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Abstract Thermodynamic studies are necessary to
understand the mechanism of such an interesting phe-
nomenon as spin crossover in complex compounds. A
number of reviews have already covered spin crossover in
mononuclear complexes, so the suggested review considers
in more detail the problems of obtaining thermodynamic
data for polynuclear complex compounds of iron (II) with
4-substituted 1,2,4-triazole derivatives. The composition of
trinuclear and polynuclear complexes of iron (II) with
1,2.4-triazoles was studied in terms of its effect on
Cy(T) dependence; magnetochemical and thermodynamic
data are also confronted with each other.
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List of Abbreviations and Symbols

acpa Hacpa = N-(1-acetil-isopropylidene)
(2-pyridylmethyl) amine

bpy 2,2'-Bipyridine

bpym 2,2’-Bipyrimidine

bt 2,2'-Bi-2-thiazoline

btr 4,4'-bis(1,2,4-triazole)

bts 2,2'-Bi(5-methyl thiazoline)

depe 1,2-Bis(diethylphosphino)ethane

3EtO-salenAPA  3EtO-salenAPA is the Schiff base
condensed from 1 mol of
3-ethoxysalicylaldehyde with 1 mol

of N-aminopropylaziridine
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Htrz 1,2,4-Triazole

NH,trz 4-Amino-1,2,4-triazole

phen 1,10-Phenanthroline

phy 1,10-Phenanthroline-2-carbaldehyde
phenylhydrazone

2-pic 2-Aminomethylpyridine or
2-picolylamine

prrz 4-Propyl-1,2,4-triazole

py Pyridine

pytrz 4-(pyridyl-2)-1,2,4-triazole

Clthsa Chlorinated thiosemicarbazone
salicylaldehyde of iron(III)

AVC Adiabatic vacuum calorimeter

DSC Differential scanning calorimeter

SCO Spin crossover

HS High-spin state

LS Low-spin state

Introduction

Spin transition (spin crossover, SCO) in metal complexes
of the first transition series with d*—d’ configuration in the
octahedral ligand field is among the most interesting phe-
nomena in coordination chemistry. A reversible transition
from a low-spin (LS) state to a high-spin (HS) state can be
due to the effect of temperature, pressure, or light of a
certain wavelength. “Bistable” complexes are of particular
interest for molecular electronics [1, 2]. Spin transition is
observed when a certain ratio is reached between splitting
parameters for low (4ys) and high (4ys) spin forms of the
complex and the spin coupling energy. Thus, SCO is
possible only at an appropriate value of ligand field
strength. Most frequently, spin transitions due to the
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change of external conditions could be observed for the
complexes of iron (II) and iron (III) with nitrogen-con-
taining ligands and FeNg coordination core. SCO has been
a subject of much research (e.g., see reviews [3—11] and a
monograph [12]).

Transformations associated with spin multiplicity
change are evaluated by such factors as abruptness of SCO,
hysteresis observed in p.(7) curves, the completeness of
transition. The presence of water molecules in the structure
of complexes is also of essential importance [13]. Dehy-
dration usually results in 7, change which can be rather
substantial to reach dozens degrees, T, increasing or
decreasing [13, 14].

Abruptness, or the slope of p.p(T) curve, is the major
property of SCO. There are two extreme cases of an abrupt
SCO within a narrow temperature range (about several
degrees) and a gradual transition within a wide temperature
range (up to hundred degrees and more). An abrupt tran-
sition, unlike a gradual one, is associated with temperature
hysteresis in pe(7) curve and thermodynamic properties of
first-order phase transition. The latter case has two transi-
tion temperatures, 7.7 on heating and 7| on cooling, the
width of a hysteresis loop being AT = T, — T.|. The SCO
temperature is defined either as inflection points in
Uere(T) curve or as point of equal contributions from a high-
spin aps and a low-spin og g states.

A transition is considered to be complete when ag — 0
and op g — 1 at low temperatures, and o; s — 0 and oys —
1 at high temperatures.

Abrupt transitions with hysteresis in pe¢r (7) curves are
associated with strong cooperative interactions between
SCO-centers in the solids. Such interactions in mononu-
clear compounds could be caused either by a branched
system of hydrogen bonds or by n—r stacking. Cooperative
interactions in multinuclear complexes are caused by
ligand coordination in a bidentate bridging manner which
makes it possible to synthesize compounds with structures
of various dimensions. Some compounds, such as com-
plexes of iron (II) with 1,2,4-triazoles and tetrazoles, SCO
is accompanied by thermochromism which is a change of
color reversible on heating and cooling. The fact is of
scientific and practical interest in itself [15]. The com-
plexes can be used to construct displays and memory
systems [2].

SCO complexes demonstrate the phenomenon of light-
induced excited spin state trapping (LIESST) [16-18]
which means that the transition to the long-life high-spin
state takes place at temperatures much lower than ther-
moinduced SCO temperature. LIESST is induced by
exposure to 540-550 nm wavelength light corresponding
to 'A; > T, d-d transition. The reverse transition takes
place at heating or exposing to ~ 850 nm wavelength light
that corresponds to °T, — °E transition. Thus, the SCO
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complexes could be used as thermal and optical sensors
[19, 20].

Spin transition complexes are studied with various
techniques such as static magnetic susceptibility, X-ray
phase and structural analyses, and spectroscopic methods
(electronic, IR, Moessbauer, and EXAFS). Thermody-
namic studies are much rarer though they are vital for
model making and verification and are contributive to
understanding the nature of the phenomenon.

Thermodynamic studies of SCO complexes imply the
use of adiabatic vacuum calorimeters (AVC) or differential
scanning calorimeters (DSC). The first technique is more
preferable since it allows one to measure C,(T) dependence
over the temperature range from 5 K to 300-360 K, it
provides high accuracy thermodynamic parameters of the
transition and detailed description of heat capacity anom-
aly. However, the technique is rather complicated and
laborious and implies that a self-made device is used. A
differential scanning calorimeter, on the contrary, is a
shop-assembled device with a measurement technique
rather simple in operation. It is an express method to obtain
thermodynamic data as well. DSC makes possible mea-
surements at high temperatures (up to 1000 K) but the
lower limit is only 80 K. Both the heating and cooling
modes are possible which allows one to register hysteresis.
However, the accuracy of DSC measured heat quantities is
by an order lower than those measured by AVC. Moreover,
it is rather difficult to obtain a detailed description of heat
capacity anomaly using DSC.

Adiabatic vacuum calorimetry is a direct method to
judge the presence and the type of a phase transition. Heat
capacity, Cp, is usually measured at constant pressure. It is
defined as enthalpy change H needed to raise the temper-
ature of 1 mol of a substance by 1°. The enthalpy change
H and the entropy S are found as

H = /cpdT andS:/(Cp/T)dT.

From H and S obtain the estimation for Gibbs energy
G = H — TS. Heat capacity is a very important physical
quantity since all the three fundamental thermodynamic
quantities (H, §, and G) are found solely from C,
measurements.

Both the first-order and second-order phase transitions
are accompanied by heat effect. In solids the effect is
revealed as an anomaly of heat capacity near the transition
temperature. Enthalpy Ay H is found by integration of the
anomalous contribution of heat capacity AC, = C,
(total) — C, (regular) or from a special experiment. In both
cases, the inaccuracy of the regular (or lattice) contribution
of heat capacity can cause a considerable error in AC,
calculation. C, (regular) value in the vicinity of the
anomaly is determined by extrapolating to T\, those values
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of heat capacities which are far from the transition;
®p(T) dependences and calculations from IR spectra are
also used [21].

Here, we make an attempt to survey data published on
issues related to thermodynamic properties of spin transi-
tion complexes. The latter are mostly Fe(Il) and Fe(III)
complexes or compounds with iron ions partially replaced
by ions of some other metal. The first article on measuring
heat capacity of Fe(Il) complexes was published by Sorai
and Seki [22], Fe [III] complex was first studied by
Zelentsov et al. [23].

Mononuclear complexes
Iron (Il) complexes

All AVC thermodynamic studies of mononuclear com-
plexes of Fe(Il), Fe(Ill), and Cr(II) were carried out by
Sorai with colleagues. The results of the studies are pre-
sented in review [24]. SCO parameters for these complexes
are shown in Table 1 of this review.

First SCO studies by means of AVC technique were
carried out with such samples as [Fe(phen)A,], where
A =NCS™ or NCSe™ [21, 22]. Heat capacity C, was
measured from 13 to 375 K. The temperatures of maxima
of heat capacity anomalies (7},) were in a good agreement
with transition temperatures 7. obtained from magneto-
chemical measurements. The authors note that a transition

is associated with a change in metal-to-ligand distance in
the octahedral polyhedron: the distance for the low-spin
form is 0.2 A shorter than for the high-spin state. It was
first discovered that transition entropy AS obtained from
C, measurements substantially exceeds electronic entropy
A1S expected for the transition from the LS state singlet to
the HS-state quintet. The authors attribute the excess
entropy (above the contribution from multiplicity change)
to contribution from phonons, believing the transition to be
caused by the entropy change. The authors have also pro-
posed a domain SCO model for mononuclear complexes.
The substitution of thiocyanate ion by selenocyanate ion in
the structure of the complex such as [Fe(phen),A,] results
in significant change of the temperature and other SCO
parameters. Thus, the character of transition in the solid is
very sensitive to the variation of both chemical and phys-
ical factors.

References [24-27] deal with such complexes as
[Fe(2-pic);]Cl, (solv), where solv = C,HsOH, CH;OH,
H,O, and 2H,0. Heat capacities were measured with AVC
technique from 13 to 300 K. Interesting results were
obtained in the studies of a crystallization solvent effect on
the spin transition. Mossbauer spectroscopic investigation
allowed the authors to reveal temperature dependences of
the HS form contribution for the complexes with various
solvent molecules. SCO was more abrupt for ethanol and
became more gradual when ethanol was substituted by
methanol. The spin transition was observed at 295 K on

Table 1 Thermodynamic quantities associated with spin crossover phenomena [24]

Ion Compounds Tw/K AH/KJ mol ™! AS/T K™! ACp(normal)/  Spin entropy/
mol ™! JK 'mol™" JK' mol™

Fe?* [Fe(NCS),(phen),] 176.29 8.60 + 0.14 488 £ 0.7 187 R 1In (5/1) =13.38
S(LS) =0 [Fe(NCSe),(phen),] 231.26 11.60 £ 044 512 +23 450
S(HS) =2 [Fe(2-pic);]Cl, (solv)

solv = C,HsOH 114.04, 122.21  6.14 50.6 7.8

solv = CH;0H Around 150 8.88 59.5

solv = H,O 280 17.1 59.4
Fe’* [Fe(acpa),PFg Around 190 7.03 36.2 R In (6/2) = 9.13
S(LS) =12 [Fe(3MeO-salenEt),]PFq
S(HS) = 5/2  As-prepared sample 161.12, 162,02  5.89 36.6 29.9

Perturbed sample 161.17 4.94 31.1 214

Recrystallized sample 162.31 5.94 36.7 28.2

[Fe(3EtO-salenAPA),]Cl0, (solv)

solv = CgHg 187 7.08 + 0.35 348 £ 1.5

solv = CgH5Cl 188 6.34 36.1

solv = C¢H;sBr Around 165 7.99 40.4

solv = 0-CgH,Cl, Around 150 5.38 39.5
2t
SLS) =1 [Crl,(depe),] 171.45 6.69 + 0.03 39.5 £ 0.2 R 1In (5/3) = 4.25
S(HS) =2
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heating [Fe(2-pic);]Cl,-H,O complex, and at 204 K on
cooling, hysteresis loop thus reaching 94 K. The authors
related such strong hysteresis to the formation of meta-
stable LS and HS-states of the complex. The thermody-
namic studies revealed two distinctly pronounced
anomalies on the curve of Cy(T) dependence for ethanol
complex. Therefore, this is a kind of two-stage transition.
When methanol molecule is introduced, a smooth anomaly
appears on the C,(7) curve between 100 and 250 K, as
should be expected for gradual SCO. For a complex with a
single water molecule a narrow C,(T) anomaly is observed
with maximum at 280 K. Interestingly, no SCO is observed
when two water molecules are present in the complex.

Several mononuclear complexes of iron (II) were stud-
ied with DSC technique [28-34] (Table 2).

[Fe(bt)x(NCS),]

Temperatures on DSC curves are 7.7 = 181.9 K on heat-
ing and T,.| = 172.3 K on cooling. In order to calculate
AyS the transition temperature was taken as simple
average T, = (T.] + T.l)/2 = 175.95 K. The transition
enthalpy A,H was determined from the peak area on the
DSC curve. C,(T) dependence with an anomaly corre-
sponding to SCO was derived from the same curve. A heat
capacity jump AC, =45+ 8] K~' mol™" has been
observed at the transition temperature. “The first-order
character of the transition follows from the observation of
thermal hysteresis effects and the associated crystallografic
phase change.” [28].

In a later work Kulshreshtha et al. [29] reported
DSC heat capacity measurements for [Fe(bt),(NCS),],
[Fe(bt),(NCSe),], and [Fe(bts),(NCS),]. Strong anomalies
of C, were observed for the two-first complexes, maximum
anomalies registered at 183 and 223 K, respectively. The
authors refer to the spin transition to be the first-order
phase transition. The third complex shows a broad anomaly
in Cy(T) curve in the region of spin transition with maxi-
mum at 205 K.

[Fe(btr),(NCS),]-H,O

The complex exhibits a very sharp spin transition (80% of
the spin change occurs within 3 K) with a wide hysteresis
of 24K (T.] =121 K and 7.1 = 145K, 7.| and T.1
being the temperatures at which the HS fraction, nys, is
equal to 0.5 in the cooling mode and the heating mode,
respectively). The temperatures were obtained from mag-
netic measurements. Enthalpy and entropy of the transition
were calculated the same way as in the previous study.

X-ray structure analysis revealed a two-dimensional
network of the complex. It should be noted that
[Fe(btr),(NCS),]-H,O is the first two-dimensional com-
pound known to exhibit a spin transition [30, 31].

The highest entropy of spin transition was registered for
[Fe(phy),](BE,), [32].

Iron (I1l) and chromium (II) complexes

SCO is also observed for a number of octahedral Fe(III)
complexes with 3d° electronic configuration. Both LS
and HS forms are paramagnetic: Sp g = 1/2, Sys = 5/2.
Entropy contribution at the transition corresponding to the
multiplicity change is S = RIn6/2 = 9.13 J K~' mol™".
These complexes were studied mostly by Sorai et al. with
the use of an adiabatic vacuum calorimeter (Table 1).
However, the first measurement of C,, for complexes of
iron (III) was made by Zelentsov with colleagues [23].
AVC technique was used to study two compounds with
chloro substituted thiosemicarbazones of salicylic alde-
hyde: Algs3[Fe(5-Clthsa),] (I) and H[Fe(5-Clthsa),] (II).
At 210-230 K magnetic moment of these compounds
changes abruptly from 2.5 to 5.6 ug with no hysteresis
observed. However, the behavior of heat capacity is unu-
sual. A weak smooth peak of heat capacity (Tys = 228 K)
in the region of abrupt change of magnetic moment was
registered for compound I and a sharp peak with pro-
nounced fine structure for compound II (73 = 223.5;

Table 2 Thermodynamic quantities of mononuclear Fe(II) spin crossover compounds (DSC technique)

No. Compounds Ty/K AyH/KI mol ™! AysSHT K~ /mol ™! References
1 [Fe(bt),(NCS),] 180.9 9.55 £ 0.7 545 + 4 [28, 29]

2 [Fe(bt),(NCSe),] 223 - - [29]

3 [Fe(bts),(NCS),] 205 - - [29]

4 [Fe(btr), (NCS),]-H,O ~ 140 10.2 76.4 (30, 31]

5 [Fe(phy)](BFy), 282 242+ 1 86+ 5 [32]

6 [Fe(phy)>](ClO4), 244.6 157 £ 1 64 + 4 [32]

7 [Fe(bpy)(NCS),] 212 10.1 £ 0.5 48 + 4 [33]

8 [Fe(py),bpym(NCS),] - 0.25py 115 6.5+ 0.5 56 + 4 [34]

9 [Fe(py)phen(NCS),] - 0.5py 106 37405 3745 [34]
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225.5 and 226.3 K). Experimental AS values for the
compounds are almost equal and make 16-18 J K™!
mol ™.

The first calorimetric study of gradual SCO was carried
out for iron (III) complex Fe(acpa),]PFs [24, 27]. An
unusually wide C, anomaly was observed at 120-280 K.
A series of complexes such as [Fe(3EtO-salenAPA),]C10,
(SO]V) (SOIV = C6H6’ C6H5C1, C6H5Br, 0-C6H4C12) was
studied in [24, 27, 35]. There are four nitrogen atoms and
two oxygen atoms in the octahedral environment of iron
ions. Magnetic measurements demonstrated very gradual
SCO within a wide temperature range. Accordingly, very
wide anomalies of heat capacity were registered. Transi-
tion temperatures range from 150 to 190 K, A.S values
range from 35 to 40 J K~' mol™' for all these com-
pounds. A gradual SCO on cooling down to ~ 160 K is
also observed for [Fe(3MeO-salenEt),]|PFs with the same
coordination unit structure as in the compounds of
[Fe(3EtO-salenAPA),]CIO, (solv) series. The transition is
accompanied by black (HS form) < blue (LS form) color
change.

Grinding of a polycrystalline sample decreases the
abruptness of a transition and makes it incomplete. These
effects are mainly caused by crystal structure defects. The
effect of grinding on the transition character for this
complex was also studied with adiabatic vacuum calorim-
etry technique [24]. There is a sharp anomaly with two
maxima 77 = 161.12 K, T, = 162.07 K observed on the
Cy(T) curve for a freshly prepared sample of the com-
pound. After grinding, the anomaly with one maximum
becomes more diffuse (7w = 161.17 K). The type of C,
anomaly also changes if the sample is dissolved in meth-
anol and then dried up: it becomes less gradual, but no peak
splitting returns. The transition entropy value for both
initial and dried samples is 36.7 J K! mol_l, and 15%
lower for the ground one.

According to the studies, SCO depends considerably on
the size of grains and crystal defects.

Sorai [24] studied C,(T) dependence for chromium (II)
complex [Crly(depe),]. The coordination core in the octa-
hedral polyhedron of chromium ion consists of four
phosphorus atoms belonging to the ligands and two iodine
atoms. For the LS state, the spin quantum number § = 1
and for the HS-state S = 2. The magnetic measurements
demonstrated an abrupt SCO near 170 K. There is an
anomaly within a narrow temperature range on C,(T) curve
with maximum at 171.45 K. The total entropy for the
transition is 39.5 J K~! mol™' which is much higher than
the entropy caused by multiplicity change (RIn5/
3 =4257K " mol™"). The dominant contribution is the
phonon entropy change just as it is in the case of other
transitions.

Polynuclear iron (II) complexes

A series of polynuclear complexes FelL;A,-mH,O (A =
Cli, Brf, Ii, NO37, C1047, BF47, RCO47, SiFGSO427,
SiFs>~ etc.; n = 1, 2; m = 0-5) of various iron (II) salts
with 4-R-1,2.4-triazoles (R = H, NH,, etc.) was first syn-
thesized and studied in the Institute of Inorganic Chemistry
of SB RAS. Most of the complexes demonstrate an abrupt
'A, < T, spin transition accompanied by termochromism
(changing pink color (LS form) < white color (HS
form)[8]. In these compounds, 1,2,4-triazoles are coordi-
nated to Fe(I) through heterocyclic N (1), N (2) nitrogen
atoms to make a polymeric chain structure. Each two iron
atoms are bound through three bridge ligand molecules.
The coordination polyhedron represents a slightly distorted
octahedron with FeNg core. It was found that SCO
parameters (the transition completeness, sharpness, the
presence of hysteresis on the p.r(7) curves of the effective
magnetic moment temperature dependence, as well as the
temperatures values for direct (7.1) and reverse (7.])
transitions) substantially depend, among other factors, on
ligand and anion nature and also on the presence of solvent
molecules in the structure.

AVC technique was used to study thermodynamic
properties of some Fe(Il) complexes with 1,2,4-triazoles.
An adiabatic vacuum calorimeter with periodic introduc-
tion of heat was used to measure the isobaric heat capacity
C,, of the substances. The calorimetric ampoule was made
of nickel, the effective volume and weight of the ampoule
being 6 cm® and 22.4 g, respectively. The calorimeter was
calibrated at 5-350 K; the mean deviation of the experi-
mental heat capacities from the smoothed C,(7) curve was
0.1% with at 80-350 K and increased up to 0.5% below
20 K. Control measurements of the reference substance
(benzoic acid) demonstrated a good agreement with stan-
dard data. Heat capacity measurements for the complexes
were carried out using samples from 0.2 to 3 g in weight.

Table 3 shows the parameters of spin transitions for
studied iron (II) complexes with 1,2,4-triazoles.

Fe(NH,trz);(NO3), was the first compound to start
systematical studies of heat capacity of iron (II) polynu-
clear SCO complexes. The measurements were carried out
from 6 to 354 K [36, 37]. The C, anomaly with the max-
imum at 343.0 K corresponds to the spin transition and is
in good agreement with magnetic data [8]. Hysteresis in C,
behavior was observed on slow cooling of a ampoule with
the sample from 355 down to 330 K. A strong hysteresis
with AT, = 32 K was also found out during the measure-
ment of magnetic susceptibility which is presumably
associated with a first-order phase transition. The rise of
heat capacity at the temperature higher than 350 K indi-
cates the presence of another anomaly. This is qualitatively
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Table 3 Thermodynamic quantities of polynuclear and trinuclear Fe(I) spin crossover compounds with 1,2,4-triazoles (AVC technique)

No. Compound T /K AysH/KT mol ™! AusS/T K 'mol™! ref
Polynuclear complexes

1 Fe(NH,trz);(NO3), 343.0 £ 0.6 228 £ 0.4 66.5 £ 1 [36, 37]
2 Fe(NH,trz);Br, 330.7 £ 0.2 22.35 £ 0.30 67.6 £ 0.7 [38]
3 Fe(NH,trz)31, 270.8 £ 1 103 £ 0.5 384 +£2.0 [39]
4 Fe(NH,trz);SiFs-H,O 250.7 £ 0.2 11.43 £ 0.10 45.6 £ 04 [40]
5 Fe(NH,trz);(ReOy), 230.5 £ 0.5 7.30 £ 0.07 328 £0.3 [40]
6 Fe(NH,trz);(ClO4), 165 £+ 1 443 £ 0.05 30.0 £ 0.3 [38]
7 Fe(prtrz);Br,-4H,0 253.9 £+ 0.05 18.8 £ 0.2 739 £ 0.7 [44]
8 Fe(prtrz);(CF3S03),-5H,0 198.0 £ 0.5 11.2 £ 0.1 56.5 £ 0.5 [44]
9 Fe(Htrz);(BoH0)-H,O 2345 £ 0.5 10.1 £ 0.2 43.0 £ 0.8 [43]
10 Fe(Htrz)o 3(NHtrz), ;SiFs-H,O 262 £ 1 7.08 £ 0.35 273+ 14 [39]
Trinuclear complexes

11 [Fes(pytrz)s(H20)4](NO3)e6 ~235 32 15 [46]
12 [Fes(prtrz)s(ReO4)4(H20),](ReOy), ~190 25+£0.25 13.6 £ 14 [43]

supported by data of DSC studies. It should be also noted
that there is a small ill-reproduced anomaly on the low-
temperature slope (300-330 K) with maximum deviation
of 5-10% from the regular C,(T) contribution.

Heat capacity of Fe(NH,trz);Br, complex was measured
from 8 to 347 K [38]. The maximum C,, anomaly is close
to 7.t = 328 K found from magnetic measurements. The
width of hysteresis loop in pe(7) curve is 10 K.
C,(T) behavior within the anomaly region and transition
parameters for the complex is similar to those of
Fe(NH,trz)3;](NO3), (Table 3).

Heat capacity anomaly corresponding to 'A; < T, spin
transition in Fe(NH,trz)sl, [39] is observed from 230 to
295 K with maximum at Ty, = 270.8 K. The time to reach
thermal equilibrium in the experiments considerably (three
times) increases in the vicinity of the anomaly maximum. It
should be noted that there is a discontinuity of the regular
heat capacity contribution at the transition point Tiy:
C, ~60] mol~! K~'. The Debye temperature depen-
dence Op(7) far from the anomaly maximum was used to
determine the regular C, contribution in the region of
anomaly and the integration limits to calculate the transi-
tion enthalpy. There are experimental data indicating that
spin transition in Fe(NH,trz);1, is a first-order phase tran-
sition, namely: (a) increased time to reach thermal equi-
librium in the vicinity of T; (b) different character of
Op(T) dependence in the regions higher and lower than
Tys; (c) hysteresis phenomena when measuring C,(7) in the
anomaly region.

Co(T) for Fe(NH,trz);SiFs-H,O was measured from 80
to 337 K [40]. Magnetic measurements demonstrated an
abrupt SCO: T.T =255K, T.] =245K, AT. =10 K.
High magnetic moment for LS phase indicates that the
transition is not complete, i.e. some part of HS-phase is not

@ Springer

subject to transition as the temperature decreases. There are
also some indications of a first-order phase transition such
as a rather narrow temperature range in the anomaly region
and high C, values in the vicinity of the anomaly maxi-
mum. Moreover, the time to reach thermal equilibrium is
two to threefold longer at the points near the anomaly
maximum. There is one more heat capacity anomaly on
Cp(T) curve for Fe(NH,trz);SiFs-H,O with the maximum
at 323 K. Furthermore, there is also a singularity at this
temperature on the p.e(7) dependence curve. One may
assume that this anomaly is associated with a structural
change of octahedral SiFezf ion [41, 42].

The effect of substituting a part of (NH,trz) ligands by
(Htrz) was considered by example of Fe(Htrz)y;(NH,
trz), 7SiFg-H,O [39]. As compared to Fe(NH,trz)s;.
SiFg-H,0, the SCO temperature was 12 K higher, but the
transition became gradual. Heat capacity anomaly was
observed at 200-320 K. Transition entropy considerably
decreases, no indications of a first-order phase transition
are seen. In contrast to Fe(NH,trz);SiFg-H,O, only a small
deviation of heat capacity from the regular C,(T) curve was
observed in the vicinity of 320 K.

Heat capacity of Fe(NH,trz);(ReO,4), was studied from
80 to 323 K [40]. According to the results of p.(7) mea-
surements, spin transition occurs over a wide temperature
range (~ 100 K), 7.1 = 228 K, T.| = 223 K, the hyster-
esis loop width is AT, = 5 K. Thermodynamic data are
also in good agreement with magnetic measurements: C,
anomaly is gradual, SCO is registered over a wide tem-
perature range. Moreover, there are no indications of a
first-order phase transition (Fig. 1).

Temperature dependence of heat capacity for
Fe(NH,trz);(ClO,4), was measured from 58 to 331 K [38].
Magnetochemical data indicate a gradual SCO and no
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hysteresis of p.e(7). A-type anomaly of heat capacity
covers a wide temperature range from 80 to 200 K and thus
supports the conclusion about a gradual character of the
transition drawn from the data of magnetic measurements.

Thermodynamic properties of Fe(Htrz);B;0H;o-H,O
complex were investigated from 85 to 300 K [43]. The
A-type anomaly of heat capacity with maximum at 7, =
234.5 K takes place within a wide temperature range, from
170 to 260 K. Such pattern is typical of gradual SCO.
Meanwhile, HS-phase is subject to overcooling typical of
first-order phase transitions. According to magnetochemi-
cal data, T,7 = 246 K, T.| = 233 K for Fe(Htrz);BoH ¢
H,0, hysteresis amounts to 13 K, which is also indicative
of a first-order phase transition. Thermodynamic properties
of Fe(prtrz);Br,-4H,0 complex were studied from 87 to
330 K [36]. According to calorimetric data, the time to
reach thermal equilibrium substantially increased in
the vicinity of anomaly maximum. The effect is typical of
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first-order phase transitions (Fig. 2). According to a magne-
tochemical study, the temperatures of direct and reverse
SCO are T.t = 252 and T.| = 247 K, respectively [37].

Heat capacity of Fe(prtrz);(CF3S03),-5H,0 was studied
from 88 to 312 K [44]. The behavior of heat capacity in the
region of anomaly indicates an intermediate character of
the transition between abrupt and smooth SCO. Tempera-
ture hysteresis obtained from p.(T) measurement is 5°
(between 202 and 207 K) [45]. Besides, a small anomaly
on C,(T) dependence curve is observed at 250-280 K
which is presumably associated with presence of water
traces. The deviation at the maximum of anomaly is less
than 5% of regular C, contribution.

Trinuclear iron (II) complexes

The main difference between the structures of trinuclear
and polynuclear complexes of iron (II) with 1,2,4-triazoles
is that it is only the central Fe(I) ion in trinuclear com-
pounds which is in the octahedral environment of nitrogen
atoms. Coordination cores of both terminal iron ions
(depending on the structure of a complex) are supple-
mented with nitrogen atoms of monodentate coordinated
4R-1,2,4-triazole and oxygens of water molecules to form
an octahedral configuration. As a result, only the central
iron (II) ion is subject to spin multiplicity change and SCO
becomes gradual. According to a magnetochemical study
of trimuclear [Fes(pytrz)s(H,0)4](NO3)¢ complex carried
out at 80-350 K, magnetic moment increases gradu-
ally with a slight anomaly at ~215 K. The results of
Cp(T) measurement from 8 to 340 K are in accordance with
magnetochemical data [46].

A smooth anomaly of heat capacity is observed at
170-250 K, maximum heat capacity ~6% exceeding
regular C,(T) curve in the vicinity of 207 K (Fig. 3).
Approximately at this temperature, the substance changes
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its color from pink to white. Meanwhile, entropy A S =~
15 J K=" mol™" which is close to RIn5. This means that
the phonon system undergoes only slight changes upon
SCO in this case. There is one more very smooth anomaly
on Cy(T) curve at 290-340 K. The entropy of the excess
contribution of the C, anomaly is ~6J K! mol_l, the
nature of this anomaly is unknown.

A similar behavior of heat capacity within spin transi-
tion region takes place in another trinuclear complex
[Fes(prtrz)g(Re04)4(H,0),](ReOQy4),. There is a very
smooth anomaly on the C,(T) curve between 150 and
250 K. The anomaly maximum is observed at ~ 190 K,
being in a good agreement with magnetochemical data.
Near this temperature, the substance also changes its color.
It should be noted that the transition entropy AS is equal
(within the experimental error) to the entropy associated
with the change of spin state in the complex. Therefore,
changes in the phonon system at SCO in this trinuclear
complex, just like in the previous one, are minor [43].

Heterometallic complexes

A number of studies consider the impact of partial substi-
tution of Fe(Il) ions by other metal ions on SCO character.
As mentioned above, abrupt spin transitions with peg
(T) hystereses are observed for compounds with strong
cooperative interactions in solid-state phase. One of the
ways to influence the degree of cooperativity is to intro-
duce into the solid, beside iron ions, ions of another metal
(with the same oxidation number) not subject to spin
transition. This results in substantial weakening of coop-
erative interactions between iron ions of and, consequently,
to the change of SCO parameters.

The initial iron (II) complex and heterometallic phases
[Fe,Zn;_(2-pic)3]Cl,-C,HsOH (x = 0.66, 0.85, 0.93, and
1.00) were studied in references [24, 27]. The initial
compound (x = 1.00) has been already considered above.
The introduction of zinc ions into the complex results in the
decrease of T, and transition entropy. Interestingly, both T,
and AyS depend on zinc concentration linearly. At
x < 0.85, the anomaly bifurcation disappeared. Heat
capacity was measured by means of AVC technique.

Several works dealt with thermal properties of hetero-
metallic complexes using DSC technique. Solid phases such
as [Fe,M, _(btr)»,(NCS),]-H,O (M = Ni*" and Co”") were
studied. For the series containing Ni”, the values of x varied
as 1.00 > x > 0.26 [30], for the series containing C02+,
x value varied as 1.00 > x > 0.23 [31]. As mentioned
above, the initial [Fe(btr),(NCS),]-H,O complex (x = 1.00)
has a quasi-two-dimensional structure; p.¢(7) curves dem-
onstrate an abrupt spin transition with broad hysteresis
(AT = 24 K). In both cases, the transition becomes more
gradual and the hysteresis loop narrower as x decreases.

@ Springer

Hysteresis disappears completely for x = 0.45 upon Ni
introduction and for x = 0.37 upon Co introduction. Yet
there is a difference between behaviors of these two series.
In Ni containing complexes, the transition is complete for all
x values, whereas in cobalt containing complexes there is
residual high-spin Fe?" state that appears and increases at
low temperatures, i.e. the transition becomes incomplete.
Transition entropy and enthalpy for the initial complex
are 10.0 and 76 J K~' mol™!, respectively. In phases
Fe,Ni;_,(btr),(NCS),]-H,O, the enthalpy and entropy
decrease together with x down to 3.6 and 27.5J K™!
mol ™! (x = 0.26), respectively. For Fe,Co; _,(btr),(NCS),]-
H,O the values Ay H = 2.0 kJ mol 'and A, S = 17 J K™!
mol ' atx = 0.23. For 0.7 > x > 0.26 (Ni) and 1.0 > x >
0.23 (CO), the decrease of A H and AS is linear.
Heterometallic complexes [Fe,Ni;_(NH,trz);](NOs3),
(09 > x > 0.1) and polynuclear chain structure were
synthesized, their magnetic and thermodynamic properties
were studied [47]. It was shown that the transition becomes
more gradual and shifts to low-temperature region and
hysteresis loop AT, becomes narrower when Ni(II) per-
centage increases (x decreasing). Besides, magnetic
moment increases at low temperatures when x decreases to
testify incompleteness of transition. The obtained data were
explained by comparison of ionic radii of iron (II) ions in
HS and LS states and nickel (IT) ion. DSC technique was
used to obtain experimental values of transition enthalpy.
Within the framework of the domain model, theoretical
AyH values were calculated and the domain size (the
number n of Fe(II) ions in the domain unit) was estimated.
Similar studies on the metal dilution were made by
Jacobi et al. [48, 49] for partially deuterated complexes
[Fe,Zn; _(2-pic-ND5,)3]Cl,-C,H50D on the basis of DSC
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Fig. 4 AS values for complexes 6, 5, 8, 1, 2, 7 (Table 3). Plotted on
the abscissa axis are the Apee/ AT values (B.M./K) for the complexes
in the spin transition region [44]
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measurements and for [Feg73Zng»7(2-pic);]Cl,-CoHsOH
based on a relaxation microcalorimeter [50].

It was noted that the character of transition as well as the
position of maximum on Ci(7) curves distinctly depend on
x the way that the peak becomes flatter and displaces to the
region of lower temperature as x decreases. Gibbs free
energy was determined as a function of temperature. From
magnetochemical data, the y(7) dependence curve was
obtained for HS-state fraction of iron (II) over the tem-
perature range from 4.2 to 300 K. The obtained data were
used to give a semiquantitative explanation of peak posi-
tion on Cy(T) curve without introducing any additional
parameters.

Conclusions

When studied polynuclear complexes with (NH,trz) ligand
are ranged according to decrease of SCO temperature (see
Table 3), the following conclusions are made. Transition
enthalpy and entropy decrease and traits of first-order
phase transition gradually disappear when T decreases.
Fe(NH,trz);SiFs-H,O is the only exception, presumably
due to presence of the water molecule. According to
thermodynamic data, SCO is referred to as an abrupt one in
some complexes and as a gradual one in others, and in
some cases the transition is intermediate between these
two.

It is important to note that for all the complexes (except
trinuclear ones), A.¢S at spin transition is several times
higher than A.S associated with multiplicity change.

Both the magnetochemical and thermodynamic data
demonstrate a strong dependence between SCO parameters
and the structure of the compound, first of all, the outer-
sphere anion. The effect is due to the nature and the size of
the anion.

Most Fe(Il) complexes with 1,2,4-triazoles demonstrate
nonzero [g for low-spin forms at low temperatures which
is expectable for diamagnetic phases. This can be an
indication of some incompleteness of transition. Therefore,
AysS obtained from the thermodynamic data could be
understated. It was noted [44] that correlations not only
between transition temperature and compound structure but
also between magnetic and thermodynamic properties can
be useful to understand the nature of spin crossover.
Having this in mind, a dependence between A.S and SCO
abruptness was obtained in [44]. The abruptness of tran-
sition is evaluated according to pe(7) slope in the transi-
tion region. The dependence is clearly linear (Fig. 4) for a
number of Fe(Il) complexes with 1,2,4-triazoles (Table 3).
Thus, incompleteness of transition has little effect on the
accuracy of A.S measurement.

One can await that some progress in the thermody-
namics of spin crossover in general will be connected also
with complexes of other d-elements [51] or even magnetic
complexes of non-magnetic elements like copper [52].
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