
Landau theory employs order parameters x and y connected with the composition
and the degree of order as:

Nys — Nis 1
xX=——"=xp—x4a=1—2x4, hence: x4=5(1—x 43
Nus+Nps 204 A a=al=x)  (#3)
N — NB
Y Nps + Nis B4R = (44)

The free energy of the model of ternary interactions (Eq. (23)) can be written
(omitting for simplicity the mixing entropy) as:

F=Ag+Axs+ Azoxf\ + A3xf‘ + Azzszxi — A3s2x134 (45)
in which:
Ao = Fhpps, Al = —68% + Dy + D — AF°, (46)
Az = —68" + 126% — Dy — Da, Az = 68" + Ds + Dg, A3 = 65" — 66°
By substituting x4 and s according to Eqgs. (43) and (44) one obtains:
F = ap + ax + aox® + azx® + Boy* + daiy’x (47)
in which:
o =Ag+3A1 + 1A% +5A3, o = —SA — 1Ay — 343, an =1Ay +3A;, (48)

a3 = =LAz, B =An —1A3, M =143

Expressing coefficients A;; in terms of 6’?(3)

a0 = Fapps +3(Da+Dp) —IAF? —3(81 +67), oy =3(8) — 67) +1AF°
o =3(6) +67) —L(Dg+Da), az=-3(65 —&7) (49)
By =Da+Dp+3(6 +67), do1=3(6) — &)

and D, g, according to Eq. (46) yields:
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Rationalised asymmetries (and hence the coefficients in Eq. (47)) can be repre-
sented via many-centre effects and molecular potentials as described earlier, i.e.
interpreted microscopically. Compared to the free energy derived from Landau
theory [13]:

F = ap + axx” + aux® + By + Bay* + Aaiy’x + Apoy™x? (50)

Equation (47) additionally contains linear and cubic terms in x but lacks the fourth-
order terms in x and y as well as the bi-quadratic coupling term Ayy*x”.

Higher order terms can be introduced by considering higher order molecular
interactions. For example the model of quaternary interactions (Eq. (41)) yields:

F = ap 4 a1x + aox® + asx’ + aux* + 52)’2 + 34)’4 + /\21y2x (51)

in which:
00 = Fy+ {Da +Dp) ~3AFO (6 +6F) —3(e1 + ¢8)  (52)

o =36 = &) +5(8 = &) +AF° (53)

ar =3(6) + 67) + (& + 65) — XDa + Dp) (54)

oy = 35 — %) ~1(5% — %) (55)

oy = —3(8 + &) (56)

Br = +3(8) +67) +7(85 + &3) + Ds + Dg (57)

By = 8(85 + 65) +39(64 + 65) (58)

Aot =3(8) = 67) +15(85 — 83) (59)

Taking into account quaternary interactions thus gives rise to the fourth-order
term in x. However it does not yield the bi-quadratic coupling term. An actual
microscopic model of molecular interactions thus defines the rules of introducing
new terms into a polynomial expansion of free energy.

The bi-quadratic coupling term appears when 5-centre interactions are taken
into account. When free energy (Eq. (42)) is written employing variables x and y, it
contains all terms present in the formal expansion of the model based on Landau
theory [13] as well as additional terms with odd powers of x including two higher-
order coupling terms:

F=oay+ax+ a2x2 + a3x3 + a4x4 + a5x5 + ﬁzyz + ﬂ4y4
+ Aa1y?x + Aoy 4 Azoy?x + Agytx (60)
in which:

0 = Fi + §(Da + Dp) = 3AF" = 3(8) + 67) —3(8 + &) = 45(85 +85) (61)

on =3(67 — 67) +3(8) — ) + (&5 — 65) +3AF° (62)
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=3(87 +67) + (8 + &) + §(65 + 85) — 3(Da + Dp) (63)
s = —§(6} — o) 364 - ) - (4 - %) (64
u = —H(6} + ) (6! + &) 65

as = —(8 — 85) (66)

Bo=3(67 4+ 67) +7(65 +65) +15(65 + 65) +3(85 +65) + Da+Dp  (67)

By = 8(85 + 65) +39(64 + 65) (68)

Nor = 3(6 — 68) +15(64 — 88) + 1581 — %) (69)
A =18(85 + 6%) (70)

Aoy = —=3(83 = &) (71)

A = 9(64 — %) (12)

This means that increasing the number of terms reflects taking into account
higher order interactions. However new terms appear in a certain order defined by
the actual model of interactions.

Odd power terms that distinguish the microscopic model developed above
are vital for adequate description of ‘difficult’ two-step spin crossover transi-
tion curves [19], such as that of [Fe(2-pic);]Cl,EfOH, Fig. 10B. Odd power
terms disappear when uneven rationalised asymmetries are pair-wise equal
&4 = 8B, According to Egs. (17)—(19) and (31) this is only possible when .z =
%(goAA + ¢gg), i.e. in a very special case in which contributions from binary inter-
actions are compensated: both the excess energy and asymmetries arise from
ternary interactions:

& =6 = (o — o) (pan — v8p) (73)

Dg + Da = —6(c — af)(oan — 55) = —66, " (74)

Negatlve excess energy in this case is coupled to small positive 6 (z e.
negative A AB ), which excludes the possibility of a two-step spin crossover. Micro-
scopic 1nterpretat10n of the formal expansion of free energy thus shows the impor-
tance of the odd-power terms.

Employing the order parameters x and y as main variables provides for certain
mathematical simplicity: all coefficients of expansion are functions of differences
and sums of rationalised asymmetries (see Egs. (51)—(59) and (60)—(72)). However
these variables are not independent and although the derivation of equations is
more complicated when using x4 and s, the formulation of the condition of the
minimum of free energy is considerably simplified for these independent and phy-
sically transparent variables.
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Conclusions

In this paper we have extended the earlier developed formalism describing non-
ideality in binary molecular mixtures on the basis of the model of pseudo-
independent molecules experiencing the effects from molecules in their nearest
surrounding to systems with ordering and 5-centre molecular interactions.

Free energy of a molecule in this model is split into a quintet characterised by
main splittings (D4, Dg) and asymmetries (A?(B), AQ(B), and (Ag‘(B)). The expression
for free energy contains terms up to the 5-th order in the composition (x4) and 4-th
order in the degree of order. This formalism is simplified in the cases of regular
multiplets. Equidistant multiplets correspond to the model of binary interactions
whereas multiplets with linearly varying splittings yield equations identical with
those of the earlier developed model of ternary interactions. The models of quater-
nary and 5-centre interactions were obtained as special cases of splittings varying
according to the polynomials of second and third order. These cases can be con-
sidered as representing different distributions of the density of states: higher order
interactions correspond to progressively uneven distributions.

A new set of parameters (rationalised asymmetries of splittings 6) has been
introduced that provided for the separation of the effects of interactions of different
orders. These parameters have been microscopically interpreted employing a sim-
ple physical model representing ternary interactions as effects of the third molecule
on a binary interaction; quaternary interactions were considered as effects of the
fourth (external) molecule on a ternary interaction and so forth. This allowed us to
represent free energy in terms of binary molecular potentials and relative efficien-
cies (o, (3, and ) of ternary, quaternary, and 5-centre interactions. By employing
certain regularisation bounds, workable formalisms have been developed providing
for regressional analysis of experimental data.

Simulations have shown that the reduction of a chosen model to that of the lower
order of interactions can be achieved at either zero (=0, 3 =0, v =0) or compen-
sated (o = o, 3% = 8%, v* =~P) effects. It was found that higher order interactions
directly contribute to terms formally arising from lower-order interactions. Both com-
pensated and non-compensated coefficients 5 and  considerably affect the terms
arising from ternary interactions. At the same time higher order terms arising from
non-compensated (3 and -y are not very large and although they change to some extent
the shape of transition curve they do not change its nature. This fact explains the
general applicability of the model of ternary interactions in the description of two-step
transition curves. It was also found that many-centre interactions affect the excess
energy (earlier considered as reflecting the contribution of binary interactions alone).
Many-body interactions contribute several percent of the energy of binary interactions.
They strongly affect, however, the shape of the transition curves of spin crossover.

The developed formalism has been compared to that based on the Landau theory
[11]. Landau theory considers ordering as a structural transition whereas spin-cross-
over in systems without ordering can be treated as an iso-structural transition. In our
model the degree of order (s) is considered as a thermodynamic coordinate that
indeed may have two values at a given temperature indicative of a phase transition.
Furthermore, odd and even centres in the considered case of a diamond lattice form
sublattices of a symmetry different from the initial one (hexagonal and diamond
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lattices, respectively). Being preferentially filled by HS and LS molecules due to the
strong hetero-molecular interaction these sublattices form a new crystal structure.

When expressed via the same variables these two formalisms yield similar, but
not identical, expansions of free energy in powers of order parameters (x =1 — 2x,
and y =sx, used in Ref. [13]). The model described in the present paper yields
even- and odd-power terms in x, the latter being avoided in the model based on
Landau theory. According to microscopic interpretation, odd-power terms can
indeed be zero (at cpAB:goAA—i—%chB). However in such a case negative excess
energies are coupled with negative asymmetries making the two-step spin cross-
over impossible. The odd-power terms are vital for obtaining adequate descrip-
tions of a number of two-step transition curves.

Methods

Experimental data on spin crossover have been read from graphs in PDF files of
published papers available on the Internet. Theoretical transition curves have been
simulated by solving systems of equations derived from the condition of the mini-
mum of free energy (OF /0x4 = 0 and OF /Os = 0, see Refs. [15-17]). Non-linear
regression has been performed employing a multipurpose regression program sup-
plied with the monograph [26].

Appendices

Primary Effects in Square-Planar Molecular Environment
In this configuration one has to distinguish cis- and trans-effects also taking into account different
probabilities of some molecular arrangements (Table A1). Irrespective of the actual magnitudes of cis-
and trans-effects, finite differences of the first order are identical, i.e. differences of second and higher
orders are zero.

Furthermore the ratio of cis- and trans-contributions is identical for all configurations (2:1,
Table Al) allowing one to employ EZ as a single effective parameter similarly to that employed for
the tetrahedral environment.

Five-Centre Interactions in the Tetrahedral Environment
The cubic variation of splittings:

1O =P 4 i - 16 + (- 1767 + (i - 1)°6" (A1)

1

leads to the following asymmetries:

AN = —1081® 106" — 408} +4i(6]® — 28] 1+ 35,")) 42 ()7 —36,")) + 425"

(A2)
ie.
AN = 66! — 146, — 366, (A3)
AP = 261 106" — 326,® (A4)
ALE) — 2508 4 oshB) _ 4548) (AS)

(B)

The free energy (Eq. (8)) expressed in terms of (5? contains a term proportional to xj hence a

contribution from 5-th order interactions:
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F=xaFyp + (1= 32) Figgp + (1= 57) (14357 (+683 — 687}

— 864 — 48657 — 858 — 1868

+ | s*(+366%) x5+ (
s*(4+865 44884 + 865 +306%)
—66) — 2285 — 7284 4 1268 +2065 + 4268 — Dy — Dy
(4687 +2284 +7284 — 865 — 3085 + Da + Dg) s>

+ (— 668 — 1465 — 3685 + Da + Dp)x

+%NkT[u1 Inuy + (1 —u)In(1 —uy) +ualnuy + (1 —uz) In (1 — uy)]

2
XA

+65) +308 + 11465 — 667 + 265 + 1868 ;
X
(— 681 —3064 — 11462 + 668 + 3055 +786%)s2 )™

1307

(A6)
Table Al. Primary effects in a square-planar molecular environment
.
8 0 0 0 4 0 0 0
A
Ejaan = 4oaat
4 2 2 0 2 1 1 0
Ejaap = 30aa + oan+
2x4/6 2x4/6 2x4/6 2x4/6 0 2x4/6 2x4/6 0
x4/6
0 4x2/6 4x2/6 0 2x2/6 0 0 2x2/6
x2/6
EQABB:Z@AA+2@AB+ 4/3 8/3 8/3 4/3 2/3 4/3 4/3 2/3
0 2 2 4 0 1 1 2
Elggp = Pan + 30ap+
0 0 0 8 0 0 0 4
Efyppy = 4oap+
I =Ef g — Eduus = 0a — oant  —4 +2 +2 0 -2 +1 +1 0
A _ A A
J5 = Efups — Ehunp = Pas —oaa+ —8/3  +2/3  4+2/3  +4/3  —-4/3  +1/3  +1/3 +2/3
J3 = Ejgpp — Ejapp = 0as — pant  —4/3  =2/3  =2/3  48/3 -2/3 -1/3 -1/3 +4/3
J} = Ejpgp — EAgpg = PaB — Paat 0 -2 -2 +4 0 -1 -1 +2
d =J - = +4/3  —4/3  —4/3  +4/3 4+2/3 -2/3 -2/3 42/3
d, =J8 -3 = +4/3 —4/3  —4/3  +4/3 +2/3 -=2/3 -2/3 42/3
dly=J} —J4 = +4/3 —4/3 —4/3  +4/3 42/3 -2/3 -=2/3 +2/3
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Table A2. Numbers of the 5-centre effects E:;U(k)) contributing to the energy of a molecule (A) in a
tetrahedral environment

Configuration  £AA() AU AGE)  AAG)  ABW)  ABW)  ABE)  AGE)
A(AAAA) 108 0 0 0 0 0 0 0
A(AAAB) 24 12 18 0 18 9 0 0
A(AABB) 2 4 8 4 8 16 8 4
A(ABBB) 0 0 0 0 0 9 6 12
A(BBBB) 0 0 0 0 0 0 0 0

B(A(A B(A(A) B(A(B) B(A(B B(B(A B(B(A B(B(B B(B(B

SUW) W) BA®)  BAEG)  BBM)  BBW)  BEE)  BEE)
A(AAAA) 0 0 0 0 0 0 0 0
A(AAAB) 12 6 9 0 0 0 0 0
A(AABB) 4 8 16 8 4 8 4 2
A(ABBB) 0 0 9 18 0 18 12 24
A(BBBB) 0 0 0 0 0 0 0 108

This form has an advantage that the lower-order parameters (6;) do not enter higher-order terms;
zero value of 63 then means zero contribution from fifth order interactions. In order to get zero
contribution of quaternary interactions both ¢; and 6, must be zero, which is reasonable because it
is difficult to imagine a situation when interactions of the 5-th order exist but quaternary interactions
are absent. The physical model of interactions leading to the variation of J; according to Eq. (Al)

corresponds to the introduction of 5-centre interactions as ternary effects Eg}(l(k)) :

DD ILADH W ILAED I I (A7)

KA PraTa ik T

Ternary effects can be considered as fractions () of secondary effects:
m(l(k m
Eij(( ) — A )B(l)a(k)% (A8)

There are 108 such effects per tetrahedron belonging to 16 types (Table A2). Computations
according to this matrix show that non-zero finite differences of third order appear when:

oA tal, PR A A (A9)

Regularisation bounds used above can be employed in order to diminish the number of variable
parameters:

ot = —af, B =-p", Y= (A10)
All energies in two quintets (A and B) can thus be defined using 6 parameters: ©a4, V55, ot g,
~*, and . Furthermore it can be assumed (as an upper limit of the efficiency of higher order effects)
that g4 = %O{A and v} = %BA. Non-ideality parameters arising from compensated ternary effects
(=7t =18 at p* =10t B8 = -, of = —aP) do not considerably differ from similar para-
meters obtained with v* = +# = 0. The introduction of non-compensated ternary effects v* = 1 3" at
pr =1o® and of = —a?, B8 = —p*, % = —~" brings about some changes into non-ideality para-
meters; they do not, however, change the type of the expected transition.

The Free Energy of a Binary Mixture in a Simple Cubic Lattice
Similar to the case of the tetrahedral environment, the free energy of a binary mixture of mole-
cules having an octahedral environment can be derived as a function of composition (x,) and degree
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of order (s):

F =+F} + (Fy, = Fp +Da+Dp + 6J7 — Dp)xa + [As + Bag + (B — A2)s”|x;
+ [A3 + B3o + (Bx2 — A3)s°|x} + [A4 + Bao + Bios® + (Bas — Ag)s’ | x}
+ [As + Bso + (Bsy + 245)s> + (Bss — As)s*|x) + [A6 + Beo + (B2 + 54¢)s”
+ (Boa — 5A6)s"* + (Bos — A6)s°|x§ + (A7 + B7)(1 — s7)(1 + 105> + 55*)x}
+ 3 NKkT[uy Inuy + (1 —wy) In (1 —uy) +uzInuy + (1 — w2) In (1 — uy)] (A11)

in which u; = (1 4+ s)x4, ur = (1 — s)x4 and:

Ay = —2J8 1478 — 1105 +9J4 — 6J2 + D,
Ag = 6J7 +30J4 — 3074 +30J4 — 6D,
As = —15J¢ — 1575 — 3075 + 30J4 — 60J% + 15D,
Ayq = 2071 + 2075 + 2075 + 60J2 — 20D,
Az = —15J) — 1575 — 1575 — 1574 — 3072 + 15D,
Ay = 6]} +6J5 + 6J5 + 6J; + 6J4 — 6D,
B; = —Dg+2J} —4J% + 1172 —9JF + 6J¢
Beo = D — 8J% +28J% — 47J% + 3372 — 12J%
Bey = 15D — 60J% + 180J% — 345J% + 255J% — 1207
Bes = 15D — 60J% + 1575 + 1575 — 60J%
Bes = Dp + 4J% — 20J% + 2575 — 15J% (A12)
Bsy = 21J7 — 69J5 + 81J5 — 395 + 6J¢
Bsy = 90J7 — 33075 + 450J% — 270J7 + 60J%
Bsy = —15J7 + 1575 + 4575 — 7575 + 3072
By = —35J7 + 85J5 — 65J% + 1575
By = —90J% + 27078 — 270J% 4 90J%
By = 5J7 + 518 — 2575 + 15J%
By = 35J% — 5575 + 200%
B3, = 45J7 — 10575 + 6075
Byy = —21J} + 15J5 + Dg — Dy
By = —9J% +15J% — Dy + Dg
When all asymmetries are zero, i.e. when J’l“ = J? = Jg‘ = Jff = J’S“ = Jg‘ = J;‘ this equation is
reduced to that of the model of binary interactions:
F=—(Ds+ Dp)(1 — §°)x; + (Fy — Fj + Dp +Dp)xs + Fp,
+ NKT [y Inuy + (1 —wy) In(1 — uy) + up Inuz + (1 — uz) In(1 — )] (A13)
In the case of a regular septet with linearly varying splittings (Fig. A1) employing the relationships

between J-s given by Eq. (A14) it is possible to transform Eq. (A11) into the form equivalent to that of
the model of ternary interactions (Eq. (A15)).

JE=Tt+ (- 1)
6

6
Dy=> Jt=6J} —61‘<6+Zi> = 6J1 + 156,
1

1
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Fig. Al. Transformation of an equidistant septet into the septet with linearly varying splittings

A =6J4 — Dy = (6i —21)8}

J?I%‘%‘S?’ Ad = 1588

ng%—gaq‘, Af = —95%

JA :%,%5?; Al = -36) (A14)
Jf:%Jr%&?; A =36

JQ:%JF;S{*; A} =98]

y :%Jrg(s;\; Ab = 1580

158¢ — 1569 3 —156¢ + 1569 — (—156% + Da + D) 5
= X X
—s2(1561 —156%) )74 \ 2 (+1568} + 1568 + (—156F + Dy + Dp)) )

+ (—155{9 +Dp+Da+Fy — Fgﬁ)xA +Fp,
+ NKT [y Inuy + (1 —wy) In(1 — wy) + up Inuz + (1 — uz) In(1 — uy)] (A15)

Similar to the case of a diamond lattice it is possible to transform Eq. (A11) into an equation with
contributions from binary, ternary, and quaternary interactions by supposing that splittings in a septet
vary according to polynomials of second order. Septets with splittings varying according to the third
order polynomial yield the model of 5-centre interactions and so forth.

This shows that irrespective of the number of nearest neighbours taken into account, the
behaviour of a system can be described by the model of ternary interactions under the condition
that splittings are linearly related. This type of variation corresponds to taking into account
primary effects of molecules on binary interactions. In octahedral configurations one has to
distinguish cis- and trans-effects (Table A3). However the ratio of contributions of cis- and
trans-effects into the splittings of energy levels is constant (see Table A4) allowing one to
employ a single effective parameter. Table A4 shows that taking into account primary effects
leads to constant finite differences of the first order and hence to a septet with linearly varying
splittings.
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Table A3. Primary effects in octahedral environments
S N
} 24 0 0 0 6 0 0 0
} 16 4 4 0 4 1 1 0
10 6 6 2 2 2 2
x12/15
8 8 8 0 4 0 0 2
x3/15
® 6 6 6 6 0 3 3 0
x8/20
o
4 8 8 4 2 1 1 2
x12/20
2 6 6 10 0 2 2 2
x12/15
0 8 8 8 2 0 0 4
x3/15
} 0 4 4 16 0 1 1 4
% 0 0 0 24 0 0 0 6
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Table A4. Splittings of energy levels computed for octahedral surroundings in terms of binary potentials (¢;;) and

primary effects 55.‘].

D R
Efypass = 6pan+ 24 0 0 0 6 0 0 0
Efspanp = 59aa + ap+ 16 4 4 0 4 1 1 0
E,?AAABB = 4paa + 2pap+ 48/5 32/5 32/5 8/5 12/5 8/5 8/5 2/5
€1§AABBB = 3paa + 3pap+ 24/5 36/5 36/5 24/5 6/5 9/5 9/5 6/5
E g = 2¢0a4 + 4oap+ 8/5 32/5 32/5 48/5 2/5 8/5 8/5 12/5
E\sgpsp = Paa + Spas+ 0 4 4 16 0 1 1 4
Eggppss = 6pan+ 0 0 0 24 0 0 0 6
J f = EﬁAAAAB - EﬁAAAAA = aB — PaaTt -8 +4 +4 0 -2 +1 +1 0

JA=EA s — Elos = 0ap — oant —32/5 +12/5 +12/5 +8/5 —8/5 +3/5 +3/5 +2/5
T4 = Edimes — Eroaass = Pap — paat  —24/5  +4/5  +4/5 +16/5  —6/5 +1/5 +1/5 +4/5
J3 = Ejagpps — EAaapss = $a8 — paa+  —16/5  —4/5  —4/5 +24/5  —4/5 —1/5 —1/5 +6/5
J§ = Ejgppsp — Eangsps = Pas —paat  —8/5 —12/5 —12/5 +32/5  -2/5 -3/5 -3/5 +8/5

Jo = Egpgaps — EApsps = ¥a5 — ant 0 —4 —4 +8 0 -1 -1 +2

dy =J5 = = +8/5  -8/5 -8/5 48/5 +2/5 -2/5 -2/5 +2/5

dy, =J3 —J} = +8/5 —8/5 -8/5 +8/5 +2/5 -2/5 -2/5 +42/5

dy=J} —J4 = +8/5 —8/5 —8/5 +8/5 +2/5 -2/5 -2/5 +2/5

dy, =J§ —J} = +8/5 —8/5 —8/5 48/5 +2/5 -2/5 -2/5 +2/5

dis =J4 —Ji = +8/5 —-8/5 —8/5 +8/5 +2/5 -2/5 -2/5 +2/5
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