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1. Introduction

1.1. Scope

Magnetism is one of the important functionalities of
materials and has been a basic research subject to understand
materials. Magnetism has been explored mainly in the field
of solid-state physics for inorganic substances consisting of
atoms or ions of transition elements, in which electron spins
on atomic orbitals mainly contribute to the magnetism. In
this sense, traditional magnetism may be called “atom-based
magnetism™ However, the situation in this field of science
changed dramatically after the discovery of bulk ferro-
magnetism in molecular complexes such as decamethyl-
ferrocenium tetracyanoethenide [ReCs(CHs)s}2][TCNE]

(the Curie temperatureTc = 4.8 K) reported in 1987,
Mn"Cu''(obbz)YH,0O [obbz = N,N'-oxamidobis(benzoato)]
(Tc = 14 K) reported in 1989, and even in the pure organic
compoundd>-NPNN (p-nitrophenylnitronyl-nitroxide) Tc =

0.60 K) reported in 1991. Because spins of unpaired electrons
on delocalized molecular orbitals are responsible for the
magnetism, this new magnetism has been called “molecule-
based magnetisni”

Magnetic functionality has widely been used for various
practical applications, and this need will be further increased
in the future. One of the great advantages of the use of
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molecule-based magnets lies in the various possibilities of R \-_- : : _
chemical modification onto a molecule; thereby, the magnetic Yuji Miyazaki was bom in Nagasaki in Japan in 1964. After graduating
property is finely adjusted by the chemical tuning. In the from Osaka University in 1987, he received his M.Sc. degree and his

- - h.D. degree in Inorganic and Physical Chemistry from Osaka University
last two decades, various kinds of molecule-based magnet n 1989 and 1993, respectively. Under the supervision of Professors Hiroshi

have been synthesized, and their chemical and physicalgyga and Takasuke Matsuo, his thesis work dealt with the development
properties have been elucidated from microscopic and of an adiabatic heat-capacity microcalorimeter and the LT thermal behavior
macroscopic standpoints by use of various experimental of some crystalline proteins. He then joined the group of Professor Michio
methods. Among them, thermodynamic methods are uniqueSorai at Microcalorimetry Research Center (now the Research Center for
in the sense that the energetic and entropic aspects inhere olecular Thermodynamics) at the same university as a Research

; : : ssociate. His current research interests are mainly dynamics of
in materials can be directly observed. However, the number biomolecules and synthetic macromolecules, magnetic properties of

of scientific papers concerning thermodynamic research is nojecyle-based magnets, and thermal properties of organic charge-transfer
not so many in comparison to other spectroscopic and complexes.

structural studies. This is partly based on the misunderstand- e , . .
ing that thermodynamics is a classical and old-fashioned follow descriptions adopted in the original papers without
science. correction.

The aim of this paper is to survey calorimetric studies on o
molecule-based magnets published in the last two decades}-hzérgggrancgﬂ;ggc Aspects of Molecular
and to reveal the important roles played by calorimetric y
studies. It should be remarked here that in many papers Physical quantities obtained from thermodynamic mea-
referred to in this review article, the use of physical quantities surements reflect macroscopic aspects of materials in the
“magnetic field strength” (symbolH; unit, A m™1) and sense that they are derived as the ensemble averages in a
“magnetic flux density” (symbolB; unit, T) has often been  given system. However, because those quantities are closely
confused. However, in view of a review article, we shall related to the microscopic energy schemes of all kinds of
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molecular degrees of freedom in a statistical manner, one ' T T T T

can gain detailed knowledge on the microscopic level on r .
the basis of precise calorimetry. This field of study has been
recognized as “molecular thermodynamics”. Among various o0.4f 4
thermodynamic measurements, heat-capacity calorimetry is
an extremely useful tool to investigate thermal properties of
materials at low temperatures. In most thermodynamic
textbooks and monographs, interpretation of the thermody-
namic laws and derivation of thermodynamic equations 0.2- a b ¢ h
occupy many parts of the pages. However, descriptions about
how to interpret experimental results are scarce or limited d
to very classical examples, if any. Therefore, a brief
description will be made, at first, about what kinds of
microscopic and macroscopic information are derived from 0 N 2 2
actual calorimetry. 4 kT /W1

Heat capacity is usually measured under constant PresSUrgqure 1. Theoretical heat capacities of magnetic chains with spin
and designated &S,. From the definitionC, = (aH/dT)y, Sg= 1/2: (a) ferro- or antiferr(?magnetic Isingg model, (b) ferro- (F))r
enthalpy is determined by integration Gf with respect to antiferromagnetic XY model, (c) antiferromagnetic Heisenberg
temperaturel: H = fC, dT. BecauseC, is alternatively model, and (d) ferromagnetic Heisenberg model. Reprinted with
defined asC, = T(054T),, entropySis also obtainable by permission from ref 15. Copyright 1974 Taylor & Francis Group.
integration ofC, with respect to InT: S= fC, d InT.

Condensed states of matter are basically controlled by the
interplay among molecular structures, intermolecular interac-
tions, and molecular motions. Functionalities of materials
manifest themselves as the result of a concerted effect amon
these three factors. When a delicate balance of these thre
factors is broken, the condensed state faces a catastrophe
and is transformed into another phase. This is the so-called
phase transition. Therefore, phase transition is a good prob
for elucidation of the interplay among these three factors.
Most phase transitions observed in molecule-based magnet
are not first-order but second-order or higher-order phase
transitions. Although the first-order phase transition takes
place isothermally with a latent heat, the higher-order phase
transition exhibits a sharp peak at a critical temperaiyre
with long heat-capacity tails below and abdkeThe extent
of order lost in the higher-order phase transition is described
in terms of “order parameter”. The heat-capacity tail above
T, reflects the short-range order still remaining in the system.
In the vicinity of the critical temperaturg, the heat capacity
C is often reproduced by the following equationS:[] e~
(T>Ty)andC O |—¢| ¥ (T < Tg), wheree = (T — T[T,
ando anda' are critical exponents, from which one can get

Cm/ R

anisotropic. In many cases, this leads to low-dimensional
magnets in which one- (1D) or two-dimensional (2D)
interaction is dominan '’ Short-range and long-range
orders formed by spins crucially depend on the magnetic
Yattice structure. These features are very sensitively reflected
heat capacity.
When paramagnetic species form clusters magnetically
isolated from one another, the magnetic clusters can be
eregarded as being of zero-dimension (0D), whose spin-energy
scheme consists of a bundle of energy levels. In such a case,
there exists no phase transition and the magnetic heat
capacity exhibits a broad anomaly characteristic of the cluster
geometry. For a linear-chain structure (1D lattice), no phase
transition is theoretically expected because fluctuation of the
spin orientation is extremely large. As shown in Figure 1
for the 1DS= 1/2 casé? only a broad heat-capacity anomaly
characteristic of 1D structure is observed. Heat capacities
of the 1D magnetic systems characterized by Ising and XY
type interactions are identical for ferromagnetic and anti-
ferromagnetic interactions (curves a and b). Contrary to this,
the system characterized by Heisenberg type interaction
provides quite different heat-capacity curves between anti-
!nformatiqn such as the lattice structure and the interaction §;rgg1n?ggﬁgg (g;pr)\grair%)eirt]gl fﬁ;gﬁg%giﬂ; S\t}g:ntshé%in{ﬁedg:
involved in the system. retical curves, one can easily estimate the type of-sppin

The entropy gain at the phase transition plays a diagnosticinteraction operating in the material.
role for interpretation of the mechanisms governing the phase |n the case of a 2D lattice, a phase transition showing a
transitions. A clue to correlate the entropy with the micro- remarkable short-range order effect takes place when the
scopic aspect is the Boltzmann principle given®y kNa interaction is of the Ising type, while there is no phase
In W= RIn W, wherek andNa are the Boltzmann and the  transition for the Heisenberg type. Contrary to this, a three-
Avogadro constantst is the gas constant, aMi stands for  dimensional structure (3D) gives rise to a phase transition
the number of energetically equivalent microscopic states. with a minor short-range order effect, independent of the
If one applies this principle to the transition entropy, the type of spin-spin interaction.

following relationship is easily derived becauss is the In actual magnetic materials, interaction paths, through
entropy difference between the high- (HT) and low-temper- which exchange spirspin interaction takes place, are often
ature (LT) phasesAS = R In(Wi/WL), whereWy and W, much more complicated than being classified into a homo-

mean the numb_er of minOSCOpiC states in the HT and LT geneous Sing|e dimension. As a resu]t, it happens that
phases, respectively. In many cases, the LT phase corregpparent dimensionality seems to change with temperature.
sponds to an ordered state and heWge= 1. Therefore, on  Thjs feature is called “dimensional crossover”. Figure 2
the basis of experimentalS value, one can determine the  shows the dimensional crossover between 1D and 2D lattices
value of Wi for the spinS = 1/2 ferromagnetic Ising model with the
Because the molecule-based magnets consist of moleculamtrachain interaction parametéiand the interchain interac-
parts as the building blocks, their structures are anisotropic;tion parameted'.!® The dashed curve corresponds to ID (
thus, physical properties inevitably become structurally = 0) and the dotdashed curve is the heat capacity of a
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has been approximated by a polynomial function of tem-

perature in a narrow interval or a combination of Debye and/

or Einstein heat-capacity functions. In particular, the poly-

nomial function of odd power of temperatu@y = aT® +

bT> + cT’ + -+, is often a good approximation at low

temperatures. At moderate and high temperatures, the ef-

fective frequency-distribution method proposed by Sorai and

Sek?® is a useful method. In this method, an effective

frequency-distribution spectrum of lattice vibrations is first

determined in the temperature region(s), where a relevant

event has no contribution, and then, the hypothetical lattice

heat capacity in the event temperature region is estimated
2KT/(J+7) on the basis of the obtained spectrum.

Figure 2. Dimensional crossover between 1D and 2D lattices for

the spinS = 1/2 ferromagnetic Ising model with the intrachain 1 3, Heat-Capacity Calorimetry

interaction parametefand the interchain interaction parameier

Dashed and detdashed curves correspond to 1D+ 0) and 2D Roughly classifying the methods of determination of heat

(J = J) models, respectively. A solid curve indicates the heat capacity, there are four experimental methods: (i) adiabatic

capacity of a rectangular lattice) (= 0.01J), showing the : . . : -

dimensional crossover between 1D and 2D lattices. Reprinted Calgr'meg%ff’ (i at.'c.l Calorlmetry, (I'”). rel?xatllggéalorlmetry,

with permission from ref 18. Copyright 1960 Taylor & Francis and (iv) differential scanning calorimetry (DSE). _

Group. i) Adiabatic calorimetry is a static method to determine
p

precisely absolute values of heat capacity in thermal equi-
square planar 2D latticel & J') corresponding to the exact  librium. Because this calorimetry has mainly been used for
solution by Onsagef The solid curve indicates the heat the purposes of basic research, commercially available
capacity of a rectangular latticé’ (= 0.01J), which shows  apparatuses are scarce. Consequently, researchers construct
the dimensional crossover between 1D and 2D lattices. At their own calorimeters suitable for the specific purposes. The
high temperatures, the heat-capacity curve asymptotically adiabatic principle can be employed for heat-capacity
approaches the 1D curve, while at low temperatures measurements from cryogenic temperatures1000 K. A
the existent 2D interchain interaction, although weak, shortcoming of this method is that it requires a large amount
diminishes the fluctuation of the system and leads to a phaseof specimen, usually several grams+d00 mg.
transition. (i) The other three calorimetries belong to dynamic

When a system consists of a finite number of energy levels, methods. In a.c. calorimetry, the sample is heated periodically
its heat capacity exhibits a broad anomaly, which asymptoti- by chopped light or sinusoidal Joule heating. The amplitude
cally approaches zero at high temperatures. This type ofof the temperature response at the same frequency is
anomaly is designated as the Schottky anomaly and isinversely proportional to the heat capacity. Because the
encountered in paramagnetic clusters and in systems involv-absolute values of heat capacity of a sample cannot directly
ing Zeeman splitting, tunnel splitting, zero-field splitting, and be obtained by this method, it is necessary to adjust the scale
S0 on. of the experimental values by use of known heat-capacity

Spin-wave (magnon) theory has been proven to be a gooddata determined by another method. The amount of sample
approximation to describe the LT properties of magnetic needed for the a.c. method is as small as several micrograms.
substances. The limiting LT behavior of heat capacity due Therefore, this method enables us to measure the heat
to spin-wave excitatiorCsw is conveniently given by the  capacity of a tiny single crystal.
formulal® Csw O T9", whered is the dimensionality and (iii) In the relaxation method, the sample is heated with a
is defined as the exponent in the dispersion relation. For short pulse of energy and the resulting temperature rise and
antiferromagnetic magnons) is equal to 1, while for  fall (due to the environment) is measured. The time constant
ferromagnetic magnons= 2. Thus, for example, the spin- of the exponential decay of temperature gives the heat
wave heat capacity of a 3D ferromagnet is proportional to capacity, provided the thermal resistance is known by a
T%2 and that of a 2D antiferromagnet is proportionalTto calibration measurement. In addition to home-built ap-
However, because actual low-dimensional magnets contain,paratuses, one can use commercially available calorimeters.
more or less, weak 3D interactions, the dimensionality sensedThe amount of specimen used for this method-is0 to
by spin at extremely low temperaturesds= 3. ~100 mg.

One of the most characteristic aspects inherent in ther- (iv) DSC is one of the methods belonging to thermal
modynamics is that there exists no selection rule. In other analysis, in which the physical property of a sample is
words, any degrees of freedom originating in atoms, mol- monitored under a programmed temperature control and the
ecules, electrons, and spins can contribute to thermodynamigesults are recorded together with the temperature. Many
quantities. For example, the heat capacity of a solid measurecinds of DSC are commercially available. The amount of
at constant pressur€y, consists of contributions from lattice  sample used for this method is a few milligrams-h0 mg.
vibrations, Cr, and magnetic freedonGnag Therefore, if  The great merit is a simple operation supported by an
one discusses the magnetic event, one should separate thequipped computer.
magnetic part from the observed value. Except for scarce
materials with simple crystal structures, it is usually very ; ;
difficult to estimateCi;; on the basis of the first principle of 2. Organic Free Radicals
lattice dynamics. To avoid this difficulty, various ap- The study of genuine organic ferromagnets is one of the
proximate methods for separation have been proposed.research subjects attracting many organic and physical

1.5 \ Usually, the lattice heat capacity (or normal heat capacity)

C/Nk

0.5
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chemists, because the carrier of the spin is neithemor
f-electron butp-electron and also because one can easily
design a variety of molecular and crystal structures in
comparison to traditional magnets such as metals and metal
oxides. Furthermore, because most organic molecules are
magnetically isotropic, they can be regarded as ideal Heisen-
berg spin systems, which lead to interesting quantum spin
systems. Despite tiny magnetic anisotropy of the spins,
however, most organic free radical crystals exhibit low-
dimensional magnetic properties owing to structural anisot-
ropy and relative arrangement of their constituent molecules.
In 1991, Kinoshita and his collaboratétsliscovered that
the f-phase crystal op-nitrophenyl nitronyl nitroxide ¢-
NPNN) becomes a bulk ferromagnet. Since then, several bulk
ferromagnetic organic radical crystals have successfully been
synthesized as follows: nitronyl nitroxide derivativ&s?®
2,2,6,6-tetramethylpiperidin-1-oxyl (TEMPO) derivativés??
verdazy! derivative$ the a-phase crystal ofN,N'-dioxy-
1,3,5,7-tetramethyl-2,6-diazaadamanté&hand a complex
consisting of tetrakis(dimethylamino)ethylene (TDAE) and

35
Cso.

2.1. Nitronyl Nitroxide Radicals

Crystalline p-NPNN (Figure 3) forms four crystalline
polymorphs, a monoclinia-phase?f orthorhombigs-phase’’-*
monoclinic Sy-phase’®3° and triclinic y-phases? which all
have ferromagnetic intermolecular coupling. In 1991,
Kinoshita et al**?discovered on the basis of magnetic and
heat-capacity measurements that jhphase ofp-NPNN
exhibits a ferromagnetic phase transitioTat= 0.65 K (see
Figure 4) and the heat-capacity hump abdveis well-
approximated by th& = 1/2 1D ferromagnetic Heisenberg
model with Jk = 4.3 K. In the same year, they also
discovered that thef-phase ofp-NPNN shows a ferro-
magnetic phase transition 8t = 0.60 K (Figure 4f2
Nakazawa et &P reported that the magnetic phase transition
of the y-phase ofp-NPNN atT¢ = 0.65 K is not ferromag-

Sorai et al.

7 phase

C, / JK " mol™

]
L=
a
(]

T/K

Figure 4. Molar heat capacities g8- and y-phases op-NPNN.

The solid curves for these phases at the LT side represent the spin-
wave approximation for 3D ferromagnetic and 3D antiferromagnetic
systems, respectively. Reprinted Figure 3 with permission from
Nakazawa, Y.; Tamura, M.; Shirakawa, N.; Shiomi, D.; Takahashi,
M.; Kinoshita, M.; Ishikawa, MPhys. Re. B 46 8906, 1992 (http://
link.aps.org/abstract/PRB/v46/p8906). Copyright 1992 by the Ameri-
can Physical Society.

capacity data of theS-phase are proportional td@®?
corresponding to a 3D ferromagnet, while those of the
y-phase are proportional f6®, suggesting a 3D antiferro-
magnet. The magnetic entropy of tifephase rose very
steeply atTc as encountered in ordinary 3D ferromagnets
and reached the valug In 2 expected forS = 1/2 spin
systems, while that of thg-phase increased gradually above
Ty due to the short-range order effect characteristic of 1D
magnetic systems and approacled 2. The magnetic field
dependence of the heat capacity of faghase was analyzed
in the framework of a mean field approximation to provide
the interchain interactiont/k = 0.224 K andJ''/k = —0.176
K.#® On the other hand, the 3D magnetic interaction of the
p-phase was estimated to kk = 0.6 K. The critical
temperature and the magnetic properties of all of the radical

netic but antiferromagnetic from the magnetic field variable crystals described in this chapter are summarized in Table
a.c. magnetic susceptibility and heat-capacity data. It was1.

found by DTA measurement that tjffephase is more stable
than they-phase, and the-phase sample reported previ-
ously*'4? was contaminated by a small amount of the

Takeda et at*“® investigated the mechanism of the
intermolecular magnetic interactions of thphase of
p-NPNN by experiments under pressure and magnetic field.

p-phase. Spin-wave analyses for the magnetic heat capacitiesrom the pressure variable heat-capacity and a.c. magnetic
of both thef- and they-phases below their magnetic phase susceptibility measurements, a drastic depression of the Curie
transition temperatures revealed that the magnetic heattemperature and a pressure-induced ferromagnetic-to-anti-

o o OH
/ >
N,
\ 3
\Q Q HO
p-NPNN HQNN
/i)' OH P
N N,

j[ >~ § jE >
\ \
Q OH Q
RSNN 0-FPNN
J g R F
N, N

T30
N N
\ \
2,5-DFPNN FsPNN

Figure 3. Molecular structures of nitronyl nitroxide radicals.

ferromagnetic transition &, = (0.65 + 0.05) GPa were
observed. This transition was also detected by the pressure
dependence of the lattice parameters. At ambient pressure,
the effective intermolecular magnetic interaction was esti-
mated to beJk = 2.3 K by the magnetic heat capacity under
magnetic field. Furthermore, the magnetic heat capacity
turned out to be 2D ferromagnetic under a high pressure such
asP = 0.72 GPa.

Sugawara et &**” designed a new nitronyl nitroxide
derivative carrying a hydroquinone moiety, 2;8-dihy-
droxyphenyl)-4,4,5,5-tetramethyl-4,5-dihydrb-imidazolyl-
1-oxy-3-oxide (HQNN; Figure 3), to control the molecular
assembly and thus the magnetic property by the intra- and
intermolecular hydrogen bonding. HQNN crystallizes into
either of two polymorphs: monoclinie- andj-phases. The
temperature dependence of the magnetic susceptibility of
o-HQNN was reproduced well by the singtetiplet model
with the ferromagnetic intradimer exchange interaction of
J/k = 0.93 K with a positive Weiss constant 8f= +0.46
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Table 1. Critical Temperature and Magnetic Properties of Organic Radical Crystals

dimensionality Weiss constant interaction parameter
compound Te (K) below T, aboveT, 6 (K) Jk 1 (K) refs
p-NPNN (3-phase) 0.60 3D-F 3D-F 1.2 0.6 (3D) 22,39
p-NPNN (y-phase) 0.65 3D-AF 1D-F 2 4.3 (1D); 0.2240.176 (inter-1D) 39,41, 42
HQNN (a-phase) 0.42 3D-F F-dimer 0.46 0.93 (intradimer) 47
HQNN (3-phase) F-dimer -0.32 5.0 (intradimer) 47
RSNN F-dimer —4.0 10 (intradimer) 47
0-FPNN 0.3 3D-F 1D-F 0.48 0.6 (1D) 23
2,5-DFPNN 0.45 1D-F 0.66 0.70 (1D) 26, 48
FsPNN 1D-AF —3.1,—1.24 (alternate-1D) 53
MOTMP 0.14 3D-AF 1D-F 0.16 0.45 (1D); 0.03;0.02 (inter-1D) 59, 61, 62
MATMP 0.15 3D-AF 1D-F 0.70 (1D)=0.045 (inter-1D) 63, 65
CATMP 0.28 3D-F 2D-F 0.69 0.42 (2D); 0.024 (inter-2D) 30, 66
BATMP 0.19 3D-F 1D-F 0.7 0.95 (1D); 0.026 (inter-1D) 27,67
p-CDTV 0.68 3D-AF 1D-F 3.0 6.0 (1D) 74,78, 81
p-BDTV 1D-AF -25 —20.6 (1D) 74,78
p-CDpOV 0.21 3D-F 1D-F 3.35 5.5 (1D); 8 1072 (inter-1D) 33
DPTOV 5.45 3D-AF 1D-AF 7.5 7.25 (1D) 71
p-NTpV 1.16 3D-AF 1D-F 3.1 3.5 (1D)-1.5 (inter-1D) 72
NDpV 1D-AF -7.3 —5.8 (1D) 72
NDpMV —18 72
p-NDpMV 1D-AF —56.5,—22.5 (alternate-1D) 72
TOV 4.8 3D-AF 2D-AF -9.9 —4.5(2D) 80
p-CyDOV 0.135 3D-AF SP —42.1 (1D) 82, 84-86
p-NCCsF4CNSSN (-phase) 8 3D-AF -25 90, 93
p-NCCsF4CNSSN (3-phase) 35.5 3D-AF —102 —83(1D) 90, 93, 94
BDTA 11 3D-AF —93 96
DMTzNC-TCNQ 1.49 3D-AF 1D-AF —32.5(1D) 97
m-MPYNN-BF, 2D-AF —-1.6 (2D) 98
DCPTTCPPA 0.40 3D-AF 1D-F 14.0 (1D); 0.020.01 (inter-1D) 101
PNNNO (biradical) 1.1 3D-AF 1D-AF 319 (intraradicaty;7.3 (1D) 102
F,PNNNO (biradical) 2D-AF 204 (intraradical}; 34, —3.7 (2D) 102
PIMNO (biradical) 25 3D-AF 1D-AF 108 (intraradicaly;6 (1D) 102
PNNBNO (triradical) 0.28 3D-F SL 4305108 (intraradical):~0.3 (1D) 103
BImtBN 1.7 3D-AF BL —1.2 (2D);—1.9 (inter-2D) 104, 106
BImPhtBN 2D-AF —1.6 (2D) 105
CIBImtBN AF-dimer —22 (intradimer) 105
Me2BImtBN AF-dimer —24 (intradimer) 105
Table 2. Ratio of Tc/0 and Entropy of Spin System in Lower T
Temperature Region thanTc (Sc) and That in Higher 10 S P-0GFa 4
Temperature Region thanTc (S. — Sc)2P ;:
model or crystal TclO S (%) S — &) (%) [ 8
X () 8 ‘0.56
mean field 1 100 0 = So
Ising sc 0.75 81 19 —_ ° 9°,1.20
Ising diamond 0.67 74 26 'M Selhis2
Heisenberg fcc 0.67 67 33 — 5 :_.»' b 7
Heisenberg bcc 0.63 65 35 g sl
Heisenberg sc 0.56 62 38 =~ g
a-HQNN# 0.56 60 40 o .
2 Reprinted with permission from ref 47. Copyright 1997 American
Chemical Society®? &, entropy change betwe® K andTc; S., entropy [ -8 T
change of magnetic phase transition.

K. The a.c. magnetic susceptibility increased rapidly around T/ K _ )
0.5 K, suggesting a ferromagnetic phase transition aroundFigure 5. Pressure dependence of the magnetic heat capacity of

; ,5-DFPNN in the hydrostatic pressure region up to 1.52 GPa. The
this temperature. The temperature dependence of the hea otted and solid curves express the theoretical curves=ofl/2

capacity ofa-HQNN eXh'b'teq al-shaped a_npmaly with a 1D Heisenberg ferromagnetic system with intrachain interaction
peak due to the ferromagnetic phase transitioncat 0.42 Jio/k = 0.70 K andS = 1/2 2D Heisenberg ferromagnetic system
K. The associated entropy change was evaluated to be 5.4 diith intraplane interactiod,p/k = 0.70 K, respectively. Reprinted
K~ mol, which is in accord with the theoretical valie Figure 3 with permission from Mito, M.; Deguchi, H.; Tanimoto,
In 2. As seen in Table Z,the ratio of Tc and 6 and the I/Iugiva\ﬁ?:( ¥§lk<gésauiik§ﬁ IEOQSWOBIOé;L(;) 2A4r1122a7i, 380'\:'),&('?1??’-/7";
rsilatlve ratio of the entropy gained bel_m& (designated as Iink.aps.org/abstract/PRB/vg7/p24427). Copyright 2003 t?y the

) and that abov@c [designated asS, — &)] are close to American Phvsical Soci

. . . . ysical Society.

the 3D Heisenberg model for a simple cubic lattice. These
facts suggest that-HQNN is a 3D ferromagnet. On the other of Jk = 5.0 K assuming the interdimer interaction as a
hand, the temperature dependence of the magnetic suscemegative Weiss constant 6f = —0.32 K. They also syn-
tibility of S-HQNN was fitted well by the singlettriplet thesized an analogous organic radical 25{@lihydroxyphen-
model with the ferromagnetic intradimer exchange interaction yl)-4,4,5,5-tetramethyl-4,5-dihydrd-ttimidazolyl-1-oxy-3-oxide
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Figure 6. Temperature dependence of the magnetic heat cap@gity magnetic fields. (a) & H/T < 2.5 (spin-gapped phase), (b and

¢) 3 < HIT < 6.5 (gapless phase), and (dx7H/T < 8 (spin-polarized phase). A solid line in panel b shows linedependence dot,.

Down arrows in panels b and c indicate a humCip Up arrows in panels b and ¢ and down arrows in panel d indicate a shdljder
Inserts show theoretical calculations of the strongly coupled two-leg ladder system. Reprinted Figure 3 with permission from Yoshida, Y.;
Tateiwa, N.; Mito, M.; Kawae, T.; Takeda, K.; Hosokoshi, Y.; Inoue,Rfiys. Re. Lett 94, 037203, 2005 (http://link.aps.org/abstract/
PRL/v94/p37203). Copyright 2005 by the American Physical Society.

(RSNN; Figure 3) whose crystal structure resembles that of magnetic interaction ratioc = |J,/J1| = 0.4 JJ/k = —3.1
B-HQNN. The temperature dependence of the magnetic K) giving rise to a spin-gap system. Mito et®Iperformed

susceptibility was also reproduced well by the singteiplet heat-capacity measurements of gPRN crystal under
model with the ferromagnetic intradimer exchange interaction pressures up to 0.78 GPa to confirm the pressure-induced
of J/k = 10 K with a negative Weiss constant &= —4.0 crossover from the alternating bond system to the uniform
K. Although the analysis using the BleaneBowers equa-  one. The exponential temperature dependence of the heat
tion modified with an enhancement fact(T — 6) is widely capacity at low temperature and at ambient pressure was

applied to weakly coupled spin-dimer systems, it is not changed gradually and continuously to a linear one with
obvious for these compounds possessing no remarkablencreasing pressure, and eventually the alternating magnetic

short-range order to be modeled by such a singt@blet interaction was transformed into the uniform one=1, Ji/k
system. _ _ = —4.5 K) at 0.65 GPa. On the other hand, Yoshida et
_Nakatsuji et al. prepared some halogen-substituted nitronyl 51 54-56 jhvestigated the magnetic field dependence of the
nitroxide derivatives, 2-(zhalophenyl)e-nitronyl nitrox- heat capacity of adPNN crystal. Two critical magnetic fields
ideg® and difluorophenyk-nitronyl nitroxideg® (Figure 3). were found aHe; (= 3 T) andHe, (= 6.5 T). In theH =<
Among four kinds of 2-(2ha_|ophenyl_)a-n!tronyl nltrOX|d_es, Hc: magnetic field region (spin-gapped phase; Figure 6a), a
only 2-(2-fluorophenyl)ec-nitronyl nitroxide @-FPNN) in- heat-capacity hump arodn2 K due to the short-range

dicated a positive Weiss constafit= +0.48 K23 A.c.
magnetic susceptibility and heat-capacity measurements
revealed a magnetic phase transition around 0.3 K. A broad

heat-capacity hump observed at the HT side of the phaseindicatin the subpression of the ener ab. which was
transition peak was well-reproduced by the= 1/2 1D estimate% to be&/pkp= 4.0 K in the zero gn{a%n%tic fieleb.

ferromagnetic Heisenberg model willk = (O.6:|:'0.1) K. .However, the magnetic heat capacity at 2.5 T was not
The temperature dependence of the a.c. magnetic susceptibil-

ity below 0.25 K also suggested that this magnetic transition monotonically decreased to zero when .the' temperature
is ferromagnetic. On the other hand, among four difluoro- 2PProached 0 K. In thielc; < H < Hc, magnetic field region
phenyla-nitronyl nitroxides, only the 2,5-derivative (2,5- (gapless Tomonag_z’;i_uttlnger liquid phase; Flgure _Gb,c), an
DFPNN) had ferromagnetic interactioffsA.c. magnetic upturn or a cusplike anomafydue to the field-induced
susceptibility and heat-capacity measurements revealed thaf@gnetic ordering (FIMO) was observed for= 0.2 K,
2,5-DFPNN exhibits a ferromagnetic phase transitiofiat ~ Which was enhanced with increasing magnetic field up to 5
= 0.45 K at ambient pressu?&? As shown in Figure 5, T and suppressed in the higher magnetic field. Furtherm(_)re,
when pressure was applied, the heat-capacity anomaly wagnother hump emerged around 0.6 K at 4.5 T. With
linearly shifted toward HT side up to 0.57 K at 1.52 GP4 increasing magnetic field, this hump was shifted to the lower
Furthermore, application of pressure made the shape of the€mperature and then merged with the sharp anomaly due
heat-capacity anomaly aboVe change to that characteristic  t0 the FIMO at 5.5 T. This hump was not finally observed
of theS= 1/2 2D Heisenberg ferromagnet of a square lattice at 6 T, while a shoulder appeared around 0.7 Kat 6.5 T. In
with J,o/k = 0.70 K. The enhancement & was considered ~ the H = Hc, magnetic field region (spin-polarized phase;
to originate mainly from the development of the 2D Figure 6d), the exponential decay was seen again at low
ferromagnetic interaction on trze plane. The ferromagnetic ~ temperatures as in the case fér< 2.5 T. However, the
signal of the a.c. magnetic susceptibility, however, was magnetic heat capacityta/ T did not approach zero
decreased by applying pressure and almost disappealPed at monotonically downa 0 K as is thecase of 2.5 T. The

> 5.0 GPa, which would arise from the decrease of the shoulder found at 6.5 K was also seen and developed with

ordering in 1D magnets was suppressed and broadened with
an increasing magnetic field. Moreover, the exponential
behavior changed gradually to an almost linEdependence,

ferromagnetic interaction along theaxis. increasing magnetic field. These features were qualitatively

One of the halogen-substituted nitronyl nitroxide deriva- in good agreement with the theoretical calculations orthe
tives, pentafluorophenyl nitronyl nitroxide §FNN; Figure = 1/2 two-leg spin-ladder model with the intra- and
3), was synthesized by Hosokoshi eb%f? This is anS= interchain interactions)y/k = 1 andJ-/k = 5.28, respec-

1/2 1D Heisenberg antiferromagnet with the alternating tively®” (see the insets in Figure 6).
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2.2. TEMPO Radicals T/ XK

Most TEMPO radical crystals possess antiferromagnetic 10 T — T3
interactions’258-60 Kamachi et af®%° prepared some TEMPO
derivatives (Figure 7) and investigated their magnetic proper-
ties. They found ferromagnetic interactions in 4-methacryl-
oyloxy-TEMPO (MOTMP) and 4-acryloyloxy-TEMPO
(MATMP) crystals®®*6? Ohmae et al. carried out heat-
capacity measurements of MOTEPPLand MATMPS3 As
shown in Figure 8, MOTMP exhibited a magnetic phase
transition afT. = 0.14 K together with a broad hump arising
from a short-range ordering characteristic of low-dimensional
magnets. This broad anomaly was well-reproduced by the
ferromagnetic 1D Heisenberg model with the exchange
interaction parameter afk = 0.45 K (curve 2). As far as
the crystal structure of this compound is concerned, there
seems to be no indication of any 1D structure concerning
the packing of molecules. This finding of 1D character was
afterward confirmed by magnetic susceptibility measure-
ments done below 1 RZ Because the lattice heat capacity
(curve 1) was extremely small in this temperature region, g
the separation of the magnetic contribution from the observed 0
value was accurately done. The entropy gain due to the phase T/ K
transition and the hump amounted to 5.8° kol™*, which Figure 9. Magnetic heat capacities of CATMP free radical crystal
is substantially the same as the expected spin entrof/ of on (a) logarithmic and (b) normal scales. Solid curves indicate the
In 2 (=5.76 J K1 mol™). A similar result has been obtained heat capacities calculated from the HT series expansion foBthe
for MATMP. Although the spin-wave analysis (line 3) = 1/2 2D ferromagnetic Heisenberg model of square lattice with
suggested a ferromagnetic 3D long-range order, magnetiC‘]/k = 0.42 K. Broken curves show the heat capacities derived from

. . the spin-wave theory for 3D ferromagnets. Reprinted with permis-
measurements pelowc rev_ealed that the Ig?gnet'c state Is sion from ref 66. Copyright 2000 The Chemical Society of Japan.
not ferromagnetic but antiferromagnetfcé*

Nogami et af’~32 synthesized many TEMPO radicals and : . .
discovered bulk ferromagnetic behaviors in some TEMPO ﬁ;y;tal:sal(ozgil:irees7)0-ng2‘$%1€§:{sz %ﬁgﬁgihgﬁ%@

Q °>_< TEMPO (BATMPY crystals and found ferromagnetic phase
.O?\}OH NN N& transitions aflc = 0.28 and 0.19 K, respectively. Figure 9
illustrates the excess heat capacity of CATMP plotted on
logarithmic and normal scales. As shown by the solid curves,
MOTMP MATMP the heat-capacity anomaly appearing abdveis well-

reproduced by the 2D ferromagnetic Heisenberg model with

< > o /_@ the intralayer magnetic interaction &k = 0.42 K. The spin-
o N/ co— N/ wave analysis (broken curves in Figure 9) suggested a 3D

AC, / TK ™ mol™

2
>
& 7 =

AC, /] K mol™

ferromagnetic state in the long-range ordered phase with an
interlayer magnetic interaction af/k = 0.024 K. X-ray
CATMP BATMP structural analysés®° revealed that both crystals have 2D
Figure 7. Molecular structures of TEMPO radicals. sheet structures. This result is consistent with the observation
of the heat-capacity anomaly aboVe.

Mito et al 8 performed magnetic and heat-capacity mea-
surements under pressure to investigate the pressure depen-
dence of the ferromagnetic phase transition of CATMP
crystal. They found three pressure-induced phenomena: (i)
a down-up variation with a period of about 0.4 GPa fer
< 0.9 GPa and monotonic and slight increasesHar 0.9
GPa of the magnetic transition temperature, (ii) a ferromag-
netic-to-antiferromagnetic transition around 0.5 GPa, and (iii)
a reduction of the magnetic lattice dimensionality from 2D
Heisenberg ferromagnet to a 1D one, which can be under-
stood by the pressure-induced rotation of the methyl moiety
relevant to the interaction mechanism throughHG--O—N
contacts.

2.3. Verdazyl Radicals

T/ K

Figure 8. Molar heat capacity of MOTMP. Curve 1, lattice heat _Verdazyls provide a fqml_ly of St.able organic radicals
capacity; curve 2, ferromagnetic 1D Heisenberg modiél€ 0.45 (Figure 10). Ferromagnetic interactions were first demon-
K); and line 3, spin-wave contribution. Reprinted with permission sStrated in 3-(4-nitrophenyl)-1,5,6-triphenylverdazyp- (
from ref 61. Copyright 1993 Taylor & Francis Group. NTpV), which indicated a positive Weiss constantéof=
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Figure 10. Molecular structures of verdazyl radicals.

1.6 K® Several verdazyl derivatives have so far been
reported to exhibit magnetic phase transitiéh¥:

Mukai et al. measured magnetic susceptibifignd heat-
capacity®’> 78 measurements of 3-(4-chlorophenyl)-1,5-
dimethyl-6-thioxoverdazylgCDTV) and 3-(4-bromophenyl)-
1,5-dimethyl-6-thioxoverdazylptBDTV) crystals. Takeda
and his collaboratof&”?investigated magnetic field depen-
dence of the heat capacity of a 3-(4-chlorophenyl)-1,5-
diphenyl-6-oxoverdazylptCDpOQOV) crystal. They observed
a sharp peak due to a ferromagnetic phase transitidiz at
= 0.21 K and a wide plateau around-4 K, characteristic
of 1D quantum ferromagnets (Figure 11). This sharp peak

was easily affected by the small magnetic field, and another

round hump appeared, increased in height, and shifted towar

the HT region as the magnetic field was increased. They N
also investigated the magnetic and thermal properties of four

1D antiferromagnet& p-NTpV, 3-nitro-1,5-diphenylverdazyl
(NDpV), 6-methyl-3-nitro-1,5-diphenylverdazyl (NDpMV),
and 6-methyl-3-(4-nitrophenyl)-1,5-diphenylverdazyg- (
NDpMV), and a 2D antiferromagnet 1,3,5-triphenyl-6-
oxoverdazyl (TOV) crystaf?8t

Recently, this research group studied the doping effect
of 3-(4-cyanophenyl)-1,5-dimethyl-6-thioxoverdazybp- (
CyDTV) on 3-(4-cyanophenyl)-1,5-dimethyl-6-oxoverdazyl
(p-CyDOV), which shows a spin-Peierls transition at
Tsp = 15.0 K883 by heat-capacity measurements pf (
CyDOV);—x(p-CyDTV)y crystals®+-8 Figure 12 represents
theT vs x phase diagram for th@g{CyDOV),—«(p-CyDTV),
systems. Antiferromagnetic phase transitions were ob-
served atTy = (0.135 + 0.02), (0.290+ 0.02), and
(0.164 + 0.02) K for the crystals withxk = 0, 0.01, and

Sorai et al.
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Figure 11. Field dependence of the magnetic heat capacity of
p-CDpOV crystal. Solid curves are the theoretical results foiShe
= 1/2 1D ferromagnetic system. Reprinted with permission from
ref 33. Copyright 1995 The Physical Society of Japan.
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Figure 12. T—x phase diagram of the dopgedCyDOV crystals,
(p-CyDOV),—«(p-CyDTV)y, obtained from the magnetic susceptibil-
ity (Tsp) and heat-capacityTépandTy) measurements. Closed and
open circles and closed squares indicdig, Tsp, and Ty,
respectively. SP, AF, and P mean spin-Peierls, antiferromagnetic,
and paramagnetic states, respectively. Reprinted with permission
from ref 85. Copyright 2003 The Physical Society of Japan.

0.07, respectively. The coexistence of antiferromagnetic long-
range order and the spin-Peierls state was confirmed in the
systems withk = 0 and 0.01, while in the system with=

.07 only a single antiferromagnetic phase appeared below
= 0.164 K.

2.4. Thiazyl Radicals

Thiazyl radicals (Figure 13) are candidates of HT bulk
magnets because they are characterized by strong antiferro-
magnetic exchange interactions between radical cefters.
Their unique intermolecular interactions have resulted in
unusual solid-state properti&s?2

The dithiadiazolyl radicap-NCCsF4CNSSN (Figure 13)
has two crystal polymorphs: triclinia-phasé® and ortho-

PNCCGF,CNSSN BDTA

Figure 13. Molecular structures of thiazyl radicals.
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Reprinted with permission from ref 96. Copyright 2002 Elsevier
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rhombicS-phasé®* The a-phase becomes antiferromagnetic BImtBN BImPh(BN
below Ty = 8 K.% Although the 3-phase is also an a ) 5
antiferromagnet, it gives rise to a spontaneous magnetization \©i"’ NP :@:’}_N/
below Ty = 36 K. This implies noncollinear antiferromag- K >V N
netism?* Palacio et a?>% performed heat-capacity measure- CIBImtBN Me2BImtBN

ments .Of theﬁ—phase and Qbserved a pgak due to the Figure 15. Molecular structures of other radicals.
noncollinear antiferromagnetic phase transitiofyat 35.5

K, above which a broad shoulder characteristic of low- MPYNN)-BF; (Figure 15), which is known to be &= 1
dlme_r.15|onal magngts was found. ) . 2D KagonieHeisenberg antiferromagn®tThe heat-capacity
Fujita et al*® studied the magnetic and thermal properties maximum due to a magnetic short-range order was observed
of 1,3,2-benzodithiazolyl (BDTA; Figure 13). The temper- 4t 1 4 K, which was about half of the antiferromagnetic
ature dependence of the magnetic susceptibility of BDTAis interaction 2J)/k = 3.1 K in the Kagordattice. However,
shown in Figure 14. The as-prepared sample is in a yekysa and OguchP suggested that-MPYNN-BF; is not
diamagnetic state (DS) in the range from 4.4 to 360 K, at the 5= 1 Kagonieantiferromagnet but a magnetic hexagonal-

which it is suddenly transformed into a paramagnetic state petwork system with 2/k = 20.1 K, 2l,/k = —3.1 K, and
(PS). On cooling to 4.2 K, the sample remains in PS. 23k = —2.0 K.

However, when the temperature is increased, the PS state is
irreversibly transformed to the DS around 270 K. On the
basis of this result, together with the result of the calorimetric
study, one can get a Gibbs energy phase diagram shown irf1
Figure 14. Namely, DS is the stable phase and PS is a . o - . X
metastable phase below 346 K, above which the stabilities '"romagnetic phase transition'a = 0.40 K. The interchain
of both phases are reversed. The heat-capacity measureme ch%nge_ interactions were estimated toJifle = 0.02 K
of the supercooled PS phase indicated an antiferromagneticanOIJ /k=—-0.01K.

Teki et all®® investigated the magnetic and thermal
properties of N-[(2,4-dichlorophenyl)thio]-2,4,6-tris(4-
hlorophenyl)phenylaminyl (DCPTTCPPA) (Figure 15). The
eat capacity indicated &type anomaly due to an anti-

phase transition afy = 11 K. Hosokoshi et al. synthesized stable biradicals 2%
tert-butyl-N-oxyamino)phenyl]-4,4,5,5-tetramethyl-4,5-dihy-
2.5. Other Radicals dro-1H-imidazol-1-oxyl3-oxide (PNNNO), 2-[26'-difluoro-

4'-(N-tert-butyl-N-oxyamino)phenyl]-4,4,5,5-tetramethyl-4,5-
Takagi et aP’ reported magnetic susceptibility and heat dihydro-1H-imidazol-1-oxyl 3-oxide ((PNNNO), and 2-[4
capacity of an organic radical salt, [3dmethyl-2,2- (N-tert-butyl-N-oxyamino)phenyl]-4,4,5,5-tetramethyl-4,5-
thiazolinocyanine]-TCNQ (DMTzNC-TCNQ) (Figure 15).  dihydro-1H-imidazol-1-oxyl (PIMNO) (Figure 15}%2From
The heat capacity showed a sharp peak due to an antiferrothe magnetic measurements of PNNNO and PIMNO, both
magnetic phase transition @ = 1.49 K, below which it biradicals were well-understood by 1D antiferromagnetic
gave rise tol" dependence expected for a gapless spin-wave chain models of ferromagnetic spin pairs with/& = 638
excitation. K and 2ae/k = —14.5 K for PNNNO and with 2=k = 216
Wada et aP® studied the magnetic property of an organic K and 2ar/k = —12 K for PIMNO. The heat capacities of
radical saltm-N-methylpyridiniuma-nitronyl nitroxide g PNNNO and PIMNO showed-shaped peaks due to anti-
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Figure 16. Schematic drawing of the bilayer structure for the BImtBN crystal. Reprinted with permission from ref 104. Copyright 1999
American Chemical Society.

ferromagnetic phase transitions & = 1.1 and 2.5 K, intradimer exchange interactioddk = —22 and—24 K,

respectively. On the other hand;FINNNO was thought to  respectively.

be a 2D Heisenberg system, in which the spin pairs were Miyazaki et al'% performed heat-capacity measurements

connected by two types of antiferromagnetic interactions with of BImtBN. An antiferromagnetic phase transition was

2Y arflk = —67 K and Jar/k = —7.4 K and a ferromagnetic  observed aly = 1.7 K. As compared in Figure 17, the heat-

interaction with 3e/k = 407 K. They also designed a novel capacity hump observed aboVg was well-reproduced by

triradical, 2-[3,5-bis(N-tert-butylaminoxyl)phenyl]-4,4,5,5-  theS= 1/2 antiferromagnetic bilayer Heisenberg model with

tetramethyl-4,5-dihydro+i-imidazol-1-oxyl 3-oxide (PNN-  the intralayer interactiody/k = —1.2 K and the interlayer

BNO) (Figure 15) to obtain an organic ferrimagi&tThe interactionJ./k = —1.9 K.

magnetic susceptibility of PNNBNO was well-reproduced

by the calculation with 2/k = 860 K, 2Jar/lk = —216 K, . .

and 2 a:/k = —0.6 K. In the heat capacity of PNNBNO, a 3. One-Dimensional Magnets

A-shaped peak due to a ferromagnetic phase transition was . ) o

observed afc = 0.28 K. The total magnetic entropy gain . Because superexchange interactions are principally con-

reached 91% oR In 2 at 3.3 K, which suggested that the fined within nearest nelghbqrs, the_ Iattlcg dimensionality of

effective S = 1/2 species underwent a magnetic phase mqlecule—based magnets is basically mqut_anced_by the

transition atTe = 0.28 K. anisotropy pf the constituent molecule carrying spins qnd
One of the promising strategies for controlling pack- by the relative arrangement of the mo_lecule_s. This situation

ing of organic free radicals in the solid state is to use |€@ds to low-dimensional magnets in which 1D or 2D

hydrogen bonding. Recently, Lahti et &:1% synthesized  interactions are dominant.

new organic radicals hydrogen-bonded benzimidazole-

basedert-butylnitroxides, benzimidazole-&rt-butylnitrox- 3.1. Metallocenium Salts of Radical Anions

ide (BImtBN), 4-(H-benzimidazol-2-yl-phenylert-butyl-

nitroxide (BImPhtBN), 5(6)-chloro-BImtBN (CIBImtBN), As a strategy to realize molecule-based bulk ferromagnets,
and 5,6-dimethyl-BImtBN (Me2BImtBN) (Figure 15). The Miller et al.t%"1%proposed charge-transfer complexes, for
single-crystal X-ray crystallograpff of BImtBN showed example, decamethylferrocenium tetracyanoethenide [DMFc]-
that bilayers made up of two sheets parallel toahglane [TCNE]. As shown in Figure 18°the solid-state structure
are formed (see Figure 18, whereas the magnetic sus- of [DMFc][TCNE] consists of parallel stacks of alternating
ceptibility’®* measurement revealed that its magnetism can [DMFc]*™ and [TCNE] radical ions, although disorder in
be well-expressed by th& = 1/2 square planar 2D the anion positior8® has prevented refinement of the
antiferromagnetic Heisenberg model with the intralayer orthorhombic structure. The crystal structure includes neigh-
exchange interaction dfk = —1.6 K. The magnetic structure  boring stacks that are in and out of registry. Magnetic
of BImPhtBN resembled that of BImtBN, while CIBImtBN  ordering in this complex was intensively studied by mag-
and Me2BImtBN obeyed the singtetriplet models with the netization and magnetic susceptibility measuremetiee
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Figure 17. Magnetic heat capacity of BImtBN crystal on (a)
logarithmic and (b) normal scales. The broken curve drawn in plot

a shows the heat capacity obtained from the spin-wave theory for

3D antiferromagnets. In plot b, curves A and B indicate the heat
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Figure 19. Magnetic heat capacity of [DMFc][TCNE]. (a) 1B

= 1/2 ferromagnetic Heisenberg modéhk = J/k = 13 K), (b)
1D anisotropic Heisenberg modél/k = 25 K; J-/J, = 0.5), and
(c) Ising model §/k = 19 K; Jy/k = 0 K). Reprinted with
permission from ref 111. Copyright 1990 Elsevier Ltd.

sistent with a 3D ferromagnetic ground state. Howe¥é&e
Mdssbauer spectroscopy exhibited zero-field Zeeman split
spectra even up to 20 K. This was a great mystery, and at
that time, there had been reported no conclusion about the
question, whether the Msbauer line-width broadening is
due to single ion relaxation or to a cooperative effect
involving solitons in a 1D magnet.

Heat capacities of [DMFc][TCNE] were reported by
Chakraborty et all®and by Nakano and Sor#it Figure 19

capacities calculated on the basis of the HT series expansion forrépresents the magnetic heat capacity of [DMFc][TCNE].

the S= 1/2 square planar 2D Heisenberg model withk= —1.6
K and for the bilayer model with the intralayer interactidk =
—1.2 K and the interlayer interactiah/k = —1.9 K, respectively.

Curve C shows the heat capacity calculated by the dimer model

with Jyk = —2.8 K. Curve D represents the heat capacity calculated
by the bilayer model witld,/k = —1.4 K andJ,/k = —1.3 K derived
from the magnetic data. Reprinted with permission from ref 106.
Copyright 2002 American Chemical Society.

Figure 18. Example of one type of stacking arrangement of donor
and acceptor molecules for out of registry chains of the compound
[DMFCc][TCNE].

The phase transition expected for the ferromagnetic ordering
was actually observed at 4.74 K. Another feature is a
remarkable hump centered around 8.5 K. This hump corre-
sponds to the strong short-range order characteristic of the
1D stacking structure in this crystal. The temperature region
of this hump coincides with the anomalous region of the
5"Fe Mssbauer spectra. The total entropy gain due to the
phase transition at 4.74 K and the noncooperative anomaly
around 8.5 K amounted taS= (124 1) J K'* mol~* and

is well-approximated byRIn 2 = 11.53 J K mol~. This

fact confirms that the charge transfer from the donor to the
acceptor is complete and that the present complex consists
of a spin 1/2 cation and a spin 1/2 anion.

As can be seen in Figure 19, the hump cannot be
reproduced by a usual 1B = 1/2 isotropic Heisenberg
model (curve a:Jo/k = J/k = 13 K). This anomaly is
favorably accounted for in terms of anisotropic Ising
character (curve cJ/k = 19 K; Jo/k = 0 K). The fit was
obtained for an anisotropic Heisenberg model (curve,tk
= 25 K; Ji/Jy = 0.5). The origin of this Ising anisotropy
can be attributed to the anisotrogj¢ensor of the [DMFc}
cation radical. For the superexchange interaction between
two magnetic ions A and B, the anisotropy of magnetic
interaction is known to be proportional to the product of the
g-values, Jo/J; ~ (9=°g-®)/(g*g”). The present cation
[DMFc]* has anisotropig-values ¢, = 4.0 andgy = 1.3),
whereas the anion [TCNE]is isotropic o = g, = 2.0).
Consequently, the magnitude of the interaction anisotropy
is expected to bdy/J, = 0.33. This value agrees well with
Jo/Jy = 0.30 derived from the magnetic susceptibility for
single crystald!? The calorimetric result suggesting a very

Mdossbauer spectroscopy, and neutron diffraction. Below 4.8 strong Ising character of the magnetic interactidgm), <

K, the charge-transfer complex displays the onset of spon-

taneous magnetization in zero-applied magnetic field, con-

0.5, supports the conclusion obtained from the single-crystal
susceptibility.
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Close examination of the magnetic elementary excitations
in the ordered phase provides more evidence for the strong [ (a)
Ising character. The excess heat capacity obviously exhibits
the exponential temperature dependence characteristic of
excitation over an energy gap rather than the power-law
dependence of spin-wave excitation. The energy gap was
estimated to bé\E/k = 28 K from the data in the range of
1-3 K. The dominant thermal excitation in [DMFc][TCNE]
is inferred to be the bound-state type inherent in the Ising
magnet.

Decamethylferrocenium 7,7,8,8-tetracygmqgeinodimeth- i
anikde [DMFc][TCNQ] is isomorphous with [DMFc]- 0.5t -
[TCNE]. Miller et al*'® have reported the metamagnetic 0.1
behavior of [DMFc][TCNQ], in which a dominant interaction T/K
is intracolumnar ferromagnetism with a weak intercolumnar Figure 20. Excess heat capacities of MnCu(obifith,0 around

antlferrolrﬂaget_ls_m. Heat-capacity measurements of [DMFC- 4,6 antiferromagnetic phase transition temperafiweThe solid
[TCNQJ*** exhibited an antiferromagnetic phase transition |ine indicates the theoretical heat-capacity curve estimated by the
at Ty = 2.54 K with the entropy gain oAS= 11.2 J K1 HT series expansion f@= 2 1D ferromagnetic Heisenberg model
mol~t. The magnetic lattice anisotropy of the [TCNQ] with Jk=0.75 K. The broken straight line shows the heat capacity
complex was smaller than that of the [TCNE] complex, as due to the spin-wave excitation. Reprinted with permission from
exemplified by a smaller energy gap AE/k = 6.5 K. ref 116a. Copyright 1999 The Chemical Society of Japan.
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3.2. Bimetallic Chain Complexes (@) l Cu2+ I s=1/2 I
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Kahn and his collaboratdf$ proposed a strategy to design l l
molecule-based compounds exhibiting a spontaneous mag- —O—Q—O—.—O—.—
netization by assembling ordered bimetallic chains within Jy VA
the crystal lattice in a ferromagnetic fashion. The novel _ _
ferromagnet that they prepared was '\@ui'(obbz)H,O ik =- 42K J/ke=-72K
[obbz = N,N'-oxamidobis(benzoato)] with a high Curie

temperature, which is obtained by partial dehydration of the (b) §=2
molecule-based antiferromagnet MGU' (obbz}5H,0. On I I ]
the basis of powder X-ray diffraction (XRD) patterns and

XANES and EXAFS spectra at both Mn and Cu edges for @ @ @fL
MnCu(obbzj)5H,0 and MnCu(obbzH-0, it has been shown J J

that these complexes have very similar structures and that Jkg =075 K

Mn?t and Cd" ions are in octahedral and elongated

_tetragonal surrgund|ngs,+rgspectlvely._These structural result netic chain in MnCu(obbzpH,O. Open and filled circles stand
'mply,that Mr™ and Cd* ions are bridged alte,mately by for Mn2t and C@* ions, respectively. Long and short arrows
oxamido and carboxylato groups to form 1D chain structures, indicate spins 5/2 and 1/2, respectively. Antiferromagnetic interac-
which are two- or three-dimensionally connected through tion J; is much stronger thad. (b) One-dimensional ferromagnetic
Mn?*—0O(oxamido) bonds. In MnCu(obbBH0, only one chain consisting of the resulta® = 2 spins expected for the
water molecule is coordinated to the RMnion and the  antiferromagnetically strongly coupled Wall?g Cd* spin pair.
remaining four water molecules are noncoordinated, con- Double circle stands for the Mh—Cue™ pair:iea

sistent with the easy dehydration. Magnetic measurefents s = 52 of M2+ and S = 1/2 of C&* above Ty. The

indicate that MnCu(obbzii,O exhibits a 3D ferromagnetic  magnetic structure of this 1D ferrimagnetic chain is sche-
order belowT. = 14 K while MnCu(obbz)5H,0 shows a  matically drawn in Figure 21. The exchange interaction

g:igure 21. (a) Schematic magnetic structure of the 1D ferrimag-

3D antiferromagnetic order belol = 2.3 K. parameters for the oxamido and carboxylato bridges between
Heat capacities of MnCu(obbsH;O and MnCu(obbz) Mn2* and C@* have been determined to Bgk = —21 K
H,O were measured by Sorai and his collaboratérat andJ, = —3.6 K, respectively. This strong alternation shows

temperatures from 0.1 to 300 K by means of adiabatic that the 1D ferrimagnetic chain can be regarded as a 1D
calorimetry. Figure 20 shows the excess heat capaditigs  pseudo-ferromagnetic chain made ugBef 2 resultant spins
below 20 KM% A phase transition peak due to 3D anti- arising from pairing between the spins of Mrand Cd*.
ferromagnetic ordering was observedat=2.18 K. Aheat-  This approximation is reasonable from the fact that the
capacity hump centered araii K is due to theshort-range  exchange interaction for the oxamido bridge is much stronger
order effect characteristic of a low-dimensional magnet. The than that for the carboxylato bridge.

entropy arising from these two anomalies was 12.173 K The total entropy gain theoretically expected for the spin

mol~L. multiplicity of Mn?* and Cd* amounts toR In(6 x 2) (=
MnCu(obbz)5H,0 has a 2D or 3D network structure 20.7 J K'* mol™2). However, because this ferrimagnetic chain
formed by assembly of 1D chains, in which ktrand Céd* can be regarded as &+ 2 pseudo-ferromagnetic chain for

ions are alternately bridged by two different kinds of the reason described above, oRlin 5 (= 13.4 J K1 mol™?)
groups: oxamido and carboxylato. The magnetic susceptibil- contributes to the entropy at low temperatures. Because the
ity measuremeft® indicated that this complex can be experimental entropy gain 12.1 JKmol! agrees rather
regarded as a 1D ferrimagnet composed of two different spinswell with this value, one may conclude that the pseudo-
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ferromagnetic chain model is a good approximation. The only the HT tail of thel-type anomaly was detected by the
remaining entropy oR In(12/5) (= 7.3 J K1 mol~) would heat-capacity measurement. These results are compared with
be acquired at higher temperatures by thermal excitation tothe magnetic properties of the isostructural compound
theS= 3 excited spin level. As seen in Figure 20, the validity Gd,[Cu(opba)}-S, which is a ferromagnet. The results for
of the present pseudo-ferromagnetic chain approximation isL,[M(opba)k-xDMSO-yH,O showed that the Cu-containing
given by the fact that the heat-capacity tail abdwes well- complexes (with the exception of @us) undergo long-
reproduced by this model witllk = 0.75 K. The effective range magnetic order at temperatures Wweb K and that
value for the exchange parametkebetween the adjacent the magnetic ordering is ferromagnetic for Gds, whereas
resultant spins witls = 2 is derived asl/k = 0.70 K from for Th,Cus and DyCus, it is probably antiferromagnetic.
the experimental valuesl(k = —21 K andJ, = —3.6 K) The author¥%'?! have claimed that these compounds
on the basis of the spin-vector projection methd. belong to the spin-ladder system owing to their ladder-
In the case of MnCu(obb#),0, a broad phase transition ~shaped molecular packing in the crystal lattice. However,
due to 3D ferromagnetic ordering was observed around 17their heat capacities do not show the quantum effects at low
K.116b Above the transition temperature, a heat-capacity tail temperatures characteristic of the spin-ladder system, which
arising from the short-range order characteristic of a low- is one of the spin-gapped systems. Therefore, as far as the
dimensional magnet was found. As in the case of magnetic heat capacities are concerned, these complexes are
MnCu(obbz)5H,0, the entropy gained by the phase transi- @ family of low-dimensional magnets showing long-range
tion (12.7 J K1 mol-1) was close t(RIn 5 (= 13.4 J K1 order.

mol~?!) expected for the resultant spin model with e 2 . o i .
ground state. 3.3. Helical Chain with Competing Interactions

Magnetization measuremeH® for MnCu(obbz)H,O One-dimensional localized magnets have served as suitable
revealed a bend of the hysteresis loop above the transitionsystems by which theoretical predictions are tested. H&ada
temperature and a magnetic relaxation below the transition proposed that the competition between nearest-neighbor (nn)
temperature. These results lead to the conclusion that theand next-nearest-neighbor (nnn) exchange can give rise to a
broadness of the phase transition may be attributed tohelical phase, whose 2-fold chiral degeneracy (clockwise and
superparamagnetism caused by the fact that the presengounterclockwise turns of spins along a chain) leads to the

complex is prepared only in a fine powder. excitation of topologically stable chiral domain walls,
Coronado et al*reported magnetic and thermal properties separating two domains of opposite chirality.
of bimetallic chain complexes MiM"(EDTA)-6H,0O (M = Quasi-1D molecular magnets &¢hfackNITR (hfac =

Co, Ni, Cu; EDTA= hexadentate ligand ethylenediamine- hexafluoro-acetylacetonate, NRKE= 2-R-4,4,5,5-tetramethyl-
N,N,N',N'-tetraacetate) in the 1430 K temperature region.  4,5-dihydro-H-imidazolyl-1-oxyl 3-oxide andR = alkyl or
Their structure consists of infinite zigzag chains, built up phenyl groupsy® were regarded as good candidates to test
from two alternating [Mn,M] sites. The degree aF Harada’'s prediction. Their magnetic properties are deter-
alternation of these compounds varies in the order [Mn,Ni] mined by Gd" rare-earth ions with spi® = 7/2 and the

< [Mn,Cu] < [Mn,Co]. A qualitative explanation of this  NITR organic radicals with spis = 1/2, alternating along
trend is given on the basis of the structural features and thethe chain and interacting via competing nn and nnn exchange.
electronic ground state of the interacting ions. The magnetic It should be noted here that a capif&and a lower cass
behavior exhibits the characteristic features of 1D ferrimag- are used for the spin quantum number to discriminate the
nets, but interchain interactions lead at very low temperature two kinds of spins in a chain. The chains are well-separated
to a long-range antiferromagnetic ordering as outlined by one from the other by the presence of the bulky ligands,

the A-type heat-capacity peak. and_ only weak c_JIipoIar interactions are _supposed between
Drillon and his collaboratot4 reported a theoretical model ~ chains. The spin Hamiltonian describing the exchange
for ferrimagnetic Heisenberg bimetallic chains [£#29) (S~ interaction in a single chain is written as follows:

= 1 to 5/2) and provided heat-capacity curves as a function
of temperature. It was shown that the main features for the H=—J ‘s b - _
infinite chain are conveniently given by extrapolating the " — 1; (Son-17 S0 T 0" Sontd)

N/2

results obtained for spin rings consisting of several pairs of N2 N/2
spins. Because the model chains have been characterized by J Sy 1 S i—Jy . 1)
uniform interaction parametel;, application of this model Zr; -1 =+l 2 nZ\SZ” San+2

to the systems with strongly alternating interaction should

be careful. where the index refers to the spin position along the chain,
Evangelisti et al. reported heat capacities of bimetallic N is the number of spins along the chaih, > 0 is the
compounds containing 4f-3d electrons. They involve (i) ferromagnetic nn exchange consant, dnet 0 andJ,’ < 0
Gdx(0ox)[Cu(pba)}[Cu(H,0)s]-20H,O and Gd[Cu(opba)}- are the antiferromagnetic nnn exchange constants. Under an
6DMSCO4H,0 [opba = o-phenylenebis(oxamato}}? (ii) appropriate condition, the ground state of this isolated chain
Lny[Cu(opba)}S (S = solvated molecules; L Th, Dy, is characterized by 2-fold degeneracy: clockwise turn of the
Ho);**aand (iii) Lo[M(opba)kxDMSO-yH,0 (L = La, Gd, spins and counterclockwise turn shown in Figure 22a,b,
Th, Dy, Ho; M = Cu, Zn; DMSO= dimethyl sulfoxide; respectively:??
hereafter abbreviated byl43).12° As to (i), both compounds Gatteschi and his collaborators studied thermal properties
undergo 3D ferromagnetic ordering wiflz = 1.05 K and of Gd(hfac)NITR, where R = isopropy! & i-Pr), ethyl
Tc = 1.78 K, respectively. For the compounds of (ii), three (= Et), methyl & Me), and phenyl £ Ph), at low
compounds undergo 3D magnetic ordering, With= 0.81 temperaturé?®-126 As a result, it was found that the thermal
K and T, = 0.74 K for the Th- and Dy-containing behavior is classified into two groups: One is that shown
compounds, respectively. For the Ho-containing compound, by the compounds witlR = Me and Ph, and the other is
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Figure 22. Helical configurations of a spin chain with easy-plane
anisotropy. (a) Helical ground state with clockwise turn of the spins
(+chirality); (b) helical ground state with counterclockwise turn
of the spin ¢chirality); and (c) dotted line, domain wall separating
two regions with opposite chirality. The simplest caseSof s

and of a localized domain wall was represented in the figures.

Reprinted Figure 1 with permission from Affronte, M.; Caneschi,
A.; Cucci, C.; Gatteschi, D.; Lasjaunias, J. C.; Paulsen, C.; Pini,
M. G.; Rettori, A.; Sessoli, RPhys. Re. B 59 6282, 1999 (http://
link.aps.org/abstract/PRB/V59/p6282). Copyright 1999 by the Ameri-
can Physical Society.

that given by the compounds wifR = i-Pr and Et. In the
case of Gd(hfagNITMe and Gd(hfag)NITPh, they exhibited
a neatl-type heat-capacity peak at = 0.68 and 0.6 K,
respectivel\*?®> The total entropy gain due to the phase
transition was 22.9 and 22.0 J"Kmol™?, respectively.

Sorai et al.

1.5

T/K

Figure 23. Molar heat capacities (normalized to the gas constant
R) against temperature of Gd(hfaN)TiPr, measured in zero field
(solid circles), in a field of 0.5 T (open circles) @b T (open
squares). The solid line is a guide for the eye. Reprinted Figure 1
with permission from Lascialfari, A.; Ullu, R.; Affronte, M.; Cinti,

F.; Caneschi, A.; Gatteschi, D.; Rovai, D.; Pini, M. G.; Rettori, A.
Phys. Re. B 67, 224408, 2003 (http://link.aps.org/abstract/PRB/
v67/p224408). Copyright 2003 by the American Physical Society.

walls, separating two domains of opposite chirality, first
predicted by Harad®? To confirm this interpretation,
Bartolomeet al. performed numerical transfer matrix cal-
culations of the magnetic heat capacity for the classical planar
model and obtained a justification in a qualitative way. For
the compounds with lower frustratiofR(= Me, Ph), this
model provided a broad heat-capacity peak with no indication
for the excitation of chiral domain walls. For the compounds
with a higher degree of frustratiolR(= Et, i-Pr), a peak
showing the signature of the excitation of chiral domain walls
appeared.

Affronte et al*?3further studied the LT heat capaci®(T)
of Gd(hfac}NITi-Pr. The anomaly observed i@G(T) was
reproducibly found al, = 2.09 K, although th&€(T) curves
measured on different samples showed clear evidence for
aging effects. An interpretation, capable of explaining the
C(T) data both in the LT and in the critical region, calls for
the onset, belowvily, of nonconventional chiral long-range

Because these values are close to the expected spin entropgrder due to interchain interactions. The chiral phase can be

due to Gd" and the radical spimS= RIn(8 x 2) = 23.0
J K! mol™t, the phase transitions observed in these
compounds arise from the magnetic origin. On the LT side
of the peak, both compounds showed a tendency Té?a

described as a collection of parallel corkscrews, all turning
clockwise (or all counterclockwise), whereas their phases
are random. An estimation ofy according to this model
and using the exchange constants evaluated from the linear

temperature dependence, suggesting a 3D ferromagnetic spinc-vs-T slope supports this interpretation. The chiral order is

wave contribution. Therefore, thetype peak corresponds

compatible with the breaking of the chain into finite

to the onset of 3D long-range order and a dimensional segments, due to aging effects, while the phase coherence
crossover takes place from 1D at high temperature to 3D atpecessary for the onset of 3D helical long-range order is

low temperature.

In contrast, Gd(hfagNITEt and Gd(hfagNITi-Pr are
strongly frustrated compounds. Although these two com-
pounds gave rise to very small heat-capacity peakgeait

~ 2 K, the experimental heat-capacity curves are drastically

destroyed.

Lascialfari et al?® measured the heat capacity of
Gd(hfac)NITi-Pr under magnetic field and zero-field muon
spin resonanceu('SR). The heat capacity measured in zero

different from the previous cases. In the case of magneticfield exhibited a-type peak afo = (2.08+ 0.01)

Gd(hfac}NITEt, because the total entropy wAS = 22.7 J
K=! mol™%, all of the magnetic contributions have been
observed. The initial slope of the heat capacity near 0 K
was almost linear with respect td, suggesting a 1D

K that disappeared upon the applicatidnads T magnetic
field (Figure 23). Conversely, the"SR data do not present
any anomaly afl ~ 2 K, proving the lack of divergence of
the two-spin correlation function as required for usual 3D

antiferromagnetic state even below the peak temperature. Orfong-range helical order. Moreover, no muon spin precession

the basis of these results, Bartolomeal 2> assumed that
the peaks observed for Gd(hfald) TEt and Gd(hfagNITi-

Pr are not due to 3D ordering but to a different mechanism,

and they hypothesized that the peakSgtx~ 2 K could
be due to the excitation of topologically stable chiral domain

can be evinced from th@"SR asymmetry curves, thus
excluding the presence of a long-range-ordered magnetic
lattice. These results provide indications for a LT phase

where chiral order is established in the absence of long-range

helical order.
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3.4. Lithium Phthalocyanine

The 1D molecular semiconductor lithium phthalocyanine
(LiPc) has a half-filled conduction band and is expected to
be an organic metaf’ However, because of the strong
Coulomb repulsion, the system is a 1D MeHubbard
insulator with a Hubbard gap of 72 kJ méhs inferred from

Chemical Reviews, 2006, Vol. 106, No. 3 991

numerical calculations based on the Bethe ansatz with no
adjustable parameters, this material is an idealSI:B 1/2
Heisenberg antiferromagnet with nearest-neighbor exchange
constant ofJ/k = 5.2 K (in the —2JS- § scheme). This
makes the material an excellent model system for exploring
the T = 0O critical line that is expected in thd—T phase
diagram of the 106 = 1/2 Heisenberg antiferromagnet.

optical measurements. LiPc has one unpaired electron on the

inner ring of the macrocycle. These electrons are localized

along the molecular stack and behave like &= 1/2
antiferromagnetic spin chain.

3.6. Mixed-Valence MMX Type Complexes
Halogen-bridged mixed-valence binuclear metal com-

The heat capacity of LiPc has been measured by DummPléxes, the so-called MMX chain compounds, have drawn

et all?7128in the temperature range of 15 T < 300 K.
The magnetic heat capacity shows a broad maximumat

~ 18 K. This anomaly originates in the short-range order
effect in the spin chains and is well-described by a model
of an S = 1/2 antiferromagnetic Heisenberg chain. The
intrachain exchange constant is givenJi¢ ~ 40 K.

3.5. Quasi-1D Inorganic Complex

To understand the intrinsic properties of quantum criti-
cality, it is important to explore its phenomenology in simple
and well-controlled model systems. One of the simplest
quantum critical many-body systems is a linear chain of
antiferromagnetically coupled spin 1/2 objects. Quantum
criticality in this system is particularly interesting because
it is possible to continuously tune the critical exponents by
the application of a magnetic field. Hammar etdlexplored
the magnetic properties of a copper complex'[(MO3),-
(pyn)] (pyz = pyrazine; GH4Ny) on the basis of high-field

magnetization, field-dependent heat-capacity measurements

and zero-field inelastic magnetic neutron scattering.
Heat capacities of [CYNOs).(pyr)] were measured by use

of a relaxation method in the range of 68:10 K up to an

applied magnetic field of 9 T° Figure 24 shows the

temperature dependence of the total heat capacity of

[Cu(NGs),(pyr)] for a number of magnetic fieldd parallel
to b-axis. AsH is increased, the broad feature observed in

zero-field is suppressed, and the maximum gradually shifts

to lowerT. The solid curves are the results of a fit to a model
based on exact diagonalization of short chains. The dashe
line is the estimated phonon contribution determined from

the fit. Because the results are in excellent agreement with

5 Y T ¥ T v T v T
pH=0
3T
5T
7T
9T

C,/ IK ' mol?
T o T L) T

-

T/K

Figure 24. Molar heat capacity of [C{NOgz),(pyr)] vs temperature

at constant magnetic field parallel o Solid curves are a fit to an
exact diagonalization model. The dashed line is the phonon
contribution determined from the fit. Reprinted Figure 4 with
permission from Hammar, P. R.; Stone, M. B.; Reich, D. H.;
Broholm, C.; Gibson, P. J.; Turnbull, M. M.; Landee, C. P.;
Oshikawa, M.Phys. Re. B 59 1008, 1999 (http://link.aps.org/
abstract/PRB/v59/p1008). Copyright 1999 by the American Physical
Society.

attention as quasi-1D electronic systems characterized by
strong electrorphonon, electronelectron, and magnetic
interactions. There are following four extreme valence-
ordering states:

(a) averaged valence (AV) state:
cee _X__M25+_M25'~__X__M25+_M25'~__ cee

(b) charge density wave (CDW) state:
vee _xf_M2+_M2+_xf_M3+_M3+_ cee

(c) charge polarization (CP) state:
e _x—_M2+_M3+_X—_M2+_M3+_ vee

(d) alternate charge polarization (ACP) state:
vee _Xf_M2+_M3+_Xf_M3+_M2+_ cee

Mode (@) is an AV state and has the possibility of either a
Mott—Hubbard insulatorly > W~ 4t) or a 1D metal <
W), whereU, W, andt are the on-site Coulomb repulsion,
bandwidth, and transfer integral, respectively. Mode (b) is a
CDW insulating state, where doubling of the unit cell occurs.
Modes (c) and (d) are a CP state and an ACP state,
respectively. As an unpaired electron exists in thé1¢*—
M3t—) unit, modes (c) and (d) are anticipated to be
paramagnetic. Because no cell doubling occurs in the case
of mode (c), either a MottHubbard insulator or a 1D metal
js expected. On the other hand, mode (d) is expected to be
n insulator analogous to a spin-Peierls state. Platinum
complexes [PPt"(RCS)4l] are typical examples of this
category, where R is-alkyl-group. Two platinum atoms are
bridged by four bidentate RGSligands, and such binuclear
complex units are linearly bridged by iodide ions to one
another.

Kitagawa et al3°133 reported the first observation of a
metallic property in [P{dta)yl] (dta: dithioacetato, R=
CHs;—). The electrical conductivity and thermoelectric power
measurements for a single crystal of JBta)l] parallel to
the chain axid revealed that this complex exhibits a metallic
temperature dependence above a metamiconductor
transition temperatur€éy_s = 300 K. This metal-semicon-
ductor transition was also confirmed by magnetic susceptibil-
ity measurement for a polycrystalline sampie!®3Further-
more, temperature dependence of the electrical conductivity
and thermoelectric power measurements showed a first-order
phase transition around 360 K. From single-crystal X-ray
structure analyse's? it was revealed that a first-order phase
transition occurs afys = 365 K from the LT phase with
space groupC2/c to the HT phase witiA2/m, in which the
cell volume is a half of that of the LT phase. Moreover, the
magnetic susceptibility shows a convexity at 80 K, which
suggests the existence of a phase transition. From variable-
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1 ! 1 d I N I
Pty(dta),]
600

T
°
& 400
T v @
— Low-temp. Phase High-temp. Phase
=~ C2/c A2/m
oy 200 Figure 26. Part of a 1D arrangement of the halogen-bridged mixed-

valence complex [Btdta)l]. In the HT phase, two conformational
disorders of each dta-ligand are drawn with equal probaBiity.

disorder type concerning conformational change of the dta
y ligands (see Figure 26). The total entropy gain due to the
0 100 200 300 400 phase transition was onS= (5.25+ 0.07) J K* mol.
T/K If the four dithioacetato ligands reorient independently
between two positions, the total entropy gain expected for
the order-disorder phase transition would bex4R In 2 =
23.05 J K! mol™t. However, this is quite far from the
observed value. The observed entropy is just 1/4 of the
temperature infrared and polarized Raman spectroscopies athdependent motion model. This fact clearly indicates that

Figure 25. Molar heat capacity of [Bfdta)l] crystal. The broken
curve implies normal heat capacity. Reprinted with permission from
ref 135. Copyright 2002 American Chemical Society.

room temperature antd Mdssbauer spectrosco§ ! at order—disorder motions of the four dithioacetato ligands
16 and 80 K, together with the experimental results men- might be synchronized. In that case, the theoretical entropy
tioned above, it is expected that the f@ta)l] complex is is only RIn 2 =5.75 J K mol™%. This value agrees well

in a 1D metallic phase of the AV state aboVg-s = 300 with the observed value. Therefore, one can safely conclude
K, in a semiconducting phase of the CP state between 90that the ligand motions in this complex are not independent
and 300 K, and in an insulating phase of the ACP state below but synchronized.
80 K. Similar structural phase transitions have been found by
To elucidate the relationship between various phases, heatadiabatic calorimetry for the homologous series of complexes
capacity measurements based on adiabatic calorimetry werevith longer alkyl chains: [RB{n-CsH/CS)4l],13%¢ [Pty(n-
made by Miyazaki et a5 for a powder sample of this CsHeCS)4l],2¥7 and [Pi(n-CsH1.CS)4l].1%8 Table 3 lists
complex. Molar heat capacities of pRitayl] crystal are the transition temperatures and the entropy gains at the
plotted in Figure 25. As described above, various experimentsphase transitions calorimetrically determined for the(fRPt
so far reported have suggested the mesaimiconductor  CyHomi1CS)4l] (1 = m < 5) complexes. The phase transi-
transition atTy—s = 300 K, corresponding to a Mott tions with a large entropy gain always involve a order
transition from a quasi-1D metallic phase of the AV state to disorder mechanism of the conformational changes of the
a semiconducting phase of the CP state and a spin-Peierlstigands.
like phase transition at 80 K to the ACP state. However, the In the case of [B{n-C4HsCS)4l], for example, the heat-
calorimetric results did not give rise to any thermal anomalies capacity measurement by Ikeuchi et#lrevealed two large
at 80 and 300 K. Very sensitive heat-capacity measurementsphase transitions at 213.5 and 323.5 K (see Figure 27). These
based on a.c. calorimetry were performed for a single crystal transition temperatures agree well with those found by the
of [Pty(dta)l] in the 15-317 K range at a frequency of 2 transport, magnetic, and a single-crystal XRD studies by
Hz. However, no thermal anomaly was detected around 80Mitsumi et al*4? These structural phase transitions were
and 300 K. In general, the change of a crystal lattice involved afterward confirmed by ESF and resistance measurements
in a Mott transition is extremely small. Therefore, the thermal under uniaxial compressidf® The X-ray structural study?
anomaly due to the Mott transition at 300 K, if any, is too revealed that the space group changes from tetragHal
small to be detected by these calorimetric methods. On thein the LT phase (below 213.5 K) to tetragondlm in the
other hand, because a Peierls or spin-Peierls transition givesoom-temperature (RT) phase persisting between 213.5 and
rise to a change of crystal lattice due to dimerization, a 323.5 K. In both phases, the crystal consists of a neutral 1D
thermal anomaly would be observed at 80 K if the transition chain with a P+Pt—I— repeating unit lying on the crystal-
actually occurs. In the case of jRitayl] crystal, however, lographic 4-fold axis parallel to the-axis. The periodicity
as the spin in the crystal is still alive below 80 K, the change of the crystal lattice in the 1D chain direction, however,
in the lattice would be very small. This might be the reason changes from 2-fold with a P{Pt—|— period in the LT phase
for no detection of a thermal anomaly around 80 K by these to 3-fold in the RT phase. As judged by-F®t and P+l
two calorimetries. bond distances, the valence-ordering structure in the LT
In contrast, a heat-capacity peak due to a structural phasephase can be regarded as an ACP state, while that in the RT
transition was observed &fs = 373.4 K. An XRD study** phase is close to the AV state. The HT phase appearing above
revealed that the plane formed by SCS atoms of a ligand is323.5 K has uniform structure along the 1D chain (Feis
statically tilted at room temperature, while above about 370 of tetragonal system) with an inversion center, implying
K the ligand plane can randomly convert between two tilted tetragonall4/m and the AV electronic state.
directions available for right and left sides with equal  ORTEP diagrams of the LT, RT, and HT phases of(firt
probability. Therefore, this phase transition is of the order C4HoCS,)4l] are shown in Figure 28%In the LT phase, no
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Table 3. Transition Temperature and the Entropy Gain at the Phase Transitions in Halogen-Bridged Mixed-Valence Quasi-1D
Complexes [P#(N-CrH2m1CS2)4l]

LT phase— RT phase RT phase HT phase

AysS AusS

complexes Turs (K) (J K tmol™?) Tus (K) (JK1mol™?) refs
[Pt(CH;CS)4l]2 373.4 5.25+ 0.07 135
[Pt(CHsCS)al]® ~180 and~230 0.21and 0.13 148
[Pty(n-CsH/CS)al]© 209 14.6 358.8 10 136
[Pto(n-C4HeCS)al] 2135 20.09 3235 7.46 137
[Pto(n-CsH1CS)4l]® 207.4 49.1 324 ~0 138
[Pto(n-CsH11.CS)al]f 220.5 52.4 138
model of disorde¥ 15.36 7.68

2 No thermal anomalies aty-s = 300 K andT(spin Peierls-like transitiony= 80 K.132134 b Electrical properties show a metal-semiconductor
transition atTy-s = 205 K 139142 ¢ Structural phase transition was reportediat= 359 K140 d Phase transitions were reported at 210 and 324
K.1417143 The calorimetric study’ additionally detected a small phase transition at 114 Bata for as-grown sample. The phase transition was
reported at 210 K Data for the sample once heated above the transition at 324 K and then supercooled. A very broad higher-order phase

transition was detected around 170%See the text.
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Figure 27. Molar heat capacity of [Rn-C;HsCS,)4l] as a function

remaining third unit, the dithiocarboxylato (€$ groups
undergo a structural disordering between two tilted positions
realized by clockwise and counterclockwise twist motions
with a population ratio of 1:1; moreover, each butyl group
has two conformations with a ratio of 1:1. On the other hand,
the HT phase has a lattice periodicity of one, showing that
all of the PtPt—I— units are equivalent. Interestingly,
although the C& groups show 2-fold disorder with respect
to the twist motion in the HT phase, the butyl chains are
seemingly ordered.

Because the twist motions of the four £Sgroups in
[Pt;(CHCS)4l] were synchronized®® Ikeuchi et al®’
estimated possible structural entropies of each phase on the
basis of various combinations of synchronized and indepen-
dent motions of the GS and butyl groups and compared
them with the experimental values. As a result, good
agreement was obtained for the independent motion model.
When the entropy due to structural disorder is assumed to
be zero in the LT phase, the configurational entropy of the

of temperature. A small heat-capacity anomaly was also detectedRT phase is estimated &3 - In(2* x 2% (= 15.36 J K!

at 114 K. Reprinted with permission from Ikeuchi, S.; Saito, K.;
Nakazawa, Y.; Sato, A.; Mitsumi, M.; Toriumi, K.; Sorai, ®hys.
Rev. B 66 115110, 2002 (http://link.aps.org/abstract/PRB/v66/
p115110). Copyright 2002 by the American Physical Society.

a) LT-Phase (167K)  b) RT-Phase 298 K)  ¢) HT-Phase 350 K)

Figure 28. ORTEP diagram (thermal ellipsoids set at the 50%
probability level) of [P(n-C4HoCS)4l]: (a) LT phase at 167 K,
(b) RT phase at 298 K, and (c) HT phase at 350 K. Reprinted with
permission from ref 142. Copyright 2002 Wiley-VCH.

mol™Y), in which the factor 1/3 originates in the portion of
the disorder unit in the 3-fold periodicity of PPt—1— units
and the double 2terms correspond to the number of
conformations attained by four GSand four butyl groups
in a Pt=Pt—I— unit. The entropy of the HT phase is simply
R-In2% (= 23.04 J K* mol™1), because only the four GS
groups contribute to the entropy. Therefore, the entropy
changes at the phase transitions amounA&LT — RT
phase)= 15.36 J K! mol™* and ASRT — HT phase)=
7.68 J Kt mol™. As shown in Table 3, agreement between
the experimental value and the disorder model is excellent
for the RT-HT phase transition, whereas the experimental
entropy gain at the LFRT phase transition (20.09 J'K
mol™?) is fairly large. The excess entropy beyond the present
disorder model has been attributed to the contribution from
the spin-Peierls behavior inherent in this phase transition.
This disorder model is also applicable to the phase transitions
in [Ptz(n-C3H7C52)4|]. 138

In the case of [B{n-CsH1:CS)4l],1%8 the LT—RT phase
transition with a large entropy gain (49.1 3J'mol™%) occurs
at 207.4 K. Although the RFHT phase transition also takes
place at 324 K, the entropy change is substantially zero and

structural disorder has been detected. In contrast, the RTthis phase transition is always supercooled. Therefore, the

phase has a lattice periodicity of three in the-Pt—I—

interpretation of the phase transitions is not so easy as

repeating unit. There are two crystallographically independent compared with other homologous complexes. Saito &8al.

Pt—Pt—1— units with the population ratio of 1:2. Whereas
structural disorder does not exist in two units, in the

proposed a more general interpretation of the-RIll phase
transitions occurring in [RAinN-CsH,CS)4l], [Pto(n-C4HeCS)4l],
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Figure 29. Schematic relationship of the entropies possessed by .
dithiocarboxylato ligands and alkyl chains for the RAIT phase R R
transitions in [PYn-C3H/;CS)4l], [Pta(n-C4HoCS)4l], and [Ph(n- [MnT(R)PP]
CsH11CSp)4l]. 238
. . N\\‘ ,,/N
and [P(n-CsH1:.CS)4l] in terms of “alkyl group acting as C
entropy reservoir’ and “entropy transfer between dithiocar- >=<
boxylato and alkyl groups”. Because alkyl chains are very ,,,C N
flexible and capable of doing labile motions in condensed N N
states**they have a potential capacity of entropy amounting TCNE

to about 10 J K! (mol of CH,) 115 Therefore, the alkyl Figure 30. Molecular structures of [MnT(R)PP] and TCNE.
chain attached to the ligand can serve as “entropy reservoir”.
This concept and the “entropy transfer mechanism” have
recently been proposed for the interpretation of phase
transitions occurring in liquid crystalline systems by Saito

et al1*614"The “entropy transfer mechanism” can be seen

in the fact that the entropy reserved in alkyl groups in the
RT phase is transferred to the dithiocarboxylato groups when
the RT-HT phase transition occurs (see Figure 29).

It is of interest to remark here that the complex(EtHs-
CS)4l] does not give rise to any structural phase transifibn
and that the synchronized twist motion of he four,CS 0
groups is observed only in [RCH;CS)4l]. T/K

Figure 31. Molar heat capacity of [MnT(R)PP][TCNHJolv).

3.7. Mn'”-Porphyrin-TCNE and M(TCNQ) » Curve A: R= n-Cy4H,g and solv= MeOH. Curve B: R=F and

. : . , solv = 0.5 MeOH. Reprinted with permission from ref 153.
An interesting family of molecule-based magnets is the copyright 2005 Elsevierthd. P

charge-transfer complexes between manganese(lll)-tetra-
phenylporphyrin and TCNE, [MnTPP][TCNHE$olv), where  simultaneously both the ferrimagnetic order and the spin-
solv implies the crystalline solvent molecule. They form a glass property; the latter is caused by random anisotropy due
quasi-1D-ferrimagnetic chain structure with the spin quantum to the crystalline solvent moleculé.
numbers of 2 of [MnTPP] and 1/2 of [TCNE}. The first One may naturally expect some heat-capacity anomalies
example was reported by Miller et #f for [MnTPP]- around the critical temperatures. Figure 31 illustrates the
[TCNE]-2PhMe, where PhMe is toluene. The real part of molar heat capacities @and3.15 Quite mysteriously, any
the a.c. magnetic susceptibility of this complex exhibits a heat-capacity anomalies due to the magnetic ordering have
maximum at the critical temperatufe= 12.5 K!*°Because  not been detected around 20.5 and 27 K. A clue to solve
the magnetic properties of this complex are sensitive to the this mystery is hidden in the characteristic magnetic structure
stoichiometry of the solvent molecule and thus the lattice of these complexes. They consist of a quasi-1D-ferrimagnetic
defects and disorder, the magnetic properties are ratherchain with a very strong antiferromagnetic interaction
complicated. The imaginary part of the a.c. magnetic between the spin quantum number 2 of the manganese ion
susceptibility shows a second, lower temperature peak, whichand the spin 1/2 of the TCNE radical. The intrachain spin
is similar to those seen in “reentrant” spin glass or super- spin interaction parameters férand3 are as large a3/
paramagnetisr? k = —1485%2 and —236 K respectively. This type of
The compounds introduced here are analogous com-magnetic chain brings about a very broad heat capacity
plexes [MnT(R)PP][TCNE]solv). Molecular structures of  extending over a wide temperature region. A very large
[MNnT(R)PP] and TCNE are shown in Figure 30. The fraction of the magnetic entropy aboV¥gcannot contribute
complexes with1, R = n-C;,Hys and solv= 2PhMe), @, R to the magnetic phase transition, because this entropy
= n-C14H29 and solv= MeOH), and 8, R = F and solv= corresponds to the strong short-range order still remaining
0.5MeOH). The complexe$, 2, and 3 exhibit the phase  aboveT.. The entropy available for the phase transition is
transition evidenced by the spontaneous magnetization at thean extremely small fraction beloW. This is the reason for
critical temperatureT, = 221 20.5%? and 27 K!5! substantially no effect in the heat capacity. The heat-capacity
respectively. The a.c. magnetic susceptibility exhibits a very measurement supporting this situation was recently reported
large peak at the critical temperatures. For the comfilex by Nakazawa et &f* for [MnT(X)PP][TCNE]-2PhMe,
the transition peak is especially sharp. In the sense thatwhere X= CI, Br, and 2PhMe= toluene.
although the spontaneous magnetization appears bEjow However, there still remains a big mystery. Why is an
the real and imaginary parts of the a.c. magnetic susceptibility enhanced effect possible for the magnetic susceptibility,
depend on the frequency of measurements, and there existsvhile substantially no effect in the heat capacity? To solve
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this mystery, Sorai and his collaborattfs anticipated
formation of magnetic domains in the actual crystal. They
assumed the following model: (i) An antiferromagnetically
coupled pair of spins§= 2 and 1/2) forms a resultant spin
(S = 3/2). (ii) The resultant spins have a tendency to form
ferromagnetic short-range order. A region of the short-range
order is assumed to form a magnetic domain of uniform size.
(iii) The number of spins in a domain is (iv) Under zero
magnetic field, the net magnetic moments of domains
fluctuate paramagnetically. The number of domains with up-
spin and down-spin are designated Ns(*) and Np(Y),
respectively. These numbers are related to the Avogadro
constantN, through the following equation,

[Np(1) + Np()] - n=N,

NS
® AR

Eg

DS,*+E(S,%-S,%)

Figure 32. Schematic diagram of excitation energy and magnetiza-
tion for Ni-based Haldane systems under magnetic figjdtands

for the Haldane gap above the singlet ground state, and the shaded
area means spin-wave continuum. Reprinted with permission from
ref 160. Copyright 2000 Elsevier Ltd.

)

As the magnetizatiorM is proportional to the effective
number of spins orienting to an easy axis, it is expressed by

the equation, excitation spectra, making a sharp contrast to gapless half-

_ SN . _ odd spin chains, has launched a lot of research both
M O [Np(1) = No()] - n'= Ny - [Np(1) = No ()l theoretically and experimentally on spin-gapped systems
[No() + No()] (3) where the Nel-order ground states are suppressed by strong

, , guantum fluctuation?® The spin-gapped systems include

Because the pargmetardogs not appear in the final _form Haldane systemi§9160 spin-ladder systems with even-

of th_e magnetization equation, the formation of domain does ,;mpered leg¥? bond alternation systems, and so on.
not influence the magnetization at all. On the other hand, gecause their common feature is the existence of an energy
when the magnetic domains are formed, the magnetic g5 apove the singlet ground state (Figure 32), the magnetic

susceptibilityy is given by the following equation,

%= (NA/N) = [(N* te)?I3KT] =1+ [Ny * 1o 13KT] (4)

whereu.s is the effective magnetic moment of a single spin.
From this equation, one can know that the magnetic
susceptibility is enhanced in proportiontioConsequently,

the enhanced effect observed in the magnetic susceptibility
is surely based on the formation of magnetic domains in the
crystal.

Dunbar and her collaboratd&'>6prepared the homolo-
gous series M(TCNQ)[M = Mn(ll), Fe(ll), Co(ll), and
Ni(Il)] and characterized magnetic properties by the tools
of d.c. and a.c. magnetometry. The d.c. magnetic measure
ments reveal a spontaneous magnetization for the four
materials at low temperatures with a weak field coercivity
of 20, 750, 190, and 270 Gt& K for Mn(TCNQ),
Fe(TCNQ), Co(TCNQ}, and Ni(TCNQ), respectively. At
low temperatures, a.c. susceptibility measurements confirm
the presence of a magnetically ordered phase at 44, 28, 7
and 24 K for Mn(TCNQ), Fe(TCNQ), Co(TCNQ}), and
Ni(TCNQ),, respectively, but do not support the description
of this system as a typical magnet. In the absence of the a.c
magnetic data, the behavior is indicative of ferri- or ferro-
magnetic ordering (depending on the metal), but in fact, a
complete investigation of their physical properties revealed

their true nature to be a glassy magnet. The glassiness, Whicl'ﬁ:1

is a high magnetic viscosity known to originate from

randomness and frustration, is revealed by a frequency

dependence of the a.c. susceptibility data and is further
supported by a lack of a-type peak in the heat-capacity
data. These results clearly demonstrate that molecule-base
materials with a presumed magnetic ordering may not always
be exhibiting truly cooperative behavior.

3.8. Spin-Gapped Systems

Haldane’s conjectut&’ that 1D antiferromagnetic chains
consisting of integer spins should have “spin gaps” in their

heat capacity at low temperatures shows an exponential
growth with temperature and allows quantitative estimation
of spin gaps.

Among molecule-based Haldane systems, calorimetric
studies were reported on a series of antiferromagissticl
Heisenberg chain systems, [Ni(giNO>)]CIO4 (NENP)162
NMey[Ni(NO3z)s]  (TMNIN), 263164 [Ni(dmpn)N3z]CIO,
(NDMAZ),%5 and [Ni(dmpn)Nz]PFs (NDMAP).166-169 Mag-
netic heat capacities deduced from temperature dependence
of optical linear birefringence were also reported on NENP
and [Ni(en}(NO,)]PFs (NENF)1© These studies clearly
showed that the magnetic long-range order is absent under
zero magnetic field and that the spin gaps are dominated by

the exchange interactiahalong the chains rather than the
single-ion anisotropy of spin bearer Ni(ll). The effect of
external magnetic field was thoroughly examined to bring
about quantum phase transitions. As shown in Figure 33,
the field-induced magnetic phase transitions were clearly
detected for NDMAP as sharptype heat-capacity anoma-
lies. The field temperature phase diagram was presented in
Figure 34. It revealed that the critical fields are varied with
the angle between the external field and the crystallographic

axis, since the Ni(ll) ions have magnetic anisotropy of easy-

plane type.

As a candidate of two-leg spin-ladder systems, the heat
apacity of [Cu(CsH12N2)Cly] was reported’t 174 Round
eat-capacity peaks characteristic of spin-gapped systems
were observed. Field-induced magnetic order similar to the
Haldane systems was also found under external fields from
7 to 13 T, where spin-gap behaviors were suppressed and

lternativelyl-type peaks appeared. However, it should be

entioned that a recent neutron diffraction study suggested
another interpretation of the spin gap in this compound on
the basis of a frustrated 3D spin-liquid model rather than a
spin-ladder modé€l’® It has already been pointed out that
the magnetism of weakly coupled spin dimers is not sensitive
to the lattice dimensionality and special care should be taken
at the choice of theoretical modéfs.
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. . 11 or tions among ferrimagnetic chains. However, it owes much

r iy to accidental matching of overlap phase in neighboring
chains. Avoiding the difficulty of crystal packing regulation
of 1D element, ®awa and his collaborators adopted another
strategy to build a higher-dimensional structure of coordina-
tion polymer by a single reaction process.

08 -

o
o
L

4.1. Assembled-Metal Complexes

Okawa et al. prepared the ferromagnetic assembled-metal
complexes NBiM"Cr'" (ox)s] (Bu = n-C4Ho, M = Mn, Fe,
Co, Ni, Cu, Zn; Hox = oxalic acid}®8? and NBu-
[M"F'"(ox)s] (M = Fe, Ni)183 These complexes except for
the Zn compound exhibit ferromagnetic phase transitions
around 6-14 K. The network structure ¢{M"Cr'" (0x)s] }

T/K is depicted schematically in Figure 35. The hub unit with

Figure 33. Temperature dependence of magnetic heat capacity of D5 point symmetry, [CH (0x)3]3~, combines three Kt ions

ngMf‘hP under ”.‘agrf‘e“" f:_?'d garazllellg:r?xis. R;ep:intel\(lj. Fki]gure through its ox groups. This network structure can be
C WIth permission trom Honda, £.; Katsumata, K.; Nishilyama, . . f _
Y.: Harada, I.Phys. Re. B 63 064420, 2001 (http://link.aps.org/ embedded in two possible crystal structures, i.e., 2D honey

abstract/PRB/V63/p64420). Copyright 2001 by the American Physi- COmb or 3D helical structures. A tris(chelate) complex can
cal Society. take left-handed or right-handed helicity aroun®aaxis,

which are calledA- or A-isomers, respectively. When the
R A A neighboring M+ and CE" coordination octahedra take a
I ] combination of A + A), a 2D honeycomb lattice with
alternating hetero spins is formed (Figure 36a), while the
combination of either4 + A) or (A + A) provides a 3D
structure, i.e., a complicated helix with 10-membered rings

Crag! JK ol

I~
=~
T

0.2 -

2L

10

[ LRO ] .
e sk 2BBO (Figure 36Db).
s o BI6C) 1 Unfortunately, however, becuase these complexes were
6 xBib(M) prepared as fine powders, a single-crystal XRD study was
% ¢ Bile© 4 unsuccessful. As heat capacity is sensitive to lattice dimen-
ir S . 7 sionality, the present authors and co-workers tried to
2: \ 1 determine the actual dimensionality on the basis of heat-
- ] capacity measurements for the complexes N@&u'Cr'"-
N T oS (0x)3], 184 18NBuU4[Fe'Cr'" (0x)3], 18 and PPEMN"Cr'" (0x)3]
0 1 2 3 4 (Ph= CgHs).184185For example, as shown in Figure 37, the
T/K mixed-metal NBy[Cu'"Cr'"(ox)s;] complex gave rise to a

Figure 34. B—T phase diagram of NDMAP determined from the phase transition at 6.98 R*!8> This phase transition is
heat capacity (C) and magnetization (M) measurements. H, attributable to the ferromagnetic spin ordering because the
guantum-disordered Haldane phase; P, thermally disordered Parasntropy gainAS = 16.2 J K'* mol! agrees well with the
magnetic phase; and LRO, field-induced long-range ordered phase : ; — 1 —1

Reprinted Figure 5 with permission from Honda, Z.; Katsumata, theoreﬂca] valugIn(2 x Af) . 17'2%{11 K .moI expe%ﬁd

K.; Nishiyama, Y.; Harada, Phys. Re. B 63 064420, 2001 (http:/  for the spin system consisting of €u(spin 1/2) and
link.aps.org/abstract/PRB/V63/p64420). Copyright 2001 by the (Spin 3/2) and also because the transition temperature agrees
American Physical Society. well with the onset temperature of the spontaneous mag-

. . . . . netization'®? Figure 38 represents the excess heat capacity
Ferromagnetie antiferromagnetic alternating Heisenberg

chains are also interesting spin-gapped systems, whose strong
ferromagnetic-coupling limit coincides with a6 = 1 ;0
Haldane system. On the basis of the calorimetric results, a O\H\o
spin gapA/k = 20.9 K was reported in (MEHNH3)CuCl, 0\ | _ 0 0.
exhibiting good agreement with the estimate from the . Cr I S
magnetic susceptibiliti€’s’ This compound showetttype i o 0/ oo
heat-capacity anomalies indicating the occurrence of a field- 6\|)\0 0 o)
induced long-range order above 9.0 T. |
\C/OIO\M/

4. Two-Dimensional Magnets e | ~oo” | ~

To obtain spontaneous magnetization in metal-assembled o)\(o Oy ™o
complexes, 3D ferromagnetic or ferrimagnetic ordering over Do Q | O 0.
a whole crystal is required. One of the useful synthetic al \Cr/ I e
strategies was to bundle 1D ferro- or ferrimagnetic chains o/ | oo
three-dimensionally and to afford a net magnetization. This )\ro
idea was applied first by Kahn and his collaborat6rg®° (:) o
to synthesize the ferromagnetic compound ' (pbaOH)- et

(H20)5] [pbaOH= 2-hydroxy-1,3-propylene-bis(oxamato)].  Figure 35. [M"Cr'(ox)s]~ network structure (M= Mn, Fe, Co,
They proposed an idea to bring about ferromagnetic interac-Ni, Cu, Zn; Hox = oxalic acid).
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Figure 38. Excess heat capacities due to the magnetic phase
transition of NBu[Cu''Cr'"'(ox)s] on (a) logarithmic and (b) normal
scales. Thick curves represent the 2D structure, while thin curves
correspond to the 3D structure. Dashed curves at the lowest
temperature region indicate the spin-wave contribution. Reprinted
with permission from ref 185. Copyright 2003 American Institute

(b) of Physics.

Figure 36. Possible schematic network structure of' 4" (ox)s] .
(a) Two-dimensional honeycomb and (b) 3D helical structures.

is of Heisenberg type, no phase transition is theoretically
expected for 2D systems. However, the occurrence of the
magnetic phase transition does not conflict with the existence
of dominant 2D interactions. When a 3D interaction, even
though weak, exists at low temperatures, dimensional
crossover between 2D and 3D may happen and bring about
a phase transition. In fact, the heat capacities of NBu
[CU"Cr""(ox)g] in the spin-wave excitation region are well-
reproduced by*5%, whose exponent is approximated dy

= 3/2, implying that the ordered state at low temperatures
is actually a 3D ferromagnét.

On the basis of this fact, the authors concluded that the
dominant magnetic interaction may be 2D. However, one
should be very careful to draw a conclusion about the
dimensionality when the number of the nearest neighbor
paramagnetic ionsis extremely small. The value= 3 for
the present complexes is extremely small in comparison with
Z=6 (sc),z= 8 (bcc), andz = 12 (fcc) of 3D lattices oz
! . = 4 (square and Kagomend z = 6 (triangular) of 2D

800

L 1 L
0 100 200 300 lattices. In many cases, the short-range order effect is
T/K regarded as a direct manifestation of low-dimensionality of
Figure 37. Molar heat capacities of NB[CU'Cr' (ox)s]. Solid spin lattices. Exceptional cases rarely arise where a 3D

curves indicate the normal heat capacities. Reprinted with permis- magnet shows a large short-range order effect comparable
sion from ref 185. Copyright 2003 American Institute of Physics. to low-dimensional magnets. In this point, the present series
of compounds are very unique, because they have extremely
due to the magnetic phase transition of this complex. A small numbers of the nearest neighbor spns,3, in either
remarkable feature is the existence of a dominant short-range2D honeycomb or 3D helical lattices. A smalmay bring
order manifested by the large tail of the magnetic heat about a remarkable short-range order effect, and the dis-
capacity. This type of heat-capacity anomaly is characteristic crimination between 2D and 3D structures becomes a delicate
of low-dimensional magnets. Because 1D magnetic interac- problem.
tion paths cannot be found in this complex, one may conclude To examine quantitatively the dimensionality of the
that this series of mixed-metal complexes has 2D magneticmagnetic structure of the present complex, Hashiguchi et
structures. Because the spispin interaction in this complex  al.*® formulated the magnetic heat capacities for possible
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Table 4. Transition Temperature and Entropy of Transition in Assembled-Metal Complexes Bridged by Oxalato Ligands

ACS ACS(Spir‘I) Tlrs AlrSS
complexes T (K) (I Ktmol™) (I Kt mol™) (K) (J Kt mol™?) refs
N(n-C4Ho)o[F€'Fe" (0X)g] 16.3 and 43.3 4.89 22.65 28.27 ERIN(5 x 6)] 217 11.47 189191
(= 27.54)

N(n-CaHg)s[Zn"Fe" (0x)g] paramagnetic till at least 5 K 14.96-[R In(1 x 6)] 227 13.32 189, 190
N(n-C3H7)4[Fe'Fé" (0x)s] 10 and 38 31.98 28.2AHRIn(5 x 6)] none 192
N(n-C4Ho)4[CO"Fe" (0X)4] 12 and 29.7 25.5 26.42[RIn(4 x 6)] 210 28.5 193
N(n-CsH11)Mn"Fél (0X)s] 23 and 27.1 33.22 29.864RIn(6 x 6)] 226 13.07 194
P(GsHs)4[FE'Cr! (0x)3] 10.4 5.4 24.90% RIn(5 x 4)] 195
N(n-C4Ho)4[F€'Cr' (0X)q] 12.0 23.3 24.90% RIn(5 x 4)] 235.5 23.5 186
N(n-CsHg)a[CU'Cr" (0x)g] 6.98 16.2 17.28% RIn(2 x 4)] 226.9 11.0 184, 185
P(CsHs)[Mn"Cr' (0x)s] 5.59 25.1 26.42% RIn(6 x 4)] 71.3 1.48 184, 185

5.85 23.2 26.42% RIn(6 x 4)] 195

2D and 3D structures by the HT series expansion up to the T T
seventh cumulant with the Pad@proximation and fitted
the excess heat capacities above the transition temperature. 0 N
Because the number of the nearest neighbors is extremely &
small, two formulas for 2D and 3D structures closely
resemble each other. As a result, the short-range order effect
was extremely large for both 2D and 3D structures. However,
as can be seen in Figure 38, good agreement is obtained for
the 2D structure, where the superexchange interaction
parameter i/k = 5.0 K. Therefore, from a thermodynamic
viewpoint, it is concluded that the magnetic lattice structure 0}
might be 2D. It is of great interest, however, that the short-
range order effect estimated for 3D structure is also unusually ;
large as compared with those for sc, bec, or fcc lattices. This

fact clearly implies that in addition to the dimensionality the ok v o L
important factor governing the short-range order effect due 0 25 50 75 100

to magnetic fluctuation is the number of the nearest T/K

neighbors. It should be remarked here that X-ray structural Figure 39. Magnetic heat capacities of Ngf&e'Fe" (0x)s]. The

e ; solid and broken curves represent the values estimated by assuming
study has been made for PAMIn'Cr(0x)s] by Decurtins T-2 andT® temperature dependences, respectively. Reprinted with

et al*®”and for NBu[Mn"Cr" (ox)s] and NBu[F€'Cr'" (0x)g] T ; - ;
; . ermission from ref 189. Copyright 2000 The Physical Society of
by Ovanesyan et &f® These complexes are crystallized in S’apar']_ ! pyng vel ey

2D honeycomb structures. The coincidence of the dimen-
sionality derived from the HT series expansion method with magnetization phenomenon, Bhattacharjee et al. measured
the results of X-ray structural analysis would guarantee the heat capacities of NB{Fe'Fe' (0x)3]*8% 19t and NPg[Fe'-

0
=1
T

Cypop/ JK ' mol™

usefulness of the calorimetry. Fe' (ox)s]*°2under a nonmagnetic field. Figure 39 shows the
Recently, Bhattacharjee et al. measured heat capacitiesexcess heat capacity observed under nonmagnetic field for
of analogous assembled-metal complexes NiBa!- NBuyFe'Fe"(ox)s]. Two heat-capacity anomalies were
Fe''(0x)3],189 191 NBuy[Zn'"Fe" (0x)s], 18919 NPr[Fe'Fe!- detected al, (= T,) = 43.3 K and aff; = 16.3 K. Because
(0x)3] (Pr = n-C3H),**> NBu[Co"Fe" (0x)g], 2 and NPgMn'- the entropy gain due to these two anomalies, 27.549 K

Fe'(ox);] (Pe = n-CsH11)*** and showed that these com- mol™?, is well-approximated by the theoretical value 28.27
pounds exhibit similar behavioral characteristics of 2D J K* mol™* [= R In(5 x 6)] expected for the spin
structures. Antorrena et &° also reported that the magnetic multiplicity of high-spin (HS) Fé&" (spin 2) and HS Fe

heat capacities of PRIMNnCr(ox)s] and PPR[Fe'Cr'' (0x)3] (spin 5/2), these two anomalies can be attributed to the
indicate 2D characters. Except for Nfgan"Fe" (ox)], all magnetic origin. The anomaly at 16.3 K was attributed,
of the complexes exhibited the magnetic phase transitionswithout definite evidence, to the formation of a spin-glasslike
at low temperatures. The critical temperatures due to the state at low temperatures. This state was assumed to be
magnetic ordering. and the entropy gains &t are listed caused by the existence of a small fraction of metal
in Table 4. Many of the complexes showed a small subpeak vacancies, which would be produced to compensate electri-
below T, which would be characterized by a spin-glasslike cally a partial oxidation PFe— Fe'"" occurring during sample
behavior. In addition to the magnetic phase transition, thesepreparation.

complexes exhibited, respectively, a heat-capacity peak above No heat-capacity anomaly has been detected around 30 K
200 K. These phase transitions seem to be attributable to arin NBusFe'Fe"(ox);], as expected from the magnetic
order-disorder mechanism of tetra-alkylammonium cations. measurementS® However, it should be noted here that the
The structural transition temperaturég and the entropy ~ magnetic measurements were made with precooled samples

gains are listed in Table 4. under certain magnetic fields. Thus, Bhattacharjee &al.
Day and his collaboratot¥ found that the mixed-valence  measured its heat capacities under various applied magnetic
assembled-metal complexesrNCHans1)4[Fe'FE! (0x)s] (N fields. The magnetic heat capacity was tentatively fitted with

= 3-5) behave as ferrimagnets willy between 33 and 48  the relationCnag = aH?. The temperature variation of the
K and that they exhibit a crossover from positive to negative parametes exhibited two sharp minima below and above
magnetization near 30 K when cooled in a field of 10 mT. 30 K. This observation seems to be in good correlation with
To get more insights into this rarely occurring negative the negative magnetization phenomenon.



Phase Transitions Occurring in Molecule-Based Magnets

(a) OCH,4 H,CQ
(0]
O/
(b) | |
N N
¢ f
—N C—Fle— CN—Mn— NC-Fle— CN—
C C
¥ ¥
I\I/ln K lrln
g &
[
—Nc—FIe— CN—Mn—NC—ITe—CN—
C
1

N
|

Figure 40. (a) Molecular structure of 3-MeOsalen. (b) Schematic
drawing of 2D assembly of K[MH(3-MeOsalen}JFe'" (CN-)g],
where [Mn"(3-MeOsalen)f is simply expressed by Mn.

Another family of 2D assembled-metal complex is the
cyanide-bridged molecule-based magnets given by the
formula XJA(L)] [B(CN)g]m'nS (X, monovalent nonmagnetic
ion; A, B, di- or trivalent transition metal ions; L, organic
ligand; S, solvent moleculé, |, m, n, numbers of stoichi-
ometry). Various network structures can be realized depend-
ing on the choice of A, B, and L. On the basis of this strategy,
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K'_Mn''3(H,0)s[Mo" (CN)/]»6H,O by Kahn et al?®
(tetrenh)o sCU'4J[MVY(CN)g]4:7.2H,O (M = W, Mo; tetren

= tetraethylenepentamine) by Podgajny et@land (dienk)-
{CU'3[MVY(CN)g]3} -4H,0O (M = W, Mo; dien= diethylene-
triamine) by Korzeniak et &.° Heat-capacity measure-
ments have been made on a single-crystal sample of the
double-layered coordination polymgi(tetrents)osCu's-
[WY(CN)g]47.2H:0} , in the presence of the external magnetic
field (up to 5 T) directed perpendicular to the plane of the
layers?'1212The heat capacities determined at zero magnetic
field exhibited a rather broad peak centeredat 32.7 K
arising from the ferromagnetic to paramagnetic phase transi-
tion. Ferromagnetism can be attributed to the interaction
through the CN bridges of the unpaired electrons of Cu
(spinS= 1/2) and W (S= 1/2). The layered structure brings
about the quasi-2D character of the magnetic coupling. In
relation to the 2D character, the heat-capacity curve has a
large tail aboveTc. As the external magnetic field was
increased, the peak temperature of the heat-capacity curve
was lowered and the peak was suppressed. The entropy gain
due to the magnetic anomaly was much less than the
maximum valueSyax = 8R In 2 (= 46.1 J K?! mol™?)
expected for eight unpaired electrons. The entropy change
at zero magnetic field was only 15% 8f.y, indicating that
there is a great deal of magnetic ordering at temperatures
aboveTc.

many complexes have so far been synthesized and investi-

gated!®~200 Miyazaki et al. measured heat capacities of an
antiferromagnet K[MH (3-MeOsalen)Fe"'(CN")q] (3-
MeOsalen N,N'-ethylenebis-(3-methoxysalicylidene-
aminatoj®* and a ferrimagnet [NEfMn" (salen)}[Fe" -
(CN)g] (salen = N,N'-ethylenebis(salicylideneaminat®y.
Their molecular assembly is schematically drawn in Figure
40. When these crystals were mechanically perturbed by
grinding or pressing, their heat capacities around the

4.2. Mixed-Valence Assembled-Metal Complexes

By replacing the symmetric oxalate ligand 2ox
(= C.04%7) in the assembled-metal complex with an asym-
metric dithiooxalato ligand dfo (= C,0,S,%>"), Kojima et
al?13214 reported a novel mixed-valence assembled-metal
complex N@-CsH;),[Fe'Fe!" (dto)]. This complex consists
of Fe(ll) and Fe(lll) ions, which are quasi-octahedrally

magnetic phase transition temperatures were decreased. A&oordinated either by six oxygen atoms, the [Ejegite, or

plausible explanation for this type of mechanochemical effect
is that enhanced lattice defects and imperfections in the
crystal lattice produced by mechanical perturbation would

by six sulfur atoms, the [FeFsite (see Figure 41) and is
crystallized at room temperature in the tetragonal crystal
system with the space gro$s.?'®> Because the ligand field

lead to an incomplete magnetic phase transition and conse-at the [Fe§ site is much stronger than that at the [REO
quently a part of the paramagnetic species characteristic ofsite, the iron ion surrounded by sulfur atoms is characterized

the HT phase would remain as the so-called residual
paramagnetism even below the magnetic transition temper-
ature. The mechanochemical effect has often been encoun
tered in other soft matter. A dramatic mechanochemical effect
was observed in the spin crossover complex!'[B&eO-
salenEt)|PF,.11.203-206
Bhattacharjee et &0 reported the heat capacity of a weak

ferromagnet [MH (cyclam)][Fe&"(CN)g]-3H,O (cyclam =

by a LS state, while that surrounded by oxygen atoms shows
a HS state. As shown in Figure 42,2*4at RT iron ions
sitting in the [Feg site are LS Fe(lll) with spin quantum
numbersS= 1/2, while those of the [FefDsite are HS Fe(ll)
with S = 2. When the temperature is decreased, electron
transfer occurs from the [Fe{site to the [Feg site around

110 K and their oxidation states are interchanged. As the
result, iron ion at the [Fegpsite becomes HS Fe(lll) wit®

1,4,8,11-tetraazacyclotetradecane) under zero magnetic field= 5/2 and that at the [FgBsite is LS Fe(ll) withS= 0. On

in the 0.1-300 K range by adiabatic calorimetry. A heat-
capacity anomaly corresponding to the magnetic phase
transition was detected at 6.2 K. The observed entropy gain
(AS= 19.29 J K mol™) is in good agreement with the
theoretical magnetic entropyR(In 5 x 2 = 19.14 J K!
mol~1) considering the spin multiplicity of HS M and
low-spin (LS) F&" ions. Heat-capacity studies under applied
magnetic fields indicated an antiferromagnetic to ferromag-
netic transition. A field dependence study of magnetization
at different temperatures revealed a field-induced metamag-
netic transition.

The most intensively studied cyanide-bridged magnets
have been Prussian blue analogues with 3D network struc-

tures. Recently, new cyanide-bridged molecule-based mag-

nets having 2D structures were synthesized as follows:

the other hand, when the temperature of the crystal is

/Te\o S/ Te\
o} S
S (o]
S ie/SIO\ l _©
e
57| N0 | \(\
S
A o
\II: /O S\ , -~
> Ie\ P llfe\

Figure 41. Schematic drawing of the dto-bridged network structure
in N(n-CsH7),[Fe'Fe'l (dto)].
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Figure 42. Schematic representation of the electron-transfer ,:f 40} .' ',
phenomenon in NtCsH-)4[Fe'Fe'l (dto)]. It should be remarked \& o .
that symbolS has been used both for the spin quantum number ¢ P . oo e
and for the entropy due to the spin multiplicity. Reprinted with < Oleeseveoiaaee : Redeses. =
permission from ref 214. Copyright 2001 Elsevier Ltd. 100 120 140 160
700 T/K
' ' Figure 44. (a) Molar heat capacities of N(CzH-)4[Fe'Fe! (dto)]
600+ i crystal in the vicinity of the phase transition at 122.4 K. Open circles
T are the same data as shown in Figure 43, corresponding to the heat
500k . o535K capacities of the specimen well-annealed. Filled marks indicate the
e ' ' data obtained after cooling to the temperatures as follows: 110
g 400 . i (@), 100 @), and 90 K @). The solid curves are for an eye guide.
~. The dotted curve stands for the normal heat capacity. (b) Excess
ﬁ 300F i molar heat capacities due to the phase transition. Reprinted with
~ T permission from ref 216. Copyright 2001 Wiley-VCH.
O
200r 122.4 K ] . .
122.4 K does not take place isothermally, this can be
100 regarded as a first-order phase transition, because a super-
o cooling phenomenon has been observed. As shown in Figure

0 1(')0 2('30 300 44a, no anomaly was detected in the measurement done for
T/K the specimen cooled to 110 K. The sample cooled to 100 K

Fiqure 43. Molar heat capacity of NEC-H-).IFe'Fe! (dto exhibited a small anomaly. This anomaly became larger as
crgstal as a function of tempgratu?/e. Re,\p'}intaedﬁv[\l/[ith perm(issic))ggl from the cool-down temper.ature \_Nas.lowered. The heat capacities
ref 216. Copyright 2001 Wiley-VCH. shown by the open circles in Figure 44a correspond to the
values obtained for the specimen well-annealed around 90
K. The excess heat capacity due to the phase transition is
increased, the electron is reversely transferred around 120shown in Figure 44b.

K. The spin multiplicity at the HT phase is 5 = 10, The entropy arising from the charge-transfer phenomenon
while that at the LT phase is & 6 = 6. Because the spin-  wasA4S= 9.20 J K1 mol~%, which is by 4.95 J K! mol~!
state conversion takes place in the whole [fE@S] system larger than the value expected for the change in the spin

by the electron transfer, this phenomenon seems to be, ammultiplicity R In(10/6)= 4.25 J KX mol~L. To interpret the
first glance, spin crossover. However, this is not the case, origin responsible for this excess entropy, two possibilities
because the spin state at a given site always remains eithehave been discussed as follo#&0One is the orbital angular
HS or LS state when the electron transfer occurs. momentum, and the other is the lattice vibrations. The orbital
Nakamoto et at'® measured the heat capacities of this angular momentum depends on the ligand-field symmetry.
complex under constant pressure (see Figure 43) andin the case ofO, symmetry, the ground terms of 'HélS)
observed a sharp peak at 122.4 K, a broad heat-capacityand Fé&'(LS) ions in the HT phase aréT,; and 2Ty,
anomaly centered at 253.5 K, and a very small anomaly duerespectively. Because the ground terms of!S) and
to the magnetic ordering around 7 K. The origin of the heat- Fé'(LS) ions in the LT phase afé\;4and*A,, respectively,
capacity anomaly at 253.5 K can be attributed to an erder the contribution of entropy from the orbital degeneraciRis
disorder type of phase transition of therNgsH7)4* cation, In[(3 x 3)/(1 x 1)] = 18.27 J K* mol~L. This value is far
judging from the fact that similar heat-capacity anomalies beyond the experimental entropy. However, the orbital
have been observed in the analogous molecule-based oxalatdegeneracy is lifted by the low-symmetry ligand field to give
complexes (see Table 4). The anomaly at 122.4 K obviously a nondegenerate or lower-degenerate ground state. When a
arises from the phase transition due to the charge transfertrigonal distortion is encountered in the [F¢@nd [FeSg]
because the transition temperature agrees well with thesites, the ground tern®3 4 of Fe'(HS) and?T,4 of F€'(LS)
temperature at which the anomaly was observed in thein O, ligand-field symmetry are altered teE and 2A,
magnetic susceptibilitied? Although the phase transition at  respectively. In that case, the orbital entropy is reducerl to
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Figure 45. Schematic representation of the relationship between
the electron transfer and the metéigand bond lengths.
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In[(2 x 1)/(1 x 1)] =5.76 J K mol™L. This value is fairly j L
close to the excess entropy of 4.95 J*Knol™. 0 5 10 15 20

When the ligand-field symmetry is lower than trigonal T/K
symmetry, the orbital contribution to the entropy is further Figyre 46. Magnetic heat capacities of [(SCARUBK] crystal
reduced and eventually the contribution to entropy becomesas a function of temperature on (a) logarithmic and (b) normal
the so-called “spin only” value. In such a case, one should scales. Solid curves indicate theoretical heat capacities f@ the
look for another cause for the excess entropy. The most1/2 square planar antiferromagnetic Heisenberg mode! Jiktk
plausile candidate s the change in the intamolecular 45 T1e POKCR 106 Shous 1 e capecty ) esorcance
VIbratlons,'ln partlcu!ar the metaligand Skel.etal vibrations. permissioFr)1 from ref 22)6. Copyright 2000 g,lb\mer-icanp Chemical
The magnitude of vibrational entropy crucially depends on gqjety.
the bond lengths between the metal ion and the ligands. The

bond length is basically affected either by the spin state or 5\ ever, actual 2D magnetic substances exhibit a magnetic
b¥ thitox'drit'lonxsﬁte tc))frtlzel Tlef[";l‘l |0rr\. '3 tth?n?i?ws%cgtkt‘r? phase transition at low temperatures and lead to a 3D
present compiex, the bond lengins are determined by t€magnetically ordered state due to the presence of weak Ising

oxidation state of the metal ion. According to Shanfitin,  gnisatropy, the existence of weak interlayer magnetic interac-
typical ionic radii of LS iron ion with coordination number  iiqn petween the 2D magnetic layers, or both.

6 are 75 and 69 pm for £ S) and Fé& (LS), respectively.
Namely, the bond length between the metal ion and the
ligand is shorter when the oxidation state of the metal ion is
high. As schematically shown in Figure 45, the metajand

bond lengths are elongated by 13.5 pm at the [feie at antiferromagnets with a formula p&uX,], where A= 5CAP

the phase transition while those at the [HeSite are 5 aming 5 chioropyridinium) or SMAP (2-amino-5-methyl-
contracted by 6 pm. As a result, when the phase transition pyridinium) and X= Cl or Br. The compound [(5CAR)

duettpbthte e'EC‘Fg” tlr a?siﬁr oqgur?, thel [E]e:[me remﬁrkably th CuBry] containsS= 1/2, C#* ions related byC centering,
contributes positively to the vibrational entropy, whereas the yielding four equivalent nearest neighbors. The crystal

[FeS] site has a negative contribution. If the oxidation and g turat® of [(SCAP),CuBr] shows the existence of layers

redt;l(.:t't.on snest .EO?S'Stetd of tldentlcal Il(ljgands, lthetse tvxrqo of distorted copper-bromide tetrahedra parallel to &he
confiicting contributions to entropy wouid cancel out eac plane, separated by the organic cations alongcHaeis.

other and thus no vibrational entropy would be expected. In Magnetic pathways are available through the bromide

the present case, however, because the ligands are no.,mige contacts within the layers and provide for moderate

identical and the relative atomic masses are different (O, . ; : .
] : 2 antiferromagnetic exchange. Magnetic susceptibility mea-
15.9994; S, 32.065), the imbalance part of the cancellation surement¥® of polycrystalline [(SCAP)CuBY] reveal a

seems to be the origin of the small excess entropy beyondbroaol maximum around 7 K. This maximum is well-

the contribution frpm the change in the spin multiplicity. reproduced above 5.5 K by a curve based on a HT series
The present mixed-valence complex surely provides an expansion for theS = 1/2 square planar Heisenberg anti-

interesting system, in which the spin state of the whole ferromagnet with the exchange parameted/af= —4.3 K.
system dramatically changes by virtue of the electron transfer. 1, experimental and the theoretical values sharply diverge

From a viewpoint of functionality, the present material is o515 1 K indicating the existence of a long-range magnetic
expected to have a great potentiality. ordering.
: Figure 46 shows the magnetic heat capacity of this
4.3. Inorganic Layered Complex compound below 20 R2° A heat-capacity peak with a large
It is well-known that 2D Ising spin systems give rise to a tail was observed at 5.08 K. As the entropy gain due to this
magnetic phase transitidhyhile ideal 2D Heisenberg spin  phase transitiod\S = 5.65 J K'* mol™! agrees well with
systems do not bring about any magnetic phase transitibns. the RIn 2 (= 5.76 J K'* mol™) expected for thes = 1/2

=2

AC, / 1K mol’
S5

]

Landee and his collaborators are endeavoring to expand
the available examples of 2D quantum antiferromagnets
through the application of the principles of molecule-based
magnetism. They are focusing on laye&se 1/2 Heisenberg
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spin system, this phase transition is surely based on the(a)
magnetic origin. The large heat-capacity tail at the HT side
of the peak due to a short-range order effect is well-accounted
for in terms of theS = 1/2 square planar antiferromagnetic
Heisenberg model with the intralayer exchange interaction
of JJk = —4.3 K. This value is in excellent agreement with
the value Jk = —4.3 K, obtained from the magnetic
susceptibility analysig'® The magnetic state in the ordered
phase is estimated from the low-temperature heat capacity,
by applying the spin-wave analysis. As described in section
1.2, the spin-wave heat capaciyy is proportional toT¥",

By fitting this relation to the experimental values in the-8.9
2.3 K range, the parameter has been determinedfras-
2.98, which is approximated as 3/1. This fact suggests a 3D
antiferromagnetic state.

4.4. Multilayer Systems

According to the concept “magnetic lattice engineering” )
introduced by de Jongti! Coronado and his collaboratéts
have succeeded in preparing hybrid functional materials
formed by two molecular networks: (i) Hybrid magnets
constructed from combinations of an extended ferromagnetic
or ferrimagnetic inorganic network with a molecular para-
magnetic metal complex acting as a template. (ii) Hybrid
organic-inorganic compounds combining an organielec-
tron donor network that furnishes the pathway for electronic
conductivity, with inorganic metal complexes that act as
structural and/or magnetic components.

The first is a family of organometallieinorganic magnetic

compounds of formula [_metallocenium][i‘M”'(Ox)g],222‘224 Figure 47. View of the structure of [decamethylmetallocenium]-
formed by 2D bimetallic oxalato-bridged honeycomb net [M"M" (ox)j] in the ab plane showing the honeycomb magnetic
[Mn"M"(0ox)s]~ (M" = Mn, Fe, Co, Cr, Ni, Cu; M = Cr, layers (a) and in thac plane (b). Reprinted with permission from

Fe) and a metallocenium cation (decamethylferrocenium ref 223. Copyright 1997 The Royal Society of Chemistry.
[DMFe]*, decamethylcobaltocenium [DMCqg]and deca- g oA AT _
methylmanganocenium [DMMn) (see Figure 4733where E%ﬂf)lﬁkgg’zﬁigempem”res of the ATMIM (0x)d
[DMFe]" is paramagnetic while [DMCd]is nonmagnetic.

Heat-capacity measuremetitsrevealed the ferromagnetic Te (K)

phase transitions for the complexes [DMFe][A"' (0x)s] Lo AT= A= A= A= A=
(M" = Mn, Fe, Co, Cu). Interestingly, as far as the magnetic M"»M" [DMFe]" [DMCo]" [DMMn]® NBus® (BEDT-TTF)
ordering is concerned, the paramagnetic [DMFejtions Mn, Cr 5.3 5.1 53 6 5.5
are not directly involved in the long-range magnetic ordering. (F:e' g 138 182-27 15-3? 1102

As summarized in Table B?2?5the Curietemperature3c CS' C; 70 6.7 20 -

for all of the hybrid compounds are roughly the same as yn Fe 284 25.4 278 28

those observed in the NBuderivatives!82 Fe, Fe 43.3 44.0 45.0 45

The second family is characterized by the coexistence of

ferromagnetism and conductivity in molecule-based layered phases occurs within the bimetallic layers. This compound
compounds. The presence of two cooperative properties inexhibits a metallic behavior over the whole temperature
the same crystal lattice might result in new physical (egion of 2-300 K studied. Although the thermal properties

phenomena and novel applications. Coronado &t*&f> seem to be of interest, there are no reports on heat-capacity
synthesized a hybrid orgariénorganic compound (BEDT-  measurements.

TTF)[Mn"Cr'"(ox)s] consisting of organier-electron donor
cation bis(ethylenedithio)tetrathiafulvalene (BEDT-TTF) and
the bimetallic oxalato complex anion [M@r'" (ox)s] ~. This
layered compound displays both ferromagnetism and metallic ARy ; ; .
conductivity. As shown in Figure 48%the structure consists grtsggﬁnglﬁ eBR(rj]g?(;j E é?etamc Complexes:

of organic layers of BEDT-TTF cations alternating with 9

honeycomb layers of the bimetallic oxalate complex  Bimetallic transition metal hexacyanides form 3D network
[Mn"Cr'"(ox)s] . The BEDT-TTF cations are tilted with  structures similar to the Prussian bRi&2?”A very high T,

5. Three-Dimensional Magnets

respect to the inorganic layer by an angle of.4%he = 315 K was found for V[Cr(CNjo ge2.8H,0.2%8
magnetic properties of this compound show that it is a Ohkoshi et aP???% found an interesting temperature-
ferromagnet below a Curiemperature ofc = 5.5 K. The induced phase transition due to the metal-to-metal charge-

magnetic features are identical to those already reported fortransfer mechanism in rubidium manganese hexacyano-
[metallocenium][MM" (ox)s]?2222*and NBu[M"M" (0x)z]. 182 ferrate, RoMn[Fe(CN], with a large thermal hysteresis. The
This fact implies that the magnetic ordering in these 2D product of magnetic susceptibility and temperatysg(T)
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Figure 48. Structures of the hybrid material (BEDT-TTHYIN"Cr'!'(ox)s]. (a) View of the [MA'Cr!"(ox)s]~ bimetallic layers. Filled and

open circles in the vertices of the hexagons represent the two types of metals. (b) Structure of the organic layer. (c) Representation of the
hybrid structures along the-axis, showing the alternating organic/inorganic layers. Reprinted with permission from Nature (http://
www.nature.com), ref 225. Copyright 2000 Nature Publishing Group.
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Figure 49. ObservedyT againstT plot for RbMrl![Fe!l (CN)g] S=2 §=0% L 8§=2 S=0

on cooling (i) and on heating (ii). Firs©), second ), and third

(v) measurements. Reprinted with permission from ref 230. Figure 50. Relationship between the electronic states of Mn and

Copyright 2004 American Chemical Society. Fe in the HT and LT phases and the charge transfer. Reprinted
with permission from ref 230. Copyright 2004 American Chemical

is decreased around 225 K on cooling and increased around>°¢'e%-

300 K on heating, a large thermal hysteresis of 75 K (see

Figure 49). XRD revealed that the structure of the HT phase 0), respectively. This phenomenon is caused by a metal-to-
is a fcc system with a space grog3m and that of the LT metal charge transfer between Mn and Fe ions and aJahn
phase is a tetragonal system wittm2. X-ray photoelectron  Teller distortion of Mi' ion in the LT phase (see Figure
spectroscopy and IR spectroscopy indicated that the elec-50). Molar heat capacity determined by use of a relaxation
tronic and spin states in the HT and LT phases are assignednethod®° (Figure 51) showed a phase transition peak in the
as Mr'(tzdey?, ®A1g S = 5/2)-NC-Fé! (to5°, 2Toq; S = 1/2) range of 296-300 K. The entropy gain at this phase
and Ml (e,?byglangt, 5Big; S= 2)-NC-Fél (byi?es?, 1A1g S= transition wasAS = ~6 J K1 mol~%. Because the LT and
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Figure 51. Molar heat capacity of RbMifiFe" (CN)q] and the phase ) )

transition due to charge-transfer mechanism. Reprinted with permis- Figure 52. Molar heat capacity of RbMijFe'! (CN)] below 30

sion from ref 230. Copyright 2004 American Chemical Society. K and the magnetic phase transition. The solid curve corresponds
to the lattice heat capacity. Reprinted with permission from ref 233.

Copyright 2004 Elsevier Ltd.
HS phases consist of [M{®Big and Fé(*Aig)] and
[Mn"(éA;p) and Fé'(2T,y)], respectively, the multiplicity — the author¥3assumed the valence delocalization mechanism,
arising from the spin-manifold and the electron orbital in which ferromagnetic coupling arises from the charge-

degeneracy is 55 x 1 x 1 x 1)and 36 €6 x 1 x 2 transfer configuratiod3* With respect to the conclusion of
x 3), respectively. Consequently, the expected entropy isotropic 3D long-range order, the authors noted that the
change would bAS= RIn(36/5)= 16.4 J K mol2. This absence of anisotropic behavior in the magnetic heat capacity

value is much larger than the experimental one. The extendedvas unexpected for tetragonally distorted Mn(lll) ions.
X-ray absorption fine structure data of the HT phase shows Materials showing a large thermal hysteresis loop are
a small distortion in the octahedral coordinates of the metal useful for applications such as memory device. Ohkoshi et
ions. BecauséT,y of Fé' is reduced to?B,y under this al.>* succeeded in expanding the thermal hysteresis of 75
situation, the entropy gain is reducedA& = R In(12/5)= K for RoMn"[F€""(CN)g] by tuning the chemical composi-
7.3 J K mol~L. If the ambiguity involved in the estimate tion. They found unusually large thermal hysteresis for the
of the normal heat capacity is taken into account, this phase transitions in a series of compounds,MRY-
theoretical value is close to the experimental value-6fJ [FE" (CN)g] (x+2)3-2H20, wherex = 0.94 andz = 0.3 for (1);
K~! mol™. The saturated value gf,- T at the HT phase X = 0.85 andz = 0.8 for (2); andx = 0.73 andz = 1.4 for
supports the absence of the orbital degeneracy and thus n¢3). As x is decreased, the transition temperatures detected
contribution of the orbital to the entropy. both on heating and on cooling are lowered and the hysteresis
Tokoro et aP% suggested a possible mechanism of the 100p width is increased asT = 86, 94, and 116 K fo, 2,
phase transition as follows: Prussian blue analogues belongnd 3, respectively.
to the class Il mixed-valence compourfd@swhich have the The heat-capacity measurement has also b;en reported for
potential to exhibit a charge-transfer phase transition and are[Mn2(H20)sMo(CN);]-4H,0 by Larionova et a* This is a
represented by two parabolic adiabatic potential-energy 3D cyanlde—bndgeq bimetallic complex coisustmg of Iagders
surfaces due to valence isomers in the nuclear coordinate offfade of edge-sharing lozenge motifs (ME=N—Mn—N=
the vibronic coupling modéB2 When these two vibronic C)2 running along thex-direction. These ladders are linked
states interact, the ground-state surface has two minima. Infurther along theo- andc-directions. Thus, the structure of
the present crystal, the Ma-NC—Fé' vibronic state be- this complex is totally different from that of the Prussian
comes a ground state in the LT phase and"Mons show blue analogues characterized by fcciAype heat-capacity
an elongation type JahiTeller distortion. When the tem- ~ Peéak was observed dc = 50.5 K, corresponding to the
perature is increased, the JafWeller distortion is diminished ~ transition between the ferromagnetic and the PSs. Magnetic

and the MA—NC—Fé" vibronic state becomes a ground susceptibility measurements revealed the presence of two
state in the HT phase via a phase transition. ferromagnetically ordered states, and a transition between

these two states occurred at 43 K. However, as the entropy
change is very weak, no heat-capacity anomaly is detected
around this temperature.

Because the electronic state in the LT phase is'[#iBg)
and F&(*A1g)], there still remains a spin multiplicity of five.
Tokoro et aP® measured its heat capacity at low tempera-
tures and found a phase transitionTat = 11.0 K arising

from the spin ordering (Figure 52). The entropy of phase 5.2. Dicyanamide-Bridged Bimetallic Complexes

transition was estimated as (1H80.9) J Kt mol™. This Miller and his collaboratof8” have investigated the
value is close t&R In(2S+ 1) = 13.4 J Kt mol™1, the value coordination chemistry of dicyanamide, N(GN)As shown
expected for the ordering of magnetic spins on the'\8 in Figure 53, this bifurcated molecule has the potential of

= 2) sites for RBMn"'[F€'(CN)g]. On the basis of the spin-  being polydentate. N(CN) can act as a terminal ligandld)
wave analysis and the comparison of the entropies gainedor as au-ligand (Lb,c), us-ligand (Ld), or us-ligand (L€).
below and aboveT'® the ordered magnetic state was The reaction of [M(H,O)s](NO3), (M = Mn, Fe, Co, Ni,
determined to be a 3D Heisenberg type ferromagnetic latticeCu) and N(CN)~ leads to formation of isostructural
of Mn'"" sites. Because the diamagnetic LS' Fites are [M{N(CN)z},]. Crystal structures are orthorhombic with a
connected with the paramagnetic Wisites, simple applica-  space groupPnnm?3”240 The N(CN)~ anion is triply
tion of the superexchange mechanism to the present ferro-coordinated through its three nitrogen atorhg@)( It bridges
magnetic ordering is difficult. As a plausible mechanism, the metal ions to form infinite 3D metal-organic frameworks
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Figure 53. Bifurcated ligand molecule dicyanamide N(GN)(1a)
Terminal ligand, {b) u.-ligand, (Lc) uo-ligand, @d) us-ligand, and
(1e) us-ligand. Reprinted with permission from ref 237. Copyright
1998 American Chemical Society.
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Figure 54. Crystallographic unit cell in the paramagnetic regime
as well as in the ordered state for [(M(CN),};]. The structure
consists of discrete MnfNoctahedra, which are axially elongated
and successively tilted in thab plane. Reprinted Figure 2 with
permission from Kmety, C. R.; Huang, Q. Z.; Lynn, J. W.; Erwin,
R. W.; Manson, J. L.; McCall, S.; Crow, J. E.; Stevenson, K. L.;
Miller, J. S.; Epstein, A. JPhys. Re. B 62 5576, 2000 (http://
link.aps.org/abstract/PRB/V62/p5576). Copyright 2000 by the Ameri-
can Physical Society.

with a rutile type structure. The framework contains doubly
bridged --*M—(N=C—N—C=N),—M:--- ribbons that link
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Figure 55. Molar heat capacities of (a-[Co{N(CN).}2], (b)
B-[Co{N(CN);} 2], and (c) [N{N(CN),}.]. The solid curves rep-
resent the estimated lattice heat capacities. Reprinted with permis-
sion from ref 241. Copyright 2002 Elsevier Ltd.

Zn by Kmety et aP*! Figure 55 represents the molar heat
capacities of a-[Co{N(CN)2}2], p-[Co{N(CN),},], and
[Ni{N(CN).},].?** The essential features of the data are peaks
followed by rather large heat-capacity tails at the HT side
of the peak. Ther-[Co{ N(CN).},] and [N{N(CN),} 7] give

rise toA-type peaks alc = 9.37 and 21.1 K, respectively.
These anomalies are associated with the onset of long-range
ferromagnetic order. The entropy gains due to these phase
transitions were 0.8 In 2 andR In 3, respectively. This
fact implies that the magnetic ordering originates from a
ground-state doubletl(= 1/2) in the form ofR In(2J + 1)

for the Ca&* ion in a-[Co{N(CN);},] and a ground-state
triplet (J = 1) for the N?* system. On the other hand,
B-[Co{N(CN);},] showed a small peak at 2.45 K and a
broader one at 8.35 K. These anomalies are assigned to a
canted antiferromagnetic ordering at 8.35 K and then spin
reorientation to a different canted antiferromagnetic state.
Because the entropy gain (OB 2) is close tdR In 2, the
ground state of the tetrahedral cobalt complex is also doublet.
Because the Cd ion has a 3@ electronic configuration, it
gives rise to &F ground state. In an octahedral crystal field,
the orbital ground state 14 followed by“T,, (first excited
state) and*A4 (second excited state). On the basis of the
crystal structure at 1.6 K, the €oion resides at the core of

approximately orthogonally through the amide nitrogen an axially distorted octahedron. In the presence of the axial
atoms. As a representative one, the crystallographic unit cell crysta| field, theT,4 level is split further intd*Aq followed
in the paramagnetic state as well as in the ordered state for, 4E,. Through the combined effect of the axially distorted

[MN{N(CN).},] is given in Figure 544 The structure
consists of discrete MnfNoctahedra, which are axially
elongated and successively tilted in thle plane.

Two crystal polymorphs are known for [@GN(CN)} 2):
237 One is a pink crystal designated @§Co{ N(CN),},] in
which Cc&* ion is octahedrally coordinated by six N atoms
while the other is blug-[Co{ N(CN),},] in which C&" ion
is tetrahedrally coordinated by four N atoms.

Heat capacities of [{MN(CN),} 2] have been measured for

the complexes with M= Fe, a-Co, and Ni by Kurmoo and
Kepert®® and for those with M= a-Co, 5-Co, Ni, Cu, and

crystal field and spirrorbit coupling, the spin quartet of the
4Aoq level is split into two Kramers doublet$#£1/20and
|+3/20). The value of AS = R In 2 indicates that the
separation between the two doublets is large as compared
with Tc. As a result, at low temperature, only the lowest
doublet is thermally populated and the system behaves as
an effective] = 1/2 system. For a Co ion in a tetrahedral
crystal field encountered ifi-[Co{ N(CN),}.], the orbital
ground state i4A, followed by“T, (first excited state) and

4T, (second excited state). As in the case @fCo-
{N(CN).},], the spin quartet ofA; is split into two Kramers
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o T.=15.62K Figure 57. Zero-field magnetic structure of [MIN(CN)} ]+ (pyz)
/ N at 1.5 K. Arrows denote the spin configuration of the ordered™Mn

Ot . L L NN moments aligned along the shaat-diagonal. Reprinted with

0 5 10 15 20 25 permission from ref 242b. Copyright 2003 Elsevier Ltd.

T/K

Figure 56. Magnetic heat capacity (a) and magnetic entropy gain
(b) of [MN{N(CN);},] as a function of temperature. Reprinted H
Figure 8 with permission from Kmety, C. R.; Huang, Q. Z.; Lynn,
J. W.; Erwin, R. W.; Manson, J. L.; McCall, S.; Crow, J. E;
Stevenson, K. L.; Miller, J. S.; Epstein, A.Bhys. Re. B 62 5576,
2000 (http:/link.aps.org/abstract/PRB/v62/p5576). Copyright 2000
by the American Physical Society.
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doublets and the system behaves as an effedtive 1/2
system.

[Cu{N(CN)},] is paramagnetic even at 1.7 K, the lowest
temperature attainable by the calorimét@iThe LT upturn N Antiferromagnetm
observed in the heat capacity against temperature plot Com—— -
suggests that [QIN(CN)2} 2] (J = 1/2) undergoes a phase ) i N L
transition to an ordered state at a temperature below 1.7 K.g?n”ggr :tﬁr es&gggﬁ'cfgfgejeegﬁyogni‘;fottfoeloi{:"zl%’t‘i?é'ﬁoﬂrﬁ;%nﬁ
Th.e application c.)f alarge magngtlc field®T dramatically Reprinted with permission from ref 242a. Copyright 2001 American
shifted the ordering heat-capacity peak from below 1.7 Kto chemical Society.

about 7.4 K. Judging from the direction of the peak shift,

I
e

the ordered state has been concluded as being ferromagnetic 0.70 ¢

state. 0.65%4 N
Heat-capacity measurements of [MMN(CN);},] have [ £t s 3

been reported by Batten et’dl.and by Kmety et at*° Figure E 060 ,.; R

56 shows the magnetic heat capacity and the entropy?¢fain. § oo 008883y, .

A A-type anomaly is observed d@ = 15.62 K, and the 3 0555 & "--._

. . g N = T --
entropy gain due to this phase transition amounteR to 13 N LT
6, the value expected from the spin multiplicity of the HS O‘SOE 'L ‘o
manganese in an octahedral crystal field. Magnetization 0.45 "l S PN .

measuremem® of [Mn"{N(CN)y}.] confirmed that this
phase transition originates in a magnetic long-range ordering _. , , -
into a spin-canted antiferromagnetic state (weak ferromag- F/9uré 59. Variable-temperature magnetic susceptibility of
ot [MN{N(CN)z}]2*(pyz) at various external filed in the vicinity of

net). In addition to thé-type peak, a weak shoulder appeared Tn. Reprinted with permission from ref 242a. Copyright 2001
around 7 K. This anomaly was connected to the observed american Chemical Society.
anomalous behavior of the crystal structure below 10 K, at
which a sign reversal of the thermal expansion occurs. The antiferromagnetic ordering beloily = 2.53 K. Figure 58
fractional changes in length between 10 and 300 K and thosepresents a schematic illustration of a magnetic phase diagram
between 4.6 and 10 K arka/a = +0.71 and—0.05%,Ab/b for a weakly anisotropic antiferromagnet. At a specific
= +0.79 and+0.04%, andAc/c = —0.38 and+0.02%24 temperature just belovily, Hs and Hc intersect at the

Manson et af*? have studied the magnetic properties of tricritical point, which indicates the coexistence of the
[Mn{N(CN);}]12:(pyz), where pyz= pyrazine, in detail by  antiferromagnetic, spin-flop, and paramagnetic phases. As
using d.c. magnetization, a.c. susceptibility, heat capacity, shown in Figure 59, the spin-flop transition was detected by
and neutron diffraction. The material crystallizes in the variable temperature d.c. magnetic susceptibility measure-
monoclinic space group2;/n with Z = 4 at 1.5 K (Figure ment under magnetic field. Figure 60 is the magnetic
57)2422aThe heat capacity of this complex exhibited a 3D susceptibility measuredt 2 K as afunction of applied

T/K
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Figure 60. A.c. magnetic susceptibility of [MiiN(CN)2}12:(pyz)
as a function of external magnetic field obtained at 2 K. Reprinted
with permission from ref 242a. Copyright 2001 American Chemical
Society.
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Figure 61. Field-dependent heat capacity of [[M(CN)2} ]2+ (pyz)
obtained at 2 K. Reprinted with permission from ref 242a. Copyright
2001 American Chemical Society.

magnetic field. The spin-flop and the critical fields were
determined a$lss = 0.43 T andH. = 2.83 T, respectively.
To confirm the type of field-induced magnetic phase transi-
tion found in the magnetic measurements, Manson &£al.

Chemical Reviews, 2006, Vol. 106, No. 3 1007

magnetic system characterized by a low value of the
exchange coupling constadtk much less than 60 mK.

Heat capacities of similar compounds [Cu(b#g>(CN)4]-
H,O (bpy = 2,2-bipyridine** and [Cu(en)Ni(CNy]245:246
measured in the temperature range from 80 mK to 8 K
revealed significant deviations from the assumed 1D mag-
netic behavior. The behavior of short-range correlations was
described by ai® = 1/2 quadratic Heisenberg antiferromag-
netic model with the exchange constafit= —60 and—180
mK, respectively. Intrachain covalent bonds are completed
by bifurcated hydrogen bonds of the-NH-+-N(C):--H---N
type connecting adjacent chains and creating a 2D net of
exchange paths. The origin of thdike anomaly in the heat
capacity observed at (8% 2) mK for [Cu(bpy}»Ag2(CN)4]-
H,0 and at (128t 2) mK for [Cu(en)Ni(CN)] were ascribed
to a 2D-3D crossover in magnetic lattice dimensionality
activated by the interlayer dipolar interaction.

6. Single-Molecule Magnets

Single-molecule magnets (SMMs) are a class of para-
magnetic metal complex compounds, which show slow
magnetization reversal at low temperatures as an isolated
molecule property#”248In this meaning, they belong to 0D
spin systems, whose spin Hamiltonian should be exactly
solved in principle even though it is too laborious of a task.
Most of them are polynuclear complexes where paramagnetic
transition metal ions are magnetically coupled through some
bridging ligands to provide a large resultant spin on a
molecule. There is a requirement for the SMM behavior that
a large molecular magnetic anisotropy of easy-axis type
should impose a restriction on the molecular spin so as to
fix magnetic poles with respect to the molecular shape.
Figure 62 depicts a set of energy levels for a giant spin, e.g
S = 10, affected by uniaxial zero-field splittingS? (D <
0), which forms a parabolic profile of energy barrier
prohibiting spin reversal. As a result, molecular magnetiza-
tions hardly overcome the anisotropy energy barrier at low

performed isothermal heat-capacity measurements at 2 Ktemperatures and show a typical magnetic relaxation behavior

(Figure 61). TheC,(H) data yielded a single anomaly at 2.83
T, which is attributed to the spin-flop to paramagnetic phase
transition. Although the spin-flop transition is first-order, it
was difficult to detect using this technique.

5.3. Dicyanoargentate-Bridged Complexes

Cernk et al24 reported the crystal structure and magnetic
properties of dicyanoargentate-bridged complex [Cufey)
(CN)4] (en = ethylenediamine or 1,2-diaminoethane). This
compound crystallizes in the orthorhombic space group
Pnnm The structure is formed of free linear [Ag(CIN)
anions and infinite cationic chains-Cu(en)—NC—Ag—
CN-]* containing paramagnetic copper atoms bridged by a
second kind of linear dicyanoargentate species. The coor-
dination geometry of the copper atoms corresponds to an
elongated tetragonal bipyramid with two chelating (en)
molecules in the equatorial positions and N-bonded bridging
cyano groups in the axial positions.

The heat-capacity measurements in the 40 mK to 2 K
temperature range detected only the HT part of-lke
anomaly associated with the onset of a long-range order
because the lowest available temperature of 40 mK is still
too high for detailed study of magnetic correlations. How-

with single relaxation time. This monodispersivity of relax-
ation is the unique point of SMMs distinguished from other
nonequilibrium magnets such as spin glasses with temper-
ature-dependent energy barriers or conventional superpara-
magnets with barrier-height distributions.

Another notable feature of SMMs is resonant tunneling
of molecular magnetization characteristic of mesoscopic
magnets. When a longitudinal or transverse magnetic field
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Figure 62. Plot of potential energy vs magnetization direction for

a single Mn12 molecule in zero-applied magnetic field with =

ever, the heat-capacity study revealed that despite the chaino ground state. There is an axial zero-field splitting, characterized

structure this compound may represent &= 1/2 3D

by H = DS?, whereD < 0.
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100 100 elementary excitations such as phonons and magnons,
contributest™ terms according to the dispersion relation and
the spatial (lattice) dimension.
L Blocking temperaturelg is a kind of glass transition
temperature, where the characteristic time for activated
J reversal of molecular magnetization overtakes the observation
————— time scale (typically~100 s) and the molecule behaves as a
\% molecular-sized permanent magnet below this temperature.
\ Because the spin-up and spin-down states of a molecule are
\ energetically degenerate without any intermolecular interac-
\ tions, calorimetric detections dfs are usually conducted
under a magnetic field giving a Zeeman splitting in the spin
doublet. On lowering temperatures, an HT tail 2 of the
Schottky anomaly corresponding to the thermal excitation
o 1t 2 3 4 5 between the ground doubl& = +Sand —S is observed,
Blparallel) /T Blperpendicular) /T which is quenched beloWs where the spin states become
Figure ?3- I]on%itudinal ?nd tr%nsvféseﬁzefrgatl; splitting |f0f spin- nonergodic. Thus, a step indicating a glass transition occurs
energy levels ol molecular spin= 19 altected by uniaxial zero- —jn the heat-capacity curve ai. It is noted that such a
field spliting DS? (D < 0). B stands for magnetic flux density. crossover frompergodic to nonergodic situation in calorimetry
can be interpreted as a switching in tbelection rulefor
e s thermal excitation from allowed to forbidden, similar to other
4 spectroscopic methods using photoexcitation. Belbyy
¢ / nuclear spins contained in an SMM molecule feel a rather
~ 0 | ' stationary hyperfine field and the nuclear spin-energy levels
= . contribute another Schottky heat capacity.
104 / When the intermolecular interactions are not negligible,
o0 ;'. e SMMs start deviating from the isolated molecule behavior
] and heat-capacity anomalies accompanying the growth of
0 10 20 short-range order are observed at low temperatures. In such
H, Ikee cases, there is a competition between the kinetic freezing of
Figure 64. Magnetization hysteresis loop of [MiD1(OAC)e magnetization reversal and the spin correlation leading to a
(H-0)4]. Resonant tunneling extremely promotes the reversal of magnetic long-range order. If the supposed phase transition
molecular magnetizations, resulting in the stepped loop structure. temperaturel; is much lower tharlg, the SMM behavior
Reprinted with permission from ref 248. Copyright 2003 Wiley-  should be sustained despite the intermolecular interactions.
VCH. On the other hand, the long-range order is established at the
. : o . lowest temperatures and the magnetic entropyradh 2,
is applied on a uniaxial molecular spin whose level scheme corresponding to an SMM-like Ising spin, should be detected
is provided by Figure 62, the Zeeman effect lifts the 2-fold by calorimetry, when tha is higher than tha estimated
degeneracy of up-spin and down-spin states as shown inyy exirapolation of the Arrhenius plot. There is an interesting
Figure 63. In the case of longitudinal field, the spin levels §iscussion whether the long-range order is achieved below

make crossings each other at even intervals of field. The 1. yia quantum tunneling processes, and this question will
level crossing greatly enhances magnetization reversal viape revisited later.

guantum tunneling through the anisotropy barrier, satisfying

energy conservation. This tunneling process is called reso-g 1 Dodecanuclear Manganese Clusters (Mn12)

nance tunneling, and the crossing fields are thus referred to~ ™

as resonance field3eson As a result, a mesoscopic perma-  The dodecanuclear mixed-valence manganese cluster
nent magnet, SMM, has a strange-shaped hysteresis loop witiMn1,0:5(OAC).16(H20)4] (hereafter, Mn12) consisting of four
multiple step structures at eadeson (Figure 64248 It is Mn(1V) and eight Mn(lll) ions (see Figure 65} has a large
essentially a single-molecule property and should be dis- resultant spin o6= 10 and is known as the first discovered
criminated from well-known cross relaxations in a weakly SMM with a high activation barrier of magnetization reversal
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coupled spin pair. Uer/k ~ 60 K. Chemical modifications, e.g., substitution of
Calorimetry can provide important information character- acetate ligands with other carboxylates and one- or two-
izing SMMs, e.g, the blocking temperatureT§), level- electron reduction of the MgO;, core, afforded many

crossing fields Bresoy Where quantum tunneling of mag- derivatives also behaving as SMMs. The large magnetic
netization occurs, and the magnitude of hyperfine interactions anisotropy of the molecule is attributed to the nearly parallel
between electron and nuclear spins, which are supposed t@rrangement of easy axes of eight Jalieller distorted

be a dominant factor of magnetic relaxation in SMMs. As Mn(lll) ions. Because of a partial fluxionality of Mn12
stated in the chapter 1, heat-capacity calorimetry has anmolecules, there are some “Jakifeller isomers” with one
aspect of spectroscopy resolving energy level structures, dueof eight Jaha-Teller elongation axes tending to a wrong
to the fact that the heat capacity is related with the canonical direction out of the molecular ax#®® In some Mn12
partition function, which is exactly a Laplace transform of derivatives, JahnaTeller isomers are unable to be purified
the density of states. Heat capacity contributed from a finite chemically and only a mixture sample is available.
number of discrete energy levels is known as a Schottky The temperature dependence of heat capacity of several
anomaly, rising as exp(AE/KT)/T? and decaying a$ 2. In Mnl12 compounds was reported for polycrystalline
contrast, a continuous density of states, characteristic ofsample®'2%>and for single crystal®%-2¢°n several works,



Phase Transitions Occurring in Molecule-Based Magnets

Figure 65. Skeletal structure of MnO,, core. Four ferromag-
netically coupled Mn(1V) ions carryin§ = 3/2 are surrounded by
eight peripheral Mn(lll) ions carrying = 2. Reprinted Figure 1
with permission from Barra, A. L.; Gatteschi, D.; SessoliFRys.
Rev. B 56 8192, 1997 (http://link.aps.org/abstract/PRB/V56/p8192).
Copyright 1997 by the American Physical Society.

clear heat-capacity drops & were observed by application
of magnetic field?>125225Because the dipolar fields exerted
from neighboring molecules are also effective to remove the
degeneracy of the ground doublet, the heat capacity unde
zero external field was closely examined to obtain the
information on the freezing proce®$.The results showed
lowering of theTg and the blocking process over a certain

f
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Figure 66. Temperature dependence of heat capacity of; -
(O2CEt)16(H20)3]. Ciat Cspin Chr, and totalC,, indicate the Debye
heat capacity, the multilevel Schottky heat capacities from two
Jahn-Teller isomers, the contribution from the hyperfine interac-
tion, and the net heat capacity, respectively. Reprinted with
permission from ref 255. Copyright 2001 American Chemical
Society.

wheren is the total number of nuclei having the nuclear spin
guantum numbel, N, is the Avogadro constanh is the
Planck constant, ang, is the resonance frequenciesivn

temperature range. Those were not consistent with the other A.c.. calorimetry utilizing heater power modulation with

works performed under finite field, revealing sharp blockings.
The effect of transverse magnetic field, which promotes

frequencyw is especially advantageous in research of time-
dependent phenomena. Time-dependent heat capditigs

tunneling processes in magnetization reversal, was alsoy; Mn12 were reported with respect to the effect of

examined®®260 Obvious depression ofg was observed
owing to phonon-assisted incoherent quantum tunneling
(Orbach process) at relatively lower magnetic fields, while
at higher applied fields the spitlattice relaxation is
dominated by coherent tunneling and the blocking phenom-
ena are completely lost.

Because the nuclid®Mn with nuclear spin = 5/2 has

the natural abundance of 100%, a Schottky anomaly arising

from the hyperfine splitting o¥*Mn nuclear spin levels has

a certain contribution below 0.5 K2:254.255.258260 Although

the hyperfine interaction constants from calorimetric studies
were almost consistent with internal field provided by other
methods including®™n NMR and DFT (density functional
theory) calculatiort®*2%%it was pointed out that the magnetic

field dependence of the nuclear heat capacity requires taking

into account the slow nuclear spitattice relaxatiorfs°
The total heat capacity of Mn12 is well-reproduced by

accumulating the contributions stated above. For example,

the total heat capacity of [MpO;2(O,CEt)s(H20)s] was
analyzed as a sum of four contributionSg;, Cspi(D1),
Cspin(D2), and Crs, shown in Figure 66% Cy is the heat
capacity of the phonon system and is well-approximated by
the Debye function with Debye temperatugs = 30 K.
Cspin is @ multilevel Schottky heat capacity due to electron
spin under uniaxial zero-field splittind>]; however, it is
required to adopt two components corresponding to Jahn
Teller isomers. The last teri@; is the contribution from
hyperfine interactions of%Mn nuclei and is well-
approximated by the first term of HT expansion,

NN,k hv,\2

longitudinal magnetic field>"26%263 |f the spin-lattice
relaxation timet is short enough to achieve thermal
equilibrium @t < 1), spin levels at both sides of the energy
barrier can participate in population exchange and contribute
to the Schottky heat capacity due to Zeeman splitting
(bilateral heat capacityCpi, in Figure 67% When the
relaxation time exceeds the measurement time seatex

1) by cooling, the population flow between the up-spin side
and the down-spin side is kinetically forbidden and a smaller
heat capacityunilateral heat capacityC,n) is observed. The
remarkable peaks observedBsonin Figure 67 arise from
phonon-assisted incoherent tunneling processes, breaking the
kinetic selection ruleof calorimetry. However, these peaks
are suppressed belovg.

6.2. Octanuclear Iron Clusters (Fe8)

The octanuclear Fe(lll) cluster [(tagfpO2(OH)12](Br)s
(hereafter, Fe8) is another SMM with a spin ground state of
S = 10, thoroughly investigated next to the Mnl12. A
distinctive feature of the Fe8 is the rhombicity of its magnetic
anisotropy, in clear contrast to the Mn12, which has complete
tetragonal symmetry. Because of the deviation from axial
symmetry, it is the first compound in which the quantum
interference effect (Berry’'s phase) of magnetization tunneling
was demonstratetf?

The temperature dependence of heat capacity of the Fe8
was also reported under zero external figldand under
transverse magnetic field®260264The effect of longitudinal
field was also investigated by a.c. calorimeyThe results
for Fe8 resemble ones for Mn12, except Fe8 has a lower
anisotropy barrier and some rhombicity.
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a) . =253 Hz (O,CCeH4Me)4, abbreviated to MyCl, MnsAc, and MnMe,

1810 ' T — respectively), were investigated by thermal relaxation
method?%4273275 The equilibration time (or instrumental
relaxation time, in other words) dependence of heat capacities
Cy(te) revealed a remarkable difference among them. The
Mn,Cl having a relatively slow spinlattice relaxation shows
a larger. dependence below 1 K, i,& longerr. is required
to achieve thermal equilibrium. On the other hand, the
MnsMe having a fast electron spitlattice relaxation shows

. equilibrium heat capacity with &peak anomaly of magnetic
e o5 0 o3 L long-range order ai. = 0.21 K. Despite such a very low

BI/T T, the dominant intermolecular interaction is not attributed
to dipole—dipole but superexchange in origin, beildgk ~
0.14 K251t is inferred from these observations that in this
temperature range thermal equilibration of the spin systems
is promoted via incoherent magnetization tunneling in the
lowest Kramers doublet. Thus, the answer to the question,
whether the long-range order is achieved beldw via
guantum tunneling processes, is presumably yes, since the
spin system under incoherent tunneling couples with phonon
bath through nuclear spin-mediatdd$™ etc.) spin-lattice
interaction.

1x10°®
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C. B)-C., (0)/JK"
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o BT 0.5 ! 6.4. Single-Chain Magnets (SCMs)

Figure b7. (@) Magnetic heat capactly of the Mnl2 single ciystal - In 1963, Glaubéf® found a slowing-down of magnetic
vs the applied magnetic field, measure z. The zero- c ; ;
field-calculated magnetic heat capadlyad0) is 56.0, 47.7, 40.2, relaxation in th? 1D Is_lng model at low temperatures by using
and 21.3 nJ K for, respectivelyT = 4.75, 4.14, 3.67, and 2.65 Monte Carlo simulation. SCMs are 1D systems consisting
K. (b) A.c. heat capacity(w) of an Mn12 single-crystal sample  Of Ising spins, which exhibit blocking phenomena similar
under magnetic field applied parallel to the molecular axis. to SMMs, as predicted by Glauber, and lack any magnetic
Remarkable enhancement is recognized at the level-crossing fieldslong-range orders. Typical examples are an alternating
Breson Which disappears below the temperature where the relaxation co(|1)-radical chain with highly anisotropic exchange inter-

time of spin reversal coincides with the time scale of measurement action€”” and a concatenated-SMM chain possessing re-
frequencyw. Reprinted Figures 3 and 6 with permission from

Fominaya, F.; Villain, J.; Fournier, T.; Gandit, P.; Chaussy, J.; Fort, marka_lble single mOIECUI_e an'SOtroayAltho_th no calo-
A.; Caneschi, APhys. Re. B 59 519, 1999 (http://link.aps.org/  fimetric results were published for those typical systems, heat
abstract/PRB/v59/p519). Copyright 1999 by the American Physical capacities of another concatenated-SMM chainJlimp)R,]-
Society. (ClO4)2 (R = OAc or CI¢f™and a rare-earth transition-metal
mixed chain [Ln(bpy)(HO)sM(CN)4] (Ln = Gd", Y"'; M
= Féd", Cd")®° were reported. The former shows a
characteristic monodispersive magnetic relaxatfdand the
latter shows similar relaxations under external fields. Except
FGd(bpy)(I—le)4Fe(CN)4], no indications of magnetic long-
Prange order were observed. For the Jhmp)sR2](CIO.),
systems, magnetic entropies were well-accounted for by
considering the contribution from the lowest zero-field
splitting spin levelsR In(2S+ 1) = RIn 19.

Quite peculiar heat-capacity anomalies were reported at
around 2.6 K for an Fe8 single-crystal sample examined by
a.c. calorimetry® These anomalies were not affected by
changing measurement frequency, and the peak temperatur
was found to be depressed under applied magnetic field u
to 4.0 T, showing a close resemblance to’&Nemperature
of antiferromagnetic long-range ordering. The origin is still
not clear and waiting for further investigations.

6.3. Other Single-Molecule Magnets

Among other SMMs, some are known to have magnetic _ o _ )
phase transitions yielding long-range order and calorimetric ~Antiferromagnetic rings, especiallferric wheels were
researches on them were carried duShaped heat-capacity ~— extensively investigated aiming to elucidate the quantum
anomalies were reported &t = 1.33 K for [Mny(hmp)- coherence found in the avoided crossing in Zeeman-splitting
Bra(H20),]Br2,25” T, = 1.19 K for [Fagmetheidi)o(OH)14 spin levelg®2 Although the antlferromagnv_atlc ring with a
(O)s(H20)12]NOz+24H,0 268.269and T, = 0.99 K for (enH),- spin grour!d state o6 = 0 does not fall into the.SMM
[Feguts-O)(u-OH)g(ida)]-6H,0-2EtOH?%9 The intermolecular  category, it should.b.e dls_cussed here since it is one of
interactions causing long-range orders in these compoundsexchange-coupled finite spin systems of great interest in the
were Supposed to be Superexchange rather than magnetigl:lantum effect involved. Calorimetric studies reported cover
dipolar interactions in origin, which are claimed to be [LiFes(OCHs)iAdbm)]PFs?%*?%[NaFe(OCH):(pmadbmy]-
dominant in the case of [M@sBry(Etdbm)] possessing  PFs,?%* %% [LiFes(OCHs)1(dbm)|BPh,?% [Feio OCHs)z0r
T, = 0.161 K26427 Although the long-range order in  (C2H202Cl)1q],** [Fei(OCHs)1(dbm)],**" and [CeFe-
[Fes(OCHs)g(dpm)] was suggested! no heat-capacity — Pivig].?*%2%
anomalies were found by calorimetry in the measurement As shown in Figure 688 the six-membered antiferro-
temperature rangel (> 2 K).272 magnetic iron wheel shows avoided crossing of spin levels,
Heat capacities of a series of manganese tetramersSwith arising from anisotropic energy terms responsible $or
= 9/2, [MnOsL(dbm)] (L = CI(OAc);, (OAc), and mixing, when an external magnetic field is applied i 25

6.5. Antiferromagnetic Spin Rings
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20 : . . : marized by one of the authors (M.S.) in review articled?
15 and thus only a few topics will be picked up here.
T 12,-2> 13,-3> _ . .
= 7.1. Entropy-Driven Phenomena: Coupling with
= (5) I Phonon
= s 10,0> Although the possibility of the spin-state transition was
a - theoretically predicted in 1954 on the basis of the ligand
2 -10p field theory by Tanabe and Sugaffé,it was in 1967 that
-15} the first experimental evidence was reported for iron(ll)
20k ) ‘ ) complexes [Fe(NCXJphen)] (X = S or Se; pher= 1,10-
0 5 10 15 phenanthroline) by Koig and Madej&® in which the
B/T electronic state at room temperature®T$y with the spin

quantum number oS = 2 while at low temperature it
becomesAi4with S= 0. They gave a reasonable interpreta-
tion (as due to a spin crossover mechanism) for the unusual
magnetic behaviors of these complexes reported first by
Baker and Bobonicliin 1964. Because the spin crossover
phenomenon is principally based on a change in the quantum
state of the electron spin, many researchers believed that the
dominant driving force leading to thermal spin crossover
transition would be a change in the spin multiplicity.
i However, in 1972/1974, Sorai and S&k?*® reported
calorimetric study on the spin crossover iron(ll) complexes,
[Fe(NCS)(phen)] and [Fe(NCSe)phen}], for the first time,
and their results showed that this interpretation was not
correct.

As reproduced in Figure 70, a large phase transition was

Figure 68. Zeeman splitting of lowest-lying spin levels of [Like
(OCHg)12(dbm)]BPh,. Reprinted Figure 1 with permission from
Affronte, M.; Cornia, A.; Lascialfari, A.; Borsa, F.; Gatteschi, D.;
Hinderer, J.; HorvaticM.; Jansen, A. G. M.; Julien, M.-Hhys.
Rev. Lett. 88 167201, 2002 (http://link.aps.org/abstract/PRL/v88/
p167201). Copyright 2002 by the American Physical Society.
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observed for [Fe(NCSphen)] at 176.29 K with an entropy
change ofAS = (48.84 0.7) J K mol™%. This entropy
value is extremely large in comparison with the entropy gain

, , . , AS=RIn5=13.38 J K! mol* expected for a conversion
Figure 69. Field dependence of the isothermal heat capacity of .
[LigFeG(OCI—h)lz(dbm)SBPm measured at 0.78 K. The soliéJ cu:\);e from the'Ay4 LS state to théTz HS state. The entropy gain
is a two-level Schottky anomaly calculated using the energy level due to the change in the spin multiplicity is only 27% of the
scheme in Figure 68. The broken curve is the best fit assuming total entropy of transition. It should be remarked here that
sample inhomogeneity and no avoided crossings. Reprinted Figurethe change in the orbital degeneracies between the LS and
g(‘)"r"stg F;ef”ggtst'é’sncr]fiog Ag:gg;er:e:\"j .Cﬁ(r)fr‘\',g ﬁ'z‘-_? J'—:nsge'an”?{ B é“\-? the HS state does not generally contribute to the entropy
M.: Julien, M-H. P'hys.' Re. Lett. 88 167201, 2002 ’(http:// gain at the §]E>|n cro;sover tralrjé,ltlon behcalfse_the orbital
link.aps.org/abstract/PRL/v88/p167201). Copyright 2002 by the qlegene_racy, I any, has been lifted by t e low-symmetry
American Physical Society. ligand field to give a nondegenerate orbital.

As the spin crossover occurring, for example, in an
) octahedral symmetry involves a transfer of electrons between
apart from the normal of the ring plane. Because the Schottkythe bonding 4, and antibonding gorbitals, the metal-to-
heat-capacity anomaly expected from thermal excitation jigand bond distances remarkably change, being about 20
between the lowest two levels has the maximum at the energypm shorter in the LS state than in the HS state. This brings
separatiom\(B) ~ 2.5KT, an isothermal field sweep provides  apout a drastic change in the density of vibrational states,
heat-capacity maxima at the fields satisfying this resonancemainly the metatligand skeletal vibrational modé%® Thus,
condition and provides zero heat capacity at strict level the transition entropy involves a large contribution from the
crossings. Bearing it in mind, the heat-capacity curve nonelectronic vibrations and the lattice heat capacity exhibits
in Figure 69 is consistent with the energy level scheme in 3 discontinuity at the transition temperature. As seen in
Figure 68. The nonvanishing heat capacity at the level- Figure 70 for the complex [Fe(NCSphen)], a jump of AC,
crossing fieldBc; andBc clearly demonstrates the presence (normal)= 18.7 J KX mol 2 is observed. On the basis of
of finite energy separation between the lowest two spin levels yariable-temperature IR absorption spectroscopy, they ac-
and this minimum gap corresponds to the off-diagonal matrix counted for the excess entropy beyond the contribution from
elements causing quantum coherence. Recently, similarthe spin multiplicity and the heat-capacity jump at the
avoided crossing was detected by calorimetry also in a transition temperature in terms of the phonon contribution.
nonring ferrimagnetic manganese cluster f2ROAP-2Hj]- Thermal spin crossover is possible only for the complexes
(ClO4).2%° whose ground electronic level is a LS state at low temper-
atures and the first excited HS level is located within a
thermally accessible range. The energy difference is over-
whelmed by the entropy terfAS mainly due to the drastic
Complexes showing spin crossover phenomena are typicalchange in lattice vibrations, and consequently, the Gibbs
molecule-based magnets, because the magnetic propertieenergy of the HS state becomes lower than that of the LS
dramatically change through the LS to HS transifitin2®3 state above a temperature at which the spin crossover takes
However, the calorimetric studies have already been sum-place. Sorai and SeRf concluded that the thermal spin

7. Spin Crossover Phenomena
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1000 T T : T T : [Fe(NCS)(phen}] is crystallized in the orthorhombic space
group Pbcnwith Z = 4 both at 293 K (HS phase) and at
i . 130 K (LS phase). In disagreement with most of the
predictions, the LS-to-HS transition is accompanied neither
800 1 by a change in the crystal symmetry nor by an order
disorder transition involving NCSgroups. Only a large
reorganization of the iron(ll) environment is detected. The
600} main structural modifications, when passing from the HS to
the LS form, consist of a remarkable shortening of the Re
distances (by about 20 to 10 pm) and a noticeable variation
of the N—Fe—N angles, leading to a more regular shape of
y the [Fe-Ng¢] octahedron.

The absence of a change in crystal symmetry at the spin-
AC(normal) state conversion has been encountered in most spin crossover
complexes. Table 6 lists space groups of mononuclear spin
crossover complexes in both HS and LS states. The phase
4 transition without change in the space group, which may be
designated as “isomorphous” or “isostructural” phase transi-
260 3(')0 tion, seems to be characteristic of spin crossover phenomena.
In the case of usual ordedisorder types of phase transitions,
T/K their mechanisms involve conversion of molecular orienta-
Ellj%éi_ iﬁ%’icgﬂtglﬁﬁehfﬁtrniﬁaeﬁyc gg)a[('::iﬁgiclgggr?ﬁtéd Evri?hk?)grmis tions from ordered states at low temperature to disordered
) ‘ > ~states at high temperature, which would give rise to a big
sion from ref 298. Copyright 1974 Elsevier Ltd. change in the crystal symmetry. On the other hand, in the
case of spin crossover transitions, molecular structures are

Crossover 1s an entr(_)py-drlven phenomenon and coupling reiaineq as being approximately similar between LS and HS
between the electronic states and the phonon system plays Qtates, whereas big changes occur in the bond lengths.

fundamental role in the spin crossover phenomena occurring . . :
The isomorphous character of the spin-state conversion

in the solid state. This concept has long since been accepted., X
To verify this conclusion, Bousseksou et®2°! per- has also been suppo_rted by spectroscopy. On the basis of
' L ESR study of a precipitated sample of an iron complex doped

formed Raman spectroscopy of this benchmark complex with manganese(ll), [Redino o NCS)(phen)], Rao et af*
[F(_a(NCS)(phen)] at 300 and 100K to obt{;\i_n the fre_quency found thgt the (zg’rt[)-field Oéos(littingk(gara%],etefz and .E
shifts associated with the HS-to-LS transition. Their overall appearing in the spin Hamiltonian for Minion decrease

result was consistent with the conclusion originally proposed g0 iy with increasing temperature and are not affected by
by Sorai and Sekf® that the vibrational entropy change is o™ yransition. Consequently, they described this as “It
primarily attrlbutablg to the mtramolepular vibrations. Re- appears that any structural changes that occur during the spin
cently, Brehm, Reiher, and Schneitfércalculated the transition are short-range ones inside the iron(Il) complex

normal-mode frequencies of this complex in both the HS : : .
. , . and not long-range ones involving the total lattice.” Although
and the LS states on the basis of density functional theorya genuine phase transition is impossible unless a long-range

(DFT/BP86) and compared the result with the IR and Raman order exists. this description i :
e , ption is suggestive to understand the
spectra recorded at 298 and 100 K. The vibration-related transition mechanisms of spin crossover in the solid state

entropy change due to the LS to HS transition estimated by and the spin-state equilibrium in solution

their quantum chemical calculation wasS = 19.5 J K* _ ) . .
An interesting example of iron(lIl) spin crossover complex,

mol~t. This value corresponds to 40% of the experimental " =2 4 . . .
value2® Because the share of the spin entropy is 27%, the which exhibits a single-step transition without change in the
' crystallographic symmetry, is a five-coordinate iron(lll)

remaining 33% of the entropy is attributed to the change in

the lattice vibrations perturbed by intermolecular interactions. \(/:v%n;gelé o [I';Iél St?e?l);ﬁ)r]ih irneop(zréegi{gr)t/ bl(J:tCIL)erneztosae?ﬁi

At any rate, a large part of the entro ain due to the spin- ™"} r oA ) X )
y gep by d P quinonater radical anion with spirs = 1/2. This complex

state conversion beyond the spin contribution is caused by . i : £ th | T
the change in the phonon. This situation is always encoun-contains a 1:1 mixture of the total sp& = 3/2 and 1/2

tered in any spin crossover complexes, irrespective of abrupt{f”t‘;fé ilr;tttger ;g%pi?é:rrgorgggaesogir?r.f?o()s,go.vé??:/oemlfl)?z o
and gradual types of spin crossover phenont&hal® ' | : o
¢ P P P 3/2. TheS = 3/2 ground state is attained via intramolecular
" ; : antiferromagnetic coupling between a HS iron(8d{= 5/2)
7.2. Phase Transition without Change in Crystal and two ligandz radicals, whereas thg = 1/2 form is

Symmetry generated from exchange coupling between an intermediate

A very drastic change around the metal environment is SPin iron(lll) (S = 3/2) and two ligandr radicals.

involved when the spin-state conversion takes place, as easily A few exceptional complexes listed in Table 6 are{[b-e
recognized by the fact that the interatomic distances betweenNO,-sal-N(1,4,7,10)],3'? [Fe(NCS}PM-PEA)],3 [Fe{ HC-

the central metal atom and the ligands are drastically (3,5-Mepz)}2]:(BF4),,3% and [Fé! (isoxazolés] - (BF,)2,3*tin
shortened on going from a HS to a LS st&t&322 One may, which the space group changes between the LS LT phase,
therefore, anticipate a big change in the crystal symmetry the mixed intermediate-temperature phase, and the HS HT
for the spin crossover phenomena. Quite surprisingly, phase. In the case of [FdC(3,5-Mepz)s} 2]+ (BF4)2, where
however, this is not the case. For example, Gallois étal. pz = pyrazolyl ring, an abrupt single-step spin crossover at
reported that the most-studied spin crossover complex204 K is exhibited. Above this temperature, the compound

400

C, / JK-1 mol-!

200

0 1
0 100
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Table 6. Crystallographic Data for Mononuclear Spin Crossover Complexes
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crystal space
compound¥ type of SCO T (K)© system group z refs
[Fe(2-pic}]Cl,:CHs;OH G, 1-step 115 (LS), 227 (HS) orthorhombic Pbna 8 324,325
[Fe(2-pick]Cl,:C,HsOH? A, 2-step 90 (LS), 298 (HS) monoclinic P2i/c 4 325-329
[Fes(Ettrz)s(H20)6](CFsSOs)s A, 1-step 105 (LS), 300 (HS) orthorhombic  P31c 2 330
[Fe(2-pic}]Br*CH;OH A, 1-step 110 (LS), 298 (HS) monoclinic P2:/n 4 331
[Fe(NCS)(phen}] A, 1-step 130 (LS), 293 (HS) orthorhombic  Pbcn 4 323
[Fe(NCS)(py)2(bpym)]-0.25py A, 1-step 298 (HS) tetragonal 14,/a 16 332
[Fe' (acpa)|BPhy G, 1-step 120 (LS), 311 (HS) triclinic P1 2 333
[Fe'" (acpa)]PFs G, 1-step 120 (LS), 290 (HS) monoclinic P2/a 2 333
[Fe(NCS)(btz))] G, 1-step 130 (LS), 293 (HS) orthorhombic  Pbcn 4 334
[Fe(NCS)(tap)]-CHsCN G, 1-step 135 (LS), 290 (HS) triclinic P1 2 335
[Fe{5-NO.-sal-N(1,4,7,10)]f A, 2-step 292 (HS) monoclinic P2/c 2 312
153 (IP) monoclinic P2 2 312
103 (LS) triclinic P1 2 312
[Fe(NCS)}(PM-BIiA),] A, 1-step 140 (LS), 298 (HS) orthorhombic  Pccn 4 336
[Fe(NCSY(PM-PEA)]® A, 1-step 298 (HS) monoclinic P2,/c 4 337
140 (LS) orthorhombic Pccn 4 337
[Fe(NCSYPM-TeA)] G, 1-step 11 (LS), 298 (HS) orthorhombic  Pccn 4 337
[Fe(NCSYPM-AzA),] G, 1-step 110 (LS), 298 (HS) monoclinic P2i/c 4 337
[Fe(btr)k](ClOy)f A, 2-step 150 (LS), 190 (IP), 260 (HS) trigonal R3 6 313
[Fe{HC(3,5-Mepz)s} ] (BF )2 A, 1-step 220 (HS) monoclinic C2lc 4 338
173 (IP) triclinic P1 2 338
[Fe(DPEA)(bim)](ClQ),:0.5H,0f G, 2-step 123 (LS), 293 (HS) monoclinic P2i/c 4 339
[FE"(1ISQ).Br]"¢ G, 1-step 100 (LS), 295 (HS) triclinic P1 4 340
[FE" (1ISQ)I]9 G, 1-step 100 (LS), 295 (HS) monoclinic P2i/c 4 340
[Fe'" (isoxazoley](ClOy),' A, 1-step 150 (LS), 225 (HS), 295 (HS) trigonal P3 3 341
[Fe'" (isoxazoley](BF )25 G, 2-step 260 (HS) trigonal P3 3 341
130 (IP) triclinic P1 3 341
[Fe(DAPP)(abpt)](CIQ)," A, 1-step 123 (LS), 293 (HS) monoclinic P2:/n 4 342
[Fe(Hpy-DAPP)](BR)." Aand G, 2-step 90 (LS), 130 (IP), 298 (HS) monoclinic  P2;/c 4 343

a 2-pic, 2-picolylamine (2-aminomethy-pyridine); Ettrz, 4-ethyl-1,2,4-triazole; phen, 1,10-phenanthroline; bpybipg2nidine; HacpaN-(1-
acetyl-2-propylidene)-2-pyridylmethylamine; btz, 2t2-4,5-dihydrothiazine; tap, 1,4,5,8-tetraazaphenanthrene; 59dEN(1,4,7,10), the Schiff
base condensation of 5-nitrosalicylaldehyde with 1,4,7,10-tetraazadecane in a 2:1 ratio; PNKBiAyridylmethylene)-4-aminobiphenyl; PM-
PEA, N-(2'-pyridylmethylene)-4-(phenylethynyl)aniline; PM-TeN;(2'-pyridylmethylene)-4-aminoterphenyl; PM-AzA-(2'-pyridylmethylene)-
4-(phenylazo)aniline; btr, 44is-1,2,4-triazole; pz, pyrazolyl ring; DPEA, 2-aminoethyl-bis(2-pyridylmethyl)amine; bim, 2,2-bisimidazole; ISQ,
N-phenylo-imino(4,6-ditert-butyl)benzosemiquinonate; DAPP, bis(3-aminopropyl)(2-pyridylmethyl)amine; abpt, 4-amino-3,5-bis(pyridin-2-yl)-
1,2,4-triazole? SCO, spin crossover; G, gradual type of SCO; A, abrupt type of SCO; 1-step, single-step SCO; 2-step, double-std&y$SCO.
low-spin state; IP, intermediate phase; HS, high-spin sta@eder-disorder of the solvate molecul&The space group is different between the LT
phase and the HT phasélhere exist two inequivalent iron sites or two sublatticeBhe ligand “1ISQ” is a free radical with spi= 1/2." Order-
disorder of the ligand and the anions.

is completely HS with the structure in the monocli@2/c
space group witll = 4 and there is one unique iron(ll) site.
Below 204 K, the compound converts to a 50:50 mixture of
HS and LS. There is a radical change in the coordination
sphere for half of the iron(ll) sites, most notably a shortening
of the Fe-N bond distances by ca. 20 pm. The crystal system
changes to triclinid®1 space group wittlz = 2.

600
500

400

7.3. Cooperativeness of Spin Crossover
Phenomena

As widely recognized, spin crossover transformations can
phenomenologically assume two limiting cases: One is the
so-called abrupt type in which the spin-state transformation
takes place abruptly within a narrow temperature range of a
few Kelvin, and the other is the gradual type in which the
spin crossover occurs gradually over a wide temperature ) . . | , |

300

C,/JK " mol”

200

100

range, typically greater than 100 K. Calorimetric measure- Oo 100 200 300
ments of the gradual type have been made for the spin
crossover complexes [léacpa)]PFs [Hacpa= N-(1-acetyl- T/K

propylidene)-2-pyridylmethylaminéffFe" (3EtO-salAPA)]-
ClO4 CsHsBr (3EtO-salAPAH= the Schiff base condensed
from 1 mol of 3-ethoxysalicylaldehyde with 1 mol of
N-aminopropyl-aziridine}}2%and [Fé (2-pic)]Cl,*CH;OH
(2-pic = 2-picolylamine or 2-aminomethylpyridiné)® These
complexes exhibit unusually broad heat-capacity peaks over To elucidate the reason for the gradual spin-state conver-
a wide temperature region. As an example, the molar heatsion and the degree of cooperativeness inherent in the spin-
capacity of [Fe(2-pigJCl,CH;OH is shown in Figure 71.  state conversion, Sorai and S&kproposed in 1974 a simple

Figure 71. Molar heat capacity of the spin crossover complex
[Fe(2-pic}]Cl,:CH3;0H. The dotted curve indicates the normal heat
capacity. Reprinted with permission from ref 315. Copyright 2001
American Chemical Society.
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Figure 72. Schematic drawing of the domain model. The crystal
lattice is considered to consist of domains of uniform size containing
equal numbers of spin crossover complexBg is the transition

temperature at which the number of LS domains becomes equal to

that of HS domaing?®

domain model based on the Frenkel thé®rgf heterophase
fluctuations in liquids. As schematically shown in Figure 72,
this model assumes that a crystal lattice consistdNof
noninteracting domains with uniform size containimg

Sorai et al.
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Figure 73. Excess heat capacity beyond the normal heat capacity
arising from the spin-state conversion in [Fe(2-giC).:CH;OH.
Open circles are experimental values, and the solid curve corre-
sponds to the domain model with = 1.5. Reprinted with
permission from ref 315. Copyright 2001 American Chemical

=
100

complexes and that the spin-state conversion in each domairSociety.

takes place simultaneously, wheXex n is equated to the
Avogadro constaril,. When a system consisting of the HS
fraction fys and the LS fraction (- fug) is in a thermal
equilibrium, the Gibbs energy of the systébrat a temper-
atureT is given by

G=1f,Cy + (1 — G, + NkT{fygIn fyst

(1 =y In(X —f9)} (6)
wherek is the Boltzmann constant ar@y and G are the
Gibbs energies of the HT and LT phased atespectively.

The HS fractiorfys in thermal equilibrium is determined by
the equilibrium condition dG/d fus)r = 0 as follows:

fos= 141+ expAG/NKT)} = 141 + expAG/RT)}
(7)

where AG is equal to Gy — G.) and R implies the gas
constant. The molar heat capacity at constant pressyise
obtained by the following relation:

3
C= 8_1-{stHH +A-fuH} =
{fHSCp,H + (1 - fHS)Cp,L} +
n(H,, — H,)? exphAG/R
(Hy — H)” expl 13 = C,(lattice)+ AC, (8)
RT{1+ expQAG/RT)}

whereHy andH,. mean the molar enthalpy of the HT and
LT phases, respectively. A convenient way to estimate the
average number of complexes per domain is to fit theC,

term given by eq 8 with the observed heat-capacity anomaly

ACy(obsd) at the peak temperatufe,, at which the HS
fraction becomes equal to the LS fraction ak@ becomes
Zero:

AC(0bsd,Ty,) = {H,(Ty) — H (Ty)} /4RT,,> (9)

The excess heat capacity of [Fe(2-gJ€).-CH;OH beyond
the normal heat capacity (see Figure®¥3s well-reproduced
by the domain model (solid curve) when the number of
complexes per domain is only = 1.5. Small values oh
have also been encountered in [Fe(agpds (n = 5).3%
[Fe(3EtO-salAPAYCIO 4 CeHsBr (n= 1) 113%and [Fe(Hpg)-
(BF4)2:2H,0 (n = 1.5)38where Hpt= 3-(pyrid-2-yl)-1,2,4-

a sharp contrast to = 95 for [Fe(NCS)(phen}],2%8 77 for
[Fe(NCSe)(phen}],>?® and 2000 for [Cr(depe)] [depe=
trans-bis{ 1,2-bis-(diethylphosphino)ethayie®®” which be-
long to the abrupt type complex.

As the value oh is decreased, the cooperativeness of the
spin crossover becomes weaker and the heat-capacity peak
due to the spin-state conversion becomes broader. The system
characterized by = 1 simply corresponds to a chemical
equilibrium between two energy states described by the van't
Hoff scheme, which is often encountered in denaturation of
small globular proteins from a native state to a denatured
one®#6347The fact that the spin crossover can proceed even
without cooperativeness rationalizes the experimental facts
that the iron(ll) complex highly diluted with the zinc(ll)
analogue [FZn,—4(2-pic)]Cl,-C,HsOH exhibits a spin-state
conversion even for the specimen with= 0.0009 as seen
by Mossbauer spectroscopy reported bitligh et al**®and
that the spin-state equilibrium is realized in solutf353

Among various models proposed for interpretation of
cooperative interactions inherent in the spin crossover
phenomena, Wajnflasz and Piekintroduced a statistical
model in 1970 in which the microscopic interaction and the
entropy effect are considered. Slichter and Dricka&fier
reported an essential model based on the concept of regular
solution in 1972. Bolvin and KalPf published in 1995 an
Ising model within and beyond the mean-field approximation
to establish a bridge between the regular solution model of
Slichter and Drickamé?® and the domain model proposed
by Sorai and Sek¥®in 1974. Two main results emerged as
follows: One is that the occurrence of a thermal hysteresis
is less probable in the nonrandom distribution model and
the other is that the like-spin molecules tend to assemble in
like-spin clusters. The former is favorable to the regular
solution model while the latter is favorable to the domain
model. It should be remarked that evidence for the existence
of domains has been obtained for [Fe(2-iC),-C,HsOH
based on EPR measurements in 1990 by Doan and
McGarvey37 It should be remarked that Nishino et3f.
derived in 2003 the relationship between the phenomenologi-
cal macroscopic parametarin the Sorai and Seki domain
modef®® and the microscopic parameters in the Wajnflasz

triazole. These small numbers of complex per domain make and Pick statistical modé?*
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7.4. Two-Step Spin-State Conversion ¢

Next to [Fe(NCS)phen)], extensively studied spin gm0 0089
crossover complexes are [Fe(2-gJ€) (solv) 359361 Giitlich
and his collaborato?® reinvestigated the spin transition in
[Fe(2-pic}]Cl,-CHsOH in 1982 by M@sbauer spectroscopy
and magnetic susceptibility measurements. They found, for
the first time, unusual “two-step” spin conversion in the
crossover region with transition temperatures at 120.7 and

ZmT ! em® K mol™'

114.0 K. In the first step, the HS fraction decreases from /-

100% at room temperature to 50% near 120 K. In the second ! o |

step below~115 K, the HS fraction is further diminished o .

from ~40% to the pure LS state at 4.2 K. Betweeti15 | oecmecomammenest "

and~120 K, the spin transition is much more gradual than or T RPN T e b

below and above this temperature range. Kaji and $8rai T/K
re%ortg da rr(]jolar heatkcapzicliiyoof [Eel(gé@]ZC)Kg-CzHE,OH dindFigure 75. Temperature dependence T for [Fe{5-NO.-sal-
?onthg t\?\/e;)r}/setept\ggiﬁec%rfvgtrsion.(Szg Figur.e 74§0¥E§%?gklenn§{|(l,4,7,10}]. Both cooling () and heating®) experimental data

: e : are shown. Reprinted with permission from ref 363. Copyright 1987
curves drawn in this figure represent the normal heat gigavier Ltd.

capacities estimated by an effective frequency distribution

methodz.olntegration of the excess heat capacity beyond the structure of [Fe(2-pig)Cl*C,HsOH undergoes two first-
normal heat-capacity curves with respect tollgives the  order phase transitions on cooling from a HS phase via an
entropy gainAS due to the phase transition. The observed intermediate phase (IP) to a LS phase. Comparisons of
entropy gain AS= 50.6 J K™ mol™) is well accounted for  structural data over large ranges of temperature clearly show
in terms of the contributions from (i) the spin entropy due that the structural changes from the HS to the LS phase,
to the singlet-to-quintet conversioR[In 5 = 13.4 J K* both with a single iron site, are discontinuous. The unit cell
mol™1], (ii) orientational disordering of the ethanol solvate doubles in size in the IP phase. The relationship between
_molecule over three sites with occupancies in the ratios 3:2:2the phases is isostructural. The IP reveals that, contrary to
in the HS phas&”3?¢[—R (3/7) In(3/7) = 2R (2/7) In(2/7)  earlier assertions, the intermediate plateau in the two-step
= 9.0 J K** mol™], and (jii) the phonon contribution (about  transition of this compound is the expression of a structure
28 J Kt mol™). . with two different iron sites showing long-range order, very
According to single-crystal X-ray studies at temperatures much like that found for other compounds with two-step
well above and well below the critical transition region by pehavior. The absence of discernible diffuse scattering
Mikami et al.?"3**the space group of [Fe(2-plo-CHsOH suggests that short-range correlations are very weak. The
is monoclinicP2,/c for both the HS phase and the LS phase. combination of the isostructural HS and LS phases with the
Thus, the presence of a structural phase transition is notordered IP implies re-entrant phase transition behavior, a
necessarily essential for both a single-step and a two-steprelatively rare phenomenon.
spin-state conversion. On the basis of a single-crystal XRD |n the case of [Fe(bt)ClO4),, where btr= 4,4-bis-1,2,4-
study, Chernyshov et & showed quite recently that the triazole, Garcia et &% reported that the two-step spin
conversion in this complex is associated with the presence
—T T T of two slightly different iron(ll) sites, whereas the space
L - group (trigonalR3) remains identical independently of the
spin state. Matouzenko et &P.found a similar situation in
the two-step spin-state conversion in [Fe(DPEA)(bim)]-
# (ClO4)2-0.5H,0, where DPEA= 2-aminoethyl-bis(2-pyridyl-
methyl)amine and bim+ 2,2-bisimidazole, while the space
group is monoclinid2;/c. Matouzenko et at**reported that
[Fe(Hpy-DAPP)](BR),, where DAPP= bis(3-aminopropyl)-
(2-pyridylmethyl)amine, gives the first example of two-step
- spin transition in a mononuclear complex presenting a single
iron(11) crystallographic site in the whole temperature range.
The two-step spin transition behavior of the system is induced
. by two different geometries of the [Fg]\coordination core
generated in the lattice by the disorder in the ligand. The
’ "_— Tc1=12221K A HS-to-LS transition is conjugated with the conformational
T cz2=11404K change in the chelate cycle.
In contrast, the iron(ll) spin crossover complex {be
. NO.-sal-N(1,4,7,10)], where 5-NQ-sal-N(1,4,7,10) the
Schiff base condensation of 5-nitrosalicylaldehyde with
LA , . , . , 1,4,7,10-tetraazadecane in a 2:1 ratio, changes its space group
0 100 00 300 depending on the spin state. Petrouleas and Tuch#§ues
T/K reported a well-separated two-step spin-state conversion in
Figure 74. Molar heat capacity of [Fe(2-pigiCl,»C,HsOH. Broken this complex on the basis of Mebauer spectroscopy and

curves indicate the estimated normal heat capacities. Reprinted withmagnetic susceptibility measurement. As shown in Figure
permission from ref 303. Copyright 1985 Elsevier Ltd. 75, magnetic susceptibility () timesT against temperature
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plot for this complex clearly shows a two-step spin-state complexes are favorable for thermal hysteresis, although the
conversion at 173 and 136 K on cooling while it shows a most spin-state conversions occurring in the solid state are
two-step spin-state conversion at 146 and 180 K on heating.characterized by the isomorphous phase transition without
Boinnarq et aF.lZ_studied in de_tail the two-step spin-state accompanying a change in the space group.

conversion in this complex with special emphasis on the  Taple 7 chronologically lists the spin crossover complexes
structural changes by use of XRD analysis, IR, magnetic showing thermal hysteresis. iy and Ritte#"? first re-
susceptibility, Mesbauer spectroscopy, DSC, and theoretical marked in 1976 the hysteresis occurring in [Fe(NG&Y-
studies. The space group of ffeNO.-sal-N(1,4,7,10]is  (CHjy),-phen)], where 4,7-(CH)-phen= 4,7-dimethyl-1,10-
altered from triclinicPl in the LS phase to the monoclinic  phenanthroline, and compared it with the Slichter and
P2/c in the HS phase via the monoclini2 in the  Drickamer model based on the theory of regular solutfn.
intermediate phase (IP), in which a spin-state equilibrium at On the basis of’Fe Massbauer spectroscopy, Sorai eteal.
~50% of HS and LS molecules is realized over thg5 K reported in 1977 unusually large thermal hysteresis as wide
temperature range. On the basis of these experimental angys AT, = 91 K in [Fe(2-pic}]Cl,*H;0. Quite recently,
theoretical studies, they concluded that the origin of the two- however, it turned o6t that this large hysteresis is not
step spin-state conversion is related to the structural phaseyenuine but apparent in the sense that an extra metastable

transitions. LS phase is involved in the mechanism of hysteresis. Details
An interesting example of iron(l11) spin crossover complex will be described later.
showing two-step spin-state transition is [Resoxazoleg]- To cope with the demand for storing ever more informa-

(BF2), reported by Hibbs et &f! This complex undergoes tion, Kahn and his collaboratca 3.3+ 37.38%\vere turning

two reversible spin crossover transitions at 91 and 192 K. e attentions to memory storage and display systems based
As listed in Table 6, the crystal symmetry at 260 Kiis trigonal oy the bistability realized by thermal hysteresis in spin
P3, whlle it is triclinic P1 at 130K. There exist two different  rossover complexes. Because the magnetic and optical
iron sites, Fel and Fe2, in a 1:2 ratio. The LS-t0-HS qharties are quite different between the HS and LS states,
transitions at Fel and Fe2 sites take place at 91 and 192 Kynaasurement of such a physical property may distinguish
respectively. _ N ~ clearly the two states. The most appealing spin crossover
Theoretical treatment for two-step spin transition was first complexes are those for which room temperature falls in the

made by Sasaki and Kambéftsin 1989. Couplings of the  mjiddle of a thermal hysteresis loop. They have succeeded
spin states of the iron ion with a molecular distortion and a jn finding such candidates.

lattice strain have been taken into account in this cooperative
molecular distortion model, in which two nonequivalent sites now to exhibit thermal hysteresis. Among them, there are
occupied by equwalent fron cqmple:xes are assymed In a unltpeculiar complexes showing extremely large hysteresis, such
cell of the lattice. Molecular distortions of a pair of the two _ _

. ; ) - as [Fe(NHtrz);](tos)y2H,O (AT, = 82 K) [NHstrz =
complexes occupying the two nonequivalent sites couple with 4-amino-1,2,4-triazole and tos tosyl (= p-toluene-

each other symmetrically and antisymmetrically. The merit sulfonyl)] 252 [Fe(hyetrz)](npsh3H,0 (AT, = 270 K) [hyetrz

of this model is ttf;{’;lt' vac;i%us Eatte_rns tohf the tvvlp-ste{:) Spi?h: 4-(2-hydroxyethyl)-1,2,4-triazole and Hnps 3-nitro-
conversion are obtained by changing the coupling strength o< ifonic acids*385[Fe(hyetrz}|Cly3H,0 (AT, = 63

of the iron ion with molecular distortion and with lattice K),387 [Fe(hyetrz)](NO3)»2H,0 (AT, = 57 K)27 and

strain and also the strength of interpair interactions. After- [Fe(hyetr2)](PFe)o-2H,0 (AT, = 127 K) 37 However, as the
m%r(?e’lOégggézﬁgge;ga,:wrg?sdgs ;Yo?;etrraerﬁ)gi{itgr?saii fgilrl]%vglse'a? large thermal hysteresis originates in the synergy between
compounds by Real et &% two-sublattice model by the spin-state conversion and the removal pf noncoprdmated
245 Isina-like model taking into account solvate water molecules, such a hysteresis is realized only
Bousseksoq et af, 9 King ; for the first thermal cycling. After dehydration, the hysteresis
the nonequivalence of the two sublattices by Boinnard et loop is remarkably reduced. For example (see Figure 76),

al.3*2the Monte Carlo method treating both the nearest and ; _ .
the next nearest-neighbor interactions by Kohlhaas é&¢al., ghﬁzg ri%e dTrﬁﬁéﬁggl ;E; AT 210 1K5’ &f 1[cfre (trr?éetéﬂ(;g;)ied
.=

the Bethe approximation to treat the nearest-neighbor [Fe(hyetr2)](nps).3%385 Therefore, the large hysteresis

interaction, which is present in addition to the long-range o004 ”in these complexes is not genuine but only
elastic interaction between the spin-changing molecules, byapparent

Romstedt et aP%”:3%8 the modified Bragg-Williams ap- . . "
proximation by Koudriavtse#° an Ising-like model consist- As mentioned above;’Fe Masshauer spectroscopy for

ing of two equivalent sublattices with a “ferro” intrasublattice [fe(Z—pic);]Cl:IziﬁgO gave a wi(Tje_thermaI hysteresis T
interaction, and an “antiferro” intersublattice interaction by — 91 K [Te(+) = 204 K andT(f) = 295 K] To conﬂm;
Nishino et al37° and so on. We may conclude now that the this fact by other experimental methods, Nakamoto ét°al.

two-step spin-state conversion is accompanied either by€xamined the thermal property of this complex by DTA
structural phase transition involving two sublattices or by (differential thermal analysis) and adiabatic calorimetry. As
order-disorder phase transition of ligand and/or solvent the result,_ it turned out that this thermal hysteresis is caused
molecules. by the existence of a metastable phase. The cooling DTA
run for the as-grown sample always gave rise to an
o R exothermic peak at 199 K and the immediately succeeding
7.5. Thermal Hysteresis: Bistable States heating run showed an endothermic peak at 211 K, while
The thermal hysteresis usually occurs when the phaseno anomaly was observed around 295 K. This thermal
transition is, at least to some extent, first-order and it involves behavior is quite different from that previously derived from
a discontinuous change of volur?¥é Because the spin-state Md&ssbauer spectroscofft. To solve this mystery, they
conversions always involve a remarkable change in the measured the heat capacity of this complex with adiabatic
volume between the LS and the HS states, spin crossovercalorimetry. The sample was first cooled from room tem-

As seen in Table 7, many complexes have been found till
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Table 7. Genuine and Apparent Thermal Hysteresis Reported

compound T (K) T (K) AT (K)P experimental method refs

[Fe(NCSY4,7-(CHs)2-phen)] 118.6 121.7 3.1 Mssbauer 372
[Fe(2-pic}]Cl,H,O 204 295 91 Mdossbauer 361

220 280.8 60.8 heat capacity 319
[Fe(NCS)(bt),] 172.3 181.9 9.6 Mssbauer 373,374

176.9 184.3 7.4 magnetic susceptibility 375
[Fe(phy}](ClO4) 239.3 246.8 7.5 Mssbauer 376, 377
[Fe(bi)](ClOy): 108.3 114.8 6.5 Mssbauer 378
[Fe(phy}](BFa)2 277 286 9 Masbauer 379
[Fe(NCS){4,7-(CH).-pher} ;] -a-picoline 146 202 56 Mssbauer 380
[Fe(Htrzk.sNHztrz)o.15(ClO4)2nH,0 288 304 16 magnetic susceptibility 381, 382
[Fe(Htrzy(trz)|BF4 345 395 50 magnetic susceptibility 311, 382
[Fe(Htrz)](BF4)2rH20 (o-form) 323 345 22 magnetic susceptibility 311, 382
[Fe(Htrz)](BF4)2-H20 (5-form) 276 282 6 magnetic susceptibility 311, 382
[Fe(NHtrz)s](tos ), 2H,09 279 361 82 optical detection 383
[Fe(NHutrz)s](tos) 279 296 17 optical detection 383
[Fe(hyetrz)](nps)-3H,0O4 100 370 279 optical detection 384, 385
[Fe(hyetrz)](nps) 100 115 15 optical detection 384, 385
[Fe(NCS)}(PM-PEAY] 194 231 37 magnetic susceptibility 386
[Fe(NCS)(btr),]-H.O 124 144 20 magnetic susceptibility 375
[Fe(NCS)}(PM-BIA),] 168 173 5 magnetic susceptibility 336
[Fe(hyetrz)]Cl,*3H,0¢ 301 364 63 optical detection 387
[Fe(hyetrz)]Cl, 301 314 13 optical detection 387
[Fe(hyetrz)](NOz),: 2H,0 298 355 57 optical detection 387
[Fe(hyetrz)](NOs), 298 315 17 optical detection 387
[Fe(hyetrz)](PFs)2:2H,0¢ 195 322 129 optical detection 387
[Fe(hyetrz)](PFe)2 195 205 10 optical detection 387
[Fe(bzimpy}](ClO4),+0.25H0 397 409 12 magnetic susceptibility 314, 316

a4,7-(CH)-phen, 4,7-dimethyl-1,10-phenanthroline; 2-pic, 2-picolylamine or 2-aminomethylpyridine; Bthi2zhiazoline; phy, 1,10-
phenanthroline-2-carbaldehyde phenylhydrazone; bid;inidazoline; Htrz, 1,2,4-4H-triazole; trz, 1,2,4-triazolato; Nitz, 4-amino-1,2,4-triazole;
tos, tosyl € p-toluenesulfonyl); hyetrz, 4-(zhydroxyethyl)-1,2,4-triazole; Hnps, 3-nitrophenylsulfonic acid; PM-PBEA2'-pyridylmethylene)-
4-(phenylethynyl)aniline; btr, 4'bis-1,2,4-triazole; PM-BIAN-(2 -pyridylmethylene)-4-aminobiphenyl; bzimpy, 2,6-bis(benzimidazole-2-yl)pyridine.
bAT,: (K) = T (K) — T4 (K). ©Not genuine but apparent thermal hysteresBynergy between the spin-state conversion and the removal of
noncoordinated solvate water molecules.
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Figure 77. Gibbs energy relationship between various LS and HS
phases realized in [Fe(2-pigl,-H-O. Reprinted with permission
from ref 319. Copyright 2004 The Chemical Society of Japan.

Figure 76. Thermal hysteresis observed by optical detection of
the spin-state conversion for the complexes [Fe(hyg(rms):
3H,0 and [Fe(hyetrz](nps). Reprinted with permission from ref
384. Copyright 1997 The Royal Society of Chemistry.

The relationships between these phases are schematically
perature to 10 K. In the course of cooling, an exothermic shown in Figure 77 in terms of Gibbs energy. The phase
peak due to a transition from the HT HS phase to the LS fransition at 280 K (temperature marked B in Figure 77) was
phase was detected at 200 K. The heat-capacity measuremer?Dt';’V""ySdStL;]percomed t? 3b|3;t 2??0 K (patht,—ABf—> C d_’t "
was started for the specimen thus cooled. Although a heat-2): @nd (€ supercoole phase was transformed (o the
capacity peak originating in the phase transition from the metastable LS phase around 200 K (path,-OE). When

he heating rate is high, this phase was transformed to the
LS phase tolthe HS phase was actually observed around 226upercoo|ed HS phase at 210 K (temperature marked C)
K, the magnitude of this peak depended on the heat treatmen(jzhrough the path E~ F — C— B — A. However, when the
applied to the specimen. When the sample was annealedyq imen was treated slowly around this temperature region,
around 200 K, the more or less metastable LS phase Washe metastable LS phase was stabilized to the stable LS phase
stabilized to the stable LS phase with evolution of heat and, around 200 K (path, F~ G). The heat-capacity measurement
as the result, the phase transition at 220 K disappearedfor the specimen thus treated reflects the abrupt spin
Instead, a large heat-capacity peak arising from the transitiontransition at 280 K (path,+ G — B — A). This new finding
from the stable LS phase to the stable HS phase was observedf the existence of the metastable LS phase clarifies the cause
at 280 K. of the apparent thermal hysteresis loop spanning 204 and
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295 K found in the earlier Mgsbauer experimefi! As the
time for recording a Mesbauer spectrum (usually several

Sorai et al.

and four acetate ligands. Many of these complexes have been
shown to convert from being valence-trapped at low tem-

hours) is much longer than the annealing time, the sample peratures to valence-detrapped at high temperait§&g39°400

relaxed near 200 K from the metastable to the stable LS
phase (path, F~ G). Thus, the cooling branch of the HS
fraction derived from the Mssbauer spectra as a function
of temperature followed the pathA#B—C—D —E—

F — G — I. When the sample was heated, thé 3dbauer

One of the remarkable discoveries at the initial stage of the
investigations was that the solvate molecules that are not
explicitly coordinated to the central metal ions have a

dramatic effect on the electron-transfer rate, while the

nonsolvated analogue [§@(0,CCHs)s(py)s] remains in a

measurements recorded always the stable LS phase followingralence-trapped state even at 315°K3%

the path = G — B. At 280 K (B), the transition from the

Formal states of oxidation in the trinuclear mixed-valence

stable LS to the stable HS phase occurred. Thus, the path IM,0 complex are two M(Ill) and one M(Il). The M(II) ion
— G — B — Ain the heating mode is followed in both the  js characterized by having an “extra” d-electron in compari-
Mdssbauer and the heat-capacity experiments. A very similarson to the M(Ill). The electronic state of a free-molecule
phenomenon caused by the existence of a metastable LTwould be triply degenerated in the sense that the extra
phase is encountered in ferrocene cry&tai> d-electron can reside on any one of three metal centers.
Intramolecular electron-transfer between the metal centers
in a trinuclear mixed-valence complexMM"O is usually
treated by a theory incorporating vibronic interactiéfis?°3
The extra d-electron residing on the low-oxidation metal
Mixed-valence chemistry is now a very attractive field of center is coupled with the, symmetry MO stretching
science?31:3923%|n the mixed-valence MMX type and N{  vibration via the vibronic interactions. In effect, the vibronic
CsH7)[Fe'Fe" (dto)] complexes shown above, the charge interaction includes a pseudo-Jatieller distortion of the
transfer was involved in the relevant phase transitions andmolecule and the 3-fold degeneracy may be lift¥dThe
thereby the magnetic properties were altered. There is anothekdiabatic potential energy surface for the ground state of the
category of mixed-valence complexes, in which the electronic mixed-valence MO complex provides three or four potential
state is strongly coupled with molecular vibrations and, as a minima depending on the value of the electron-transfer
result, labile molecular motions with large amplitude are integral between two metal ions, the force constant for the
excited. In these complexes, the magnetic properties remaing; stretching vibration, and the vibronic coupling constant
unchanged between the valence-trapped state at LT and thef the d-electron to thes, vibrational mode. The three
valence-detrapped state at HT. Well-known examples of this potential minima correspond to three different isosceles
category are the oxo-centered trinuclear basic metal acetatgriangles of a complex formed by the pseudo-Jafaller
complexes with the formula [M:M"O(O,CCH)eL 5] (sOIV) distortion. In each of these states, the extra d-electron is
(L, monodentate ligand; solv, solvent molecule) and the |ocated mainly on one of the three metal ions. The fourth

1',1""-disubstituted biferrocenium salts. Because the phasepotential minimum corresponds to a® complex that has
transitions arising from the intramolecular electron transfer an equilateral triangular form, and the extra d-electron is

in these mixed-valence complexes have already been recoherently delocalized over all three metal ions.
viewed by Sorai and Hendrickséh;,*3%%% brief summary Entropy gain due to the valence-detrapping phenomenon

will be given here. is straightforwardly related to a change in the number of
microscopic states that are thermally accessible for a given
mixed-valence complex. At low temperatures, the mixed-
Fiqure 78 shows the iron complex cC valenqe complex_ls vaIence—tr_appeq and has statically one
9 plex (O, CCH)o(py) of the isosceles triangular configurations. However, depend-

(py, pyridine) at the valence-detrapped state at room tem-. . ; '
peraturé® Each of three transition-metal ions is octahedrally N9 0N the magnitude of various parameters mentioned above,
the dynamically interconverting mixed-valence complexes

coordinated by the central oxygen ion, a neutral pyridine, . - el . .
y yo Py in the HT phase will gain either three or four microscopic

states. In the former case, the valence-detrapping gives an
entropy gain oRIn 3, whereas in the latter case the entropy
gain isRIn 4.

The rate of intramolecular electron transfer is seriously
affected by environmental effects in the solid state. In
particular, solvate molecules that are not explicitly coordi-
nated to the central metal ions but are stoichiometrically
amalgamated in the crystal lattice play an important role for
the intramolecular electron-transfer event.

The mixed-valence trinuclear complexes discussed here
are [M",M"O(L2)g(L1)z]-(solv) (L1, monodentate ligand; L2,
bidentate ligand; solv, solvate molecule). Sorai and his
collaborators measured heat capacities of(HE,CCHs)s-
(PY)al*(py) (1),%%54%°[Mn3O(OCCHg)e(py)s](py) (2),*74%
EFeso(OzC)g]C(l-is)a(ply))ei] ')(i'f[c'?') (%)!409'410[;:?30(02(:(-;:]"3()6'

. : 4-Me-py)]-(CHCL) (4),*! [FesO(O,CCHg)e(3-Me-py)] - (3-
Figure 78. Molecular structure of the mixed-valence oxo-centered
tri%uclear basic metal acetate having a formula"pm"O- Me-Py) §),*? and [FeO(O.CCHs)e(3-Me-py)]-(toluene)

(O;CCHa)e(py)s] With Dz, symmetry in the valence-detrapped (6),*** together with a solid solution [FeFe'osC0"os0-
state398 (OCCHa)s(py)sl*(py) (7)**4 and a nonmixed-valence ana-

8. Intramolecular Electron Transfer in
Mixed-Valence Compounds

8.1. Trinuclear Mixed-Valence Compounds
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Figure 79. Molar heat capacity of the mixed-valence complex T/K

[FesO(O,CCHs)s(py)sl*(pY). The broken curve indicates the normal ] )

heat capacity. Reprinted with permission from ref 406. Copyright Figure 80. Molar heat capacity of the mixed-valence complex

1986 American Chemical Society. [Mn30(O,CCHy)s(pY)s](pY). Reprinted with permission from ref
407. Copyright 1989 American Chemical Society.

logue [Fd',Cd'O(O.CCHa)s(py)s]“(pY) (8).4*4 The complexes o )
1—4 commonly crystallize into an identical rhombohedral Which is much greater than that of the homologous iron

crystal system with the space gro®32 in the valence-  complex. _ . .
detrapped HT phases. Thermodynamic data concerning the phase transition are

summarized in Table 8. Because the entropy due to the
valence-detrapping is eith&In 3 (= 9.1 J Kt mol™) or
RIn 4 (= 11.5 J Kt mol™!) at most, the observed transition

The variable-temperaturf®Fe Mtssbauer spectra of the
complex 1 reported by Hendrickson and his collabora-

tors®*#% showed dramatic changes with temperature. At oy nies” obviously contain extra contributions other than
temperatures below about 100 K, two quadrupole-split we jniramolecular electron transfer. A clue for the extra
doublets are seen as follows: one characteristic of HS iron(ll) .5didates lies behind its crystal structure. A schematic
and the other of HS iron(lll). As the temperature is increased, drawing of the molecular packing in the valence-detrapped
an extra doublet appears abruptly around 110 K at the phase of [F€0(O,CCHs)s(py)s]-(py) is shown in Figure

expense of the initial two doublets. This means that the new g 398 simplicity, the acetato ligands are not drawn. As

doublet arises from the electron-delocalized state. The yascribed above, the space group of this crys@B& Along
spectrum gventuqlly _becomes a single doub_let above aboutye crystallographicCs axis, the metal complexes and
190 K. This fact indicates that the rate of mtra_lmolecular pyridine solvate molecules occupy alternating sites of the
electron-transfer exceeds the rate of ¥, which the 32 symmetry. That is, each pyridine solvate molecule is
Mdssbauer technique can sense. Figure 79 shows the molagandwiched between two metal complexes. The plane of the
heat capacity of this compl€®24°°This complex exhibits  pyridine solvate molecule is perpendicular to the metal-
essentially two kinds of phase transitions: One is a first- complex plane. As required by the presence of@3@xes
order phase transition at about 112 K and the other is agajong which the metal complexes are stacked, the pyridine
higher-order phase transition around 190 K. Interestingly, solvate molecules are disordered, with at least three orien-
the LT phase transition takes place at the temperature attational positions. On the other hand, solid-stateNMR
which the first change in the Msbauer spectrum occurs  for the iron complex with deuterated pyridine solvate
and the peak temperature of the HT phase transition is molecule studied by Hendrickson and his collabordtérs
identical with the temperature where the $8bauer spectrum  revealed detailed molecular dynamics. As illustrated in Figure
becomes a single average doublet. Moreover, the largeg2, the molecular plane of the pyridine jumps among three
temperature range involved in the HT phase transition fully positions about the crystallograph®z axis. In each planar
overlaps with the temperature region where the drastic position, the pyridine solvate molecule librates among four
change in the Mssbauer spectrum is occurring. Therefore, positions, where in each of these positions two carbon atoms
the observed phase transitions are concluded to arise fromare on theC; axis. As the result, the pyridine solvate
the intramolecular electron-transfer event in the mixed- molecule converts from being static to dynamically inter-
valence complex. The entropy gain associated with the phaseconverting among 12 different orientations.

transitions is (30.6: 0.8) J K mol~. The phase transition Now, the transition entropy can be interpreted as follows.
behavior is drastically altered only by substitution of the If each metal complex converts from being statically distorted
central metal ions. Figure 80 represents molar heat capacityin one state to interconverting dynamically between three
of [Mn3zO(O,CCH)s(py)s]-(py).*°74%8 This complex brings  vibronic states when the complex is heated from low
about a sharp first-order phase transition at 184.7 K, and temperatures, this contributBdn 3 to the entropy gain. The
the transition entropy amounts %8S = 35.8 J K'* mol™, sum of R In 3 for the metal complex an® In 12 for the
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Table 8. Entropy Gain at the Phase Transitions Observed in the Mixed-Valence Complexes with the Formula
[M!,MTO(0,CCH3)sl 3]+ (solv) (in the Unit of J K~ mol~1)2

complex entropy gain
M(r) M(Ir) L solv Tirs (K) AYmetal) AS(solv) AY(calcd) AS(obsd) refs
1 Fe Fe py py 112,191 RIn3 RIn 12 29.8 30.6+ 0.8 405, 406
8 Fe Co py py 150 RIn3 9.1 10.3 414
2 Mn Mn py py 185 RIn4 RIn 18 35.6 35.8 407, 408
3 Fe Fe py CHd 208 Rin4 RIn8 28.8 28.1£ 0.4 409, 410
4 Fe Fe 4-Me-py CHGI 94 RIn4 RIn2 17.3 17.2+1.4 411
5 Fe Fe 3-Me-py 3-Me-py 282 RIn3 RIn 2 14.9 13.74 0.7 412
6 Fe Fe 3-Me-py toluene 293 RiIn3 RIn2 14.9 151 413

a AYmetal), entropy gain due to conformational change of th®Momplex;Asolv), entropy gain due to orientational disordering of the
solvate molecule; andS(calcd), ASmetal) + ASsolv).

A simple but fundamental question arises here as to why
only the [FeO(O,CCHg)s(py)s]-(py) complex exhibits two
phase transitions (a first-order phase transition at low
temperature and a higher-order transition at high temperature)
in contrast to a single first-order phase transitions in other
complexes. The first statistical theoretical model to describe
the phase transitions observed for mixed-valenceOFe
complexes was proposed by Kambara ettalStratt and
Adachi*'® took an imaginative and insightful approach.
Although their theory ignores the effects of the solvate
molecules, qualitative aspects inherent in the phase transitions
occurring in the trinuclear mixed-valence complexes are well-
interpreted.

It should be remarked here that the onset of conformational
Figure 81. Schematic drawing of the crystal structure of {Be change of solvate molecule is not necessarily a condition
g)zCCll-lb)e(py)ﬁ]_gy)- The acetﬁto |Igr<’]int?s are nolt shown for clarltyic for intramolecular electron transfer. For example, although
rystallographicCs axis runs through the central oxygen atoms of 5 crystal of mixed-valence complex F@(O,CCH,CN)s-
the F@O complexes. Reprinted with permission from ref 398. :
Copyright 1987 American Chemical Society. (HzO)g_] does not contain any s_olvate molecules, a phase
transition due to valence-detrapping really occurs at 128 K.

pyridine solvate molecules RIn 36 (= 29.8 J KX mol?). Nakamoto et at!’ reported that the mixed-valence trinuclear

This value agrees well with the observed entropy gain (30.6 iron_monoiodoacetate complex previously reported as
+ 0.8) J KT mol L. This fact provides definite evidence [F&O(0:CCH.l)¢(Hz0)]*%is an unusual compound. On the
that the intramolecular electron transfer does proceed inbasis of XRD analysis, they found that its correct formula
cooperation with orientational disordering of the solvate Should be [F&;F€'O(0,CCHyl)s(H20)][Fe" :0(0.CCHyl)e-
molecule. (H20)3]l. The two kinds of FeO molecules (Fé,Fe'O and

As evidenced by many instances (see Table 8), the F€'"30) are crystallographically indistinguishable. All of the
intramolecular electron transfer occurs in these trinuclear iron atoms are crystallographically equivalent because of a
mixed-valence complexes by coupling with the onset of crystallographic 3-fold symmetry. The heat capacity of this
orientational disordering of the solvate molecules. The complex seems to exhibit no thermal anomaly in the
intermolecular interactions responsible for such a coupling temperature range of 5809 K, although the valence
may be electric dipoledipole interactions between the detrapping phenomenon has been observed in this temper-
complex and the solvate molecules. Actually, when the ature range. This fact indicates that the valence-detrapping
solvate molecule is benzene having no electric dipole phenomenon in this complex occurs without any phase
moment, the mixed-valence complex does not bring about atransition, leading this complex to a glassy state, probably

phase transition arising from the electron transfer. because the crystal of this complex is just like a solid solution
c3 axis
ac . 24.7°
on C4 axis |—\
(e} / €3 axis C3
C, axis C, axis C, axis
3 3 : 3<L ] f
& S B
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Figure 82. Orientational disordering of the solvate molecules in the crystal lattice of the trinuclear complex@€CP@CHs)s(L1)3]-
(solvate), designating [M, L1, solvate] for short. (a) Pyridine in [Fe, py,*#ib) pyridine in [FeCoO(Q,CCHa)s(py)sl(py),** (c) pyridine
in [Mn, py, py],*°8 (d) deuterated chloroform in [Fe, py, CDE#% and (e) chloroform in [Fe, 4-Me-py, CDg*1!
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of distorted mixed-valence PgFe'O molecules and per- E(Q) EQ)
manently undistorted O molecules, which may act as (a) (b)
an inhibitor for a cooperative valence-trapping.

Stadler et af!® reported electron transfer in a trinuclear
oxo-centered mixed-valence iron complex'[zE€'OL3], in
which L2~ is a pentadentate ligand designed to coordinate
all three metal atoms in the central cluster. The crystal
structure of this complex shows 3-fold symmetry, attributed
to rotational disorder. The magnetization data indicate strong ] | .
superexchange between basis oxidation stateste%3, -0 0 Qo e -0 0 Qo ¢

2+). The Mcssbauer spectra indicate significant valer_lce Figure 84. Potential energy surfadg(q) drawn as a function of
de|00a|lzatI0n even at a |0W temperature (42 K) W|th the Out_of_phase CombinatioQ(z QA_QB) of the two Symmetric
estimated valences Fe(2:92.9+, 2.2+) in the solid state.  metal-ligand breathing vibrational mode€{ andQg) of the two
At higher temperatures, no lifetime broadening is observed halves of a binuclear mixed-valence species (a) for a symmetric
but additional M@sbauer absorptions are consistent with mixed-valence complex in the absence of environmental effects

increasing proportions of trinuclear complexes with greater @nd (b) for results if the environment about the binuclear mixed-
delocalization, Fe(2.75, 2.75+, 2.5+) valence complex is asymmetric. Reprinted with permission from

ref 421. Copyright 1987 American Institute of Physics.

8.2. Binuclear Mixed-Valence Compounds AE between the two states. This difference reflects the

- ) different environments near the two iron ions in the binuclear
Electron transfer in binuclear mixed-valence complexes complex. The F¢Fe,"! vibronic state is stabilized relative
consisting of 1,1""-disubstituted biferrocenium cations (see g the Fg''Feg," vibronic state. When the thermal enetigy
Figure 83) is also of interest. Electron transfer in mixed- 5 |ess tham\E, the complex is found in the B&Fe," state.
valence molecular systems is generally described by the PKS¢ the complex is to convert from B&Fa)! to Fel'Fe)", it
modef* based on a vibronic approach. As mixed-valence peeds to be thermally excited BAE or more. Because there

complexes are electronically labile, the lowest energy i pe many vibrational levels on both sides of the
electronic states are vibronic, and as a result, the Complexesasymmetric double well. it can then tunnel from a “left”

are very sensitive to their e_nvwonmeﬁ%%.ln_the absence vibrational level to a vibrational level on the “right” side.
of environmental effects, a binuclear'F&" mixed-valence ) ) : .
complex has two electronic states, which would be electroni-  Vibronic coupling works efficiently to make a small
cally degenerate. The two potential energy curves would be Polaron migrate over the metal centers within a complex
superimposed and strong vibronic coupling would result. Molecule. Those compounds possess a potential of charge
Certain vibrational coordinates, such as the out-of-phaseordering in their crystalline phases at low temperatéfes?
combination of the totally symmetric rirgmetal-ring Transitions between such a valence-trapped and a valence-
breathing modes on each metallocene moiety in Figure 83detrapped state have been observed bissauer spec-
would couple to the two electronic states. Two energetically troscopy in some binuclear complexes. Nonsubstituted
degenerate vibronic states result, for which the two parabolic biferrocenium triiodidé&* and many dialkylbiferrocenium
potential-energy curves are displaced relative to each othertriiodides'?#% are known to bring about a transition

in the nuclear coordinate spa@g of the coupled vibrational ~ from a valence-trapped to a valence-detrapped state above
mode39742 |f these two vibronic states interact, one can 200 K.

expect an adiabatic potential shown in Figure 84dlhe 1',1"""-Diiodobiferrocenium hexafluoroantimonétéreally
ground-state surface has two minima, both at the samegave rise to a phase transition arising from the valence-
energy. In general, there will be several vibrational energy detrapping at 134 K. The entropy gain (600.5) J K1
levels bglovv_ the barrier heigikEg. In Figure 84a, only the  motis very close tRIn 2 (= 5.76 J K- mol™Y), the value
zeroth vibrational level and one fundamentaagre shown,  expected for two energetically equal vibronic states as shown
where h is the Planck constant and is the vibrational i, Figure 84a. In contrast to this, biferrocenium triiodife
frequency. and 1,1""-diethylbiferrocenium triiodid®° bring about very
For a binuclear Pé€" complex in an asymmetric  small heat-capacity anomalies at 328 and 250 K with the

environment, just as in the solid state, the potential energy entropy gains of only (1.72 0.06) and 1.0 J K mol2,
diagram is as shown in Figure 84b. The two vibronic states respectively.

are not at the same energy. There is an energy difference Interestingly, when the substituent X in Figure 83 is Br

or I and A is I3, the 1,1"disubstituted-biferrocenium
X_Q%jbj + triiodides remain in a valence-detrapped state even at 4.2
% K.430.431 Gtructural analysis for'11'""'-diiodobiferrocenium
’ triiodide (hereafter,Fe ™13~ for shortf3? revealed that two
M A— iron atoms in a cation are related to each other by a symmetry
center and thus are equivalent at room temperature. This fact
means that,Fetl;™ is in the valence-detrapped state at room
. X temperature. Even at 4.2 K, the two iron atoms in the cation
| GO remain equivalent, because only one quadrupole-split doublet

4 0
Figure 83. Schematic drawing of molecular structure of mixed- Was observed by’Fe Mossbauer spectroscopy and EPR

valence 11"-disubstituted biferrocenium cation (X, substituent, Measurements at 4.2 K gave a relatively isotraptensor
A-, anion such asgt, PR, or Shi™). characteristic of a valence-detrapped stétdt is noted,

o
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ordering with ferroelectric long-range order, th&e I3~
complex is regarded as a molecular quantum paraelectric.
In fact, a Curie-like behavior characteristic of a paraelectric
was observed in a preliminary dielectric measurement with
the 0.4-20 kHz frequency range between 4 and 306°K.
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Many transition metal complexes change color in the solid
state depending on the temperature. This phenomenon, the
so-called thermochromisfi>*3involves a change in elec-

" J AN ’ tronic state of a molecule and thus a change in the magnetic
01 1 10 properties. Because a review for calorimetric studies on
T/K thermochromic complexes has already been given else-

. ) _ wherett1214g brief summary will be presented here.
Figure 85. Molar heat capacity of the mixed-valence complex

1',1"-diiodobiferrocenium triiodide. The solid curve shows the two- T he electronic energy of transition-metal complexes may
energy level Schottky anomaly witilhc = 1 cnT. Reprinted with be perturbed by changes in (i) electron configuration, (ii)
permission from ref 433. Copyright 1992 Elsevier Ltd. coordination geometry, (iii) coordination number, (iv) mo-
lecular motion of ligands, and so on. A typical example due
to cause (i) is encountered in the spin crossover complexes
described in chapter 7. Thermochromism due to (ii) is
'observed in structural isomers of coordination compounds.
Some nickel complexes are known to exhibit two structural

omers: One is a diamagnetic green form with square-planar
coordination geometry, and the other is a tetrahedral para-
magnetic brown form. A calorimetric study has been done
for bis[N-(3-methoxysalicylidene)isopropylaminato]nickel(ff.
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however, that the valence-detrapped phase should be inter
preted not as a statically electron-delocalized state (i.e.
single-minimum potential) but as a dynamically disordered
state, because IR spectroscopy shows the existence of
potential barrier separating two valence-trapped configura-
tions of the catiort®2 These two configurations are, therefore,
degenerate at high temperatures and contriBdte2 to the
entropy.

To elucidate how this entropy is removed at low temper- ) )
atures, say below 4.2 K, following the requirement of the 9.1. Thermochromism Due to a Change in the
third law of thermodynamics, Nakano et‘4tmeasured the ~ Coordination Number
heat capacity of;Fe"l;~ complex by adiabatic calorimetry
between 80 mK and 25 K. One of two ways might be ~ Thermochromism due to (iii) is seen iRRrNHz)[CuCly],
anticipated as follows: either a phase transition or none. If where the color of the solid abruptly changes from brown
a phase transition occurs, this complex would have a charge-10 orange when the crystal is heated above room temperature.
ordered ground state similar to those in other biferrocenium On the basis of XRD, NMR, EPR, DSC, and magnetic
salts#27-42% On the other hand, if no phase transitions take Susceptibility measurements, Roberts effatevealed that
place, a quantum-mechanical tunneling would be incorpo- the LT phase of i(PrNHz)[CuCl;] belongs to a triclinic
rated into the double-minimum adiabatic potential so as to crystal system, while the HT phase is orthorhombic and that
lift the degeneracy without long-range order. The observed the coordination geometry around the central copper atom
heat capacity of the,Fe;*13~ complex is shown in Figure  changes grossly through the thermochromic transition at 324
85 on a logarithmic scale. Open circles plotted below 2 K K: The coordination number of a copper atom changes from
correspond to a pellet sample, while solid circles between 1 five in the LT phase to six in the HT phase. The isopropyl-
and 25 K are for a powder sample. A discrepancy detectedammoniumu cations are ordered and hydrogen-bonded to one
between the two sets of data is based on a result in the pelleof the terminal chloride ions in the LT phase. In contrast, in
sample’® Two heat-capacity anomalies were found as the HT phase, the isopropylammoniumu cations are disor-
follows: One takes place below ca. 0.2 K, and the other is dered and thereby the hydrogen bonds are weakened. As a
a broad peak centered around 0.6 K. The former arises fromresult, the terminal chloride ion that is otherwise hydrogen-
a magpnetic interaction between the paramagnetic cations. Théoonded to isopropylammonium cation bridges two adjacent
anomaly occurring around 0.6 K is obviously a Schottky type copper ions. The HT phase contains tribridged linear chains
heat capacity corresponding to a thermal excitation betweenof [(CuCls) 7], while the LT phase contains bibridged linear
two energy levels. The solid curve in Figure 85 corresponds chains of [(CuClg)* ].. The heat capacity determined by
to a two-level Schottky heat capacity with an energy Nishimori and Sord?° revealed a phase transition at 335.6
difference ofé/hc = 1 cmr%, wherec is the velocity of light. K. The enthalpy and entropy gains at the thermochromic
The presence of the Schottky heat-capacity anomaly dem-phase transition werAH = 5.54 kJ mof! andAS = 16.5
onstrates the existence of a double-well potential: There isJ K~* mol, respectively. Of the observed entropy gak$
a tunnel splitting between the vibronic ground states and = 16.5 J K'* mol™%, the 2-fold disordering of the cations
hence a charge-ordering phase transition Jdeel 13~ is contributesR In 2 (= 5.8 J Kt mol?) to the entropy, while
absent. This type of nuclear tunneling has been expected tahere is substantially no contribution from the acoustic lattice
exist in the mixed-valence systems both from experifi#&€nt  vibrations because of no volume change at the transition.
and from a theoretical treatment by Kambara et¥at3* The remaining entropy, 10.7 J Kmol~* may be attributed
However, it is indeed in this complex that the nuclear to the excess contribution from the optical metidand
tunneling was actually and directly observed for the first time. skeletal vibrations due to the change in the coordination
In the sense that the quantum effect prevents the chargenumber.
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9.2. Thermochromism Due to Molecular Motion of
the Ligands

A typical example of the thermochromism due to (iv) is
that occurring in square-planar copper(ll) complex [Cu(déco)
(NOs), (daco, 1,5-diazacyclooctane, an eight-membered ring
molecule shown in Figure 863° The color of the crystal is
brilliant orange but changes to violet discontinuously when
heated above 360 K and reverts to orange on cooling. On
the basis of X-ray study for a single crystal, Hoshino &tal.
concluded that the thermochromic mechanism for [Cu(d§co)
(NO3), might involve a ligang-anion interaction rather than
metal-anion bonding. Figure 87 illustrates the molar heat
capacity of [Cu(dacg)(NOs), determined by adiabatic
calorimetry by Hara and Sor&? A large heat-capacity boat—chair boat-boat
anomaly associated with the thermochromic phenomenon O:c @ N @:cu
was foun(_j at 359 K. Thls_phase trar)sn_lon_exhlb_lts both Figure 88. Schematic drawing of four conformations of the eight-
superheating and supercooling effects, indicating a first-order .2 mpered daco fing having almost equal energy. Reprinted with
phase transition. The thermodynamic quantities due to the permission from ref 442. Copyright 1995 Elsevier Ltd.
phase transition werAH = (8.40+ 0.22) kJ mot! andAS

= (23.44 0.8) J K'* mol™*. The large entropy gain implies  number of conformations per [Cu(dagl) cation amounts
that softening of molecular or lattice vibrations and/or onset tg 16 (= 4 x 4), because a cation contains two daco ligands.

of orientational disordering of the daco ligand or the nitrate According to the Boltzmann principle, the conformational
anion would be involved in the phase transition. For the entropy is estimated to bR In 16 (= 23.05 J K'* molY).

present thermochromic compound, however, the possibility This entropy gain accounts surprisingly well for the observed
of softening of optical vibrational modes is precluded, transition entropy oAS = (23.4+ 0.8) J KX mol.

authofé42 speculated t%at dgynamic inteliconversion ofa déco- in the electrom_c state of the [Cu(dag) ion is interpreted
linand between a chair and a boat form miaht take place in & follows. A single-crystal X-ray studi} revealed that the
E]an h f this is th hd gntt p." . structure is centrosymmetric with the center of symmetry
]E e HT phase. If this is the case, each daco-ring will gain 1 site of Cu and the CulNhelate plane is planar, but
our conformations as_shown in Figure 88 (i.e., chaihair, it is not precisely square since the two-€N coordination
chair-boat, boat-chair, and boatboat), and the total  p,n4g of 4 daco ligand differ in length significantly. On the

chair-chair chair-boat

CH, CH, other hand, in the HT phase, eight-membered daco ligands
/ \NH/ undergo dynamic conformational changes between the boat
cH - and the chair f_orms, and thereby, the GuiXelate plane is
E 2 dynamically distorted from a planar form probably to a
\ /NH\ / distorted tetrahedral coordination geometry. When such a
CHy CH, planar-to-tetrahedral geometrical change occurs, a red shift
Figure 86. Molecular structure of eight-membered ring molecule in thed—d transition is expected, as indicated by a theoretical
1,5-diazacyclooctane (daco for short). angular overlap method® The visible spectrum of

[Cu(daco)](NOs), indeed exhibits such a red shiff:44!

1000 ———r——— . y
. 9.3. Enthalpy Change Due to Thermochromism

4 A quite similar situation has been encountered in a
homologous series of thermochromic complexes with for-
b mula [M(dieten)]X,, where M is Cu(ll) or Ni(ll), dieten is
N,N-diethyl-ethylenediamine, and X is BFor ClIO,~. The
copper complexes show a color change from red to blue-
g violet and the color of the nickel complexes changes from
orange to red when they undergo phase transition in the solid
7 state. It was initially thought that the thermochromism was
caused by axial approach of the anions to the copper or nickel
ion. However, when the crystal structures of both the LT
i and the HT phases were determined, that idea turned out to
be wrong!#4445 There exists no axial coordination of the

y counteranions in either of the phases because the bulky alkyl

ey groups bonded to the nitrogen atoms prevent the counter-

0 100 200 300 400 anions from approaching the central metal atom. A new
T/IK mechanism of thermochromism was proposed as follows:

Figure 87. Molar heat capacity of the thermochromic compound In the HT phase,. the chelate rings pucker up and QOwn while
[Cu(daco)](NO3),. The broken curve shows the normal heat they remain static inthe LT phase. Such ring motion affects
capacity. Reprinted with permission from ref 442. Copyright 1995 the ligand field strength, leading to the color change. This
Elsevier Ltd. mechanism seems to be consistent with various experimental
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Figure 90. Energy level diagram correlating tetrahedral and planar
coordination geometries calculated on the basis of the angular

y . 1 : 1 L | L
0 100 200 300 overlap model. Reprinted with permission from ref 450. Copyright
T/K 1996 Taylor & Francis Group.

Figure 89. Molar heat capacity of the thermochromic compound .
[Cu(dieten)](ClO,),. Dotted curves show the normal heat capacities are roughly assumed to be degenerate and can be simply

of the LT and HT phases, resulting in a heat capacity jump at the @PProximated by the Einstein harmonic oscillator. If one
transition temperature. Reprinted with permission from ref 450. assumes that this puckering motion is responsible for the
Copyright 1996 Taylor & Francis Group. total entropy of transition, the Einstein characteristic fre-
quency is estimated to be 115 chior [Cu(dieten)](CIO.)..
results so far available. However, the relationship between On the basis of this frequency, the heat-capacity jump at
the microscopic aspedté 448 hitherto reported and the the transition temperature is estimatedAd3(ligand) = 33
macroscopic energetic and entropic aspects was still unclearJ K-t mol~* and AH(ligand) = 8.0 kJ mot®. The heat-
Nishimori et al. measured heat capacities of [Cu(diejen)  capacity jump is comparable with the observed value of 46
X, by adiabatic calorimetr§#®450 Figure 89 represents the J K™*mol™. The contribution of the chelate-ring puckering
molar heat capacity of [Cu(dietel(ClO,),.*A large single ~ AH(ligand) to the observedH(obsd) is about 46%.
peak due to the thermochromic phase transition was found According to the X-ray structural analysis of [Cu(dietgn)
at 317.64 K. This phase transition is characterized by a long (ClO,),,**44*>there is no significant change in the €N
heat-capacity tail extending down to about 200 K. Moreover, distances, whereas the trans bond angles-6EN-N change
the normal heat-capacity curve has a jump of 46 3idol* slightly through the phase transition. In the LT phase, the
at the transition temperature between the LT and the HT angles are 180°0while in the HT phase they are 178.0 and
phases. Thermodynamic gains wekxel = 17.4 kJ mot* 174.7. The [Cu(dieten)?t cation is characterized by a
andAS=55.2 J K* mol™., square-planar coordination geometry in the LT phase. This
XRD analysié****provides a useful clue to the molecular geometry is slightly distorted toward a tetrahedral coordina-
freedom responsible for the entropy gain. The most remark-tion in the HT phase. Despite such a small geometrical
able change in the structure occurring through the phasechange, the color of complexes changes dramatically when
transition is the motion of the chelate rings, which is easily the phase transition occurs. The color of the complexes
seen from anisotropic thermal ellipsoids of the constituent depends obviously on the absorption of visible light by a
atoms. The chelate rings are puckering up and down from molecule. The absorption spectra in the visible region depend
the CuN, plane in the HT phase. Provided that this chelate on the energy-level splitting of thd-orbitals. Variable-
ring puckering is responsible for an essential part of the temperatured—d transition of [M(dietenj]X, has already
transition mechanism, the enthalpy gain at the phase transi-been studied?*®**’These complexes show a red shift in the
tion is estimated as follows. One assumes that the chelated—d transition when they are heated. To investigate the
rings are static at very low temperatures, whereas they puckerrelationship between the absorption spectra and-ibbital
in the HT phase. There are two chelate rings in a cation, energy levels, the angular overlap model (AGM)was
consisting of a five-membered CuG% ring. When the plane  adopted. The relative energies of the fak@rbitals can be
formed by the Culis fixed, the five-membered ring has calculated as a function of the polar anglés ¢) of the
four different conformations: two conformations in which ligand position vectors. The calculated energy levels are
two carbon atoms are tipped off to the same side of the planeillustrated in Figure 90 as a function 6f*>° The visible light
and two conformations in which two carbon atoms are tipped absorption maximumig,y) is shifted from 20700 cnt in
off to the opposite sides of the plane. It should be remarked the LT phase to 19305 crhin the HT phase for [Cu(dietes))
that the number of degrees of freedom for the puckering (ClO4)..*4644” The absorption maximum in the electronic
motion of a five-membered ring is two. Moreover, because spectrum corresponds to thdg, di, — de-2 transition.
there exist two chelate rings in a cation, so the total number Namely, the transition energy is the energy difference
of the puckering modes amounts to four. These four modesbetween these two orbitalAE(6) in Figure 90. In the LT
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phase, because the coordination geometi s AE(90°) relaxation calorimetry, in particular commercially available
is equal to the absorption maximum observed at lower apparatuses, calorimetric studies based on this calorimetry
temperature, while in the HT phageE(0) is equal to the have become popular. It is a great merit that the amount of
absorption maximum recorded at higher temperature. There-sample required for this method is onlyl0 to ~100 mg.

fore, the following relation is obtained Easy measurement under applied magnetic field is also a
big merit for the studies of molecule-based magnets.
AE(90°) _ hwy,,,atlow temperature ) Complementary roles played by macroscopic thermody-

namic studies and microscopic spectroscopic studies are
crucially important for deep understanding of materials and
The enthalpy (actually the internal energy) of therbitals phenomena. In that sense, thermodynamic studies, in par-
is the sum of each electron’s energy. The d-electrons areticular molecular thermodynamics related to statistical me-
accommodated in the energy level diagram shown in Figure chanics and quantum chemistry, will continue to provide us
90, one by one from bottom to top. There are nine d-electrons with important information concerning energetic and entropic
in the copper complexes. The energy of therbitals in the aspects.
LT phase is calculated from the energy schemeé at 90°
whereas that in the HT phase is calculated from the scheme]1, Acknowledgments
at the# estimated from the equation given above. Conse- L R
quently, the enthalpy change of theorbitals arising from M.S. expresses h'S. sincere thanks to Prof._EmerzSyu
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of the LT and the HT phases. The contribution of the 'wamura (The University of Tokyo) for recommending him
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