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a b s t r a c t

1D spin-Peierls-like complexes assembled from [Ni(mnt)2]− with �-shaped 1-(4′-R-benzyl)pyridinium
derivatives (R represents a substituent) are reviewed, with data on their crystal structures, magnetic
properties under ambient conditions as well as under pressure, and the nature of the paramagnetic-to-
nonmagnetic transition. In this series of 1D spin systems, the correlation between the magnetic exchange
eywords:
is(maleonitriledithiolato)nickelate
ono-anion

pin-Peierls-like transition
ressure effect
onmagnetic doping
ubstituent effect

and the anion stacking pattern is addressed by application of density functional theory (DFT) combined
with a broken-symmetry approach. The qualitative relationship between the transition enthalpy change
and the variation of the magnetic susceptibility in the low-temperature phase is determined. The influ-
ence of nonmagnetic doping on the structural and magnetic properties and the magnetic transitions are
reported. Furthermore, the effe
temperature and the origin of
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ct of the substituent group in the phenyl ring of the cation on the transition
the transition are discussed.
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1. Introduction

One-dimensional (1D) quantum magnetic chain systems gener-

ally display a wide range of ground states at low temperature (such
as a spin-Peierls state [1], spin density wave (SDW) state [2], etc.)
due to the existence of strong magnetoelastic interactions. A spin-
Peierls transition occurs when magnetoelastic coupling induces
a progressive lattice dimerization [3,4]; as a consequence, a gap

http://www.sciencedirect.com/science/journal/00108545
http://www.elsevier.com/locate/ccr
mailto:xmren@njut.edu.cn
mailto:mengqj@nju.edu.cn
dx.doi.org/10.1016/j.ccr.2009.12.021
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pens in the magnetic excitation spectrum, which separates the
onmagnetic ground state from a continuum of excited states
3–5]. Until now, the phenomenon of the spin-Peierls or spin-
eierls-like transition has been found in both low-dimensional
norganic and organic compounds [1,4,6–16]. Generally, the struc-
ural features are very different between inorganic and organic
ystems. For example, the extended nature of the lattices in inor-
anic compounds leads to relatively strong interchain interactions,
o that truly one-dimensional lattices are not present and the
ransition temperature is low. In contrast, the presence of large
ounter-ions or other non-covalent interactions in organic sys-
ems leads to relatively weak interchain interactions, which adds
oftness to the lattice and allows the spin dimerization to occur
t a much higher temperature [17]. The noticeable differences
f interchain interactions between inorganic and organic spin
ystems also moderate the influence of impurity doping on the
ransition feature, namely, an inorganic system is more sensi-
ive to impurities than an organic system [18,19]. In addition,

any unexpected phenomena, such as a long-range antiferromag-
etic (AFM) ordering and a field-controlled inhomogeneous state

nduced by impurity doping, have been discovered in inorganic
ystems [20–23].

Bis-1,2-dithiolene complexes of transition metals (Scheme 1)
ave been widely studied due to their novel properties and appli-
ation in the areas of conducting and magnetic materials, dyes,
on-linear optics, catalysis and others [24–42]. These applica-
ions arise due to a combination of functional properties, specific
eometries and intermolecular interactions [24–42]. The nature
f the planar and electronically delocalized core comprising the
entral metal, four sulfurs and the C C units for the metal-bis-
,2-dithiolenes anion (denoted as [M(dithiolato)2]− with, in most

ases, M = Ni, Pd or Pt ion) lead to the distribution of the frontier
rbitals over much, or all, of the molecule and the negative charge
s distributed over the skeleton of the anion. On the other hand,
he large sulfur atoms compose part of the delocalized core and, as
uch, can mediate intermolecular interactions [36–42]. As a result,

cheme 1. Planar and electronically delocalized [M(dithiolato)2]− (M = Ni, Pd or Pt
on).
y Reviews 254 (2010) 1509–1522

the planar [M(dithiolato)2]− anions are readily stacked in a col-
umn, and such a columnar stack features as a S = 1/2 spin chain;
in fact, a spin-Peierls type transition has been observed in simi-
lar columnar stack complexes [12–14,17,43–51]. Therefore, the 1D
complex assembly of the planar [M(dithiolato)2]− (M = Ni, Pd or
Pt ion) with suitable counter-cation is an excellent candidate as
a molecular system exhibiting the property of spin-Peierls transi-
tion.

In this paper, we review recent work on [Ni(mnt)2]−

(mnt2− = maleonitriledithiolate) based 1D spin-Peierls-like com-
plexes, assembled from [Ni(mnt)2]− anions and benzylpyridinium
derivatives para-substituted in the phenyl ring. The primary focus
is the [Ni(mnt)2]− arrangement tuned by the flexible conformation
of cations in the crystals, the spin-Peierls-like transition behav-
ior as well as the effect of the phenyl ring substituent, magnetic
impurities and applied pressure on the transition temperature
TC.

2. Design of 1D spin-Peierls-like complexes

2.1. Choice of the paramagnetic molecular architecture as spin
carrier

The conducting and magnetic properties of the materi-
als with cooperative electronic properties assembled from
[M(dithiolato)2]− depend upon the packing arrangement of the
[M(dithiolato)2]− anions, which is mainly determined by the
Madelung energy and Lennard-Jones potential (shape of molecules)
[52]. On the other hand, the main parameters determining the con-
ducting and magnetic properties of molecular solids are the on-site
repulsion energy U (which concerns two electrons residing on a
single site and controlled by the extension of the electron system)
and transfer integral t between adjacent molecules (which means
electron hopping from one site to another and is determined by the
overlap between the frontier orbitals) within the theoretical frame-
work of the extended Hückel tight-binding approximation [53].
Therefore, the judicious design and regulation of t and U between
[M(dithiolate)2]− anions in the crystal is most important to achieve
the desired molecular conductors (U � t) and magnets (U � t).

In the cases of dithiolene ligands containing the extended SR
groups unit, such as dmit2−, dddt2−, dmdt2−, tmdt2−and ptdt2−, the
presence of versatile S. . .S interactions leads to adaptable arrange-
ments between the neighboring [M(dithiolate)2]− anions in the
crystal. The styles of co-facial stack, lateral-to-lateral S. . .S contacts
as well as the S. . .S contacts between molecules stacked head to
tail are generally observed in such [M(dithiolate)2]− systems, and
can give rise to 1D chains [54–57], 1D ladders [58–61] or 2D lay-
ers [62–66]. Therefore, the search for semiconducting [57,67,68],
metallic [69–71] or superconducting [72–75] molecular materials
may, perhaps, be most successful in these [M(dithiolate)2]− sys-
tems.

If the ring or bulky substituent groups R and R′ (for exam-
ple, phenyl, quinoxalinyl and trifluoromethyl) are present in a
dithiolene ligand, the increased distance between the two anions
reduces both the orbital and electronic interactions due to the
steric hindrance between two dithiolene ligands from the adjacent
[M(dithiolato)2]− anions. These kinds of [M(dithiolato)2]− anions
are unfavorable for the construction of materials with cooperative
electronic properties [36–42].

In order to create 1D spin-Peierls or spin-Peierls-like

[M(dithiolato)2]− complexes, the dithiolene ligand should contain
a reduced number of sulfur atoms which prevent the forma-
tion of lateral-to-lateral S. . .S contacts between the neighboring
[M(dithiolato)2]− anions. In addition, the steric hindrance of the
substituent groups R and R′ is as far as possible small, which favors
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Scheme 2. Molecular structures of complexes 1–8.

he adjacent [M(dithiolato)2]− anions forming a co-facial stack. It
s obvious that the mnt2− ligand is well suited to this requirement
nd the [M(mnt)2]− architectures (M = Ni, Pd or Pt ion) provide the
est candidates for building 1D S = 1/2 magnetic systems.

.2. Design of suitable countercation

The counter-ions in the majority of [M(dithiolato)2]− coopera-
ive electronic systems are important components for the variation
nd control of the material properties. For the [Ni(mnt)2]− com-
lexes, the valence state, the size and the shape of the counter-ion
in some cases, the hydrogen bond donor ability of the counter-
ation with the CN groups of mnt2− ligands [76,77]) control the
acking of [Ni(mnt)2]− anions and consequently the material prop-
rties. Early studies of paramagnetic [Ni(mnt)2]− complexes mainly
nvolved salts with large mono-counter-ions such as tetraalkylam-

onium, which usually led to dimerization of the metal complex
omponents, resulting in a nonmagnetic ground state and low
onductivity [78,79]. Later work explored smaller alkali-metal
ounter-ions which forced the metal complexes closer together,
eading to equidistant stacks in some cases with greater poten-
ial for magnetically interesting or highly conducting salts [30]. If

planar mono-counter-cation is employed which promotes the
nteractions between the metal-complex and the planar mono-
ation, a mixed stack is favored [80–82].

In our recent studies, we introduced the �-shaped benzylpyri-
inium derivatives (Scheme 2) into [Ni(mnt)2]− spin systems to
onstruct 1D potential spin-Peierls or spin-Peierls-like complexes.
n such mono-cations the �-shaped conformation prevents the
ormation of an anion and cation mixed stack; the –CH2– single
ond allow two aromatic rings to rotate easily, and the rotation
nergy barrier lies in the regime of intermolecular stack force. As
result, the packing structure of [Ni(mnt)2]− anions can be tuned

ia control of the counter cationic molecular conformation. With
his approach, we have achieved numerous 1D spin-Peierls-like
Ni(mnt)2]− complexes through systematic changing of the sub-
tituents of the aromatic rings of the cations [10,11,83–86].

able 1
ell parameters of 1–8 in the HT-phase (at room temperature) [10,11,83–86].

Complex a/Å b/Å

1 12.1500(4) 25.9523(6)
2 12.105(2) 26.218(4)
3 12.0744(17) 26.369(4)
4 12.057(2) 26.742(5)
5 12.2019(2) 26.5443(7)
6 12.123(4) 26.446(8)
7 15.197(3) 17.796(4)
8 12.168(3) 27.046(7)
y Reviews 254 (2010) 1509–1522 1511

3. Crystal structures

3.1. Structural character in the high-temperature phase
(HT-phase)

The complexes 1–8 crystallize with the monoclinic space group
P2(1)/c at room temperature (HT-phase); their cell parameters are
listed in Table 1, among which 1–6 and 8 are isostructural, with lat-
tice parameters and molecular packing patterns close to each other
(Ref. Tables 1 and 2) [10,11,83–86]. As illustrated in Fig. 1, both the
anions and the cations in 1–6 and 8 form segregated stacks along
the c-axis. In addition, the C–R bond (R is the substituent group in
phenyl) is roughly parallel to the b-axis, and the molecular plane
of the anion and the phenyl ring of the cation are approximately
parallel to the crystallographic ab-plane. Within an anionic stack,
slippage along the b-axis and some rotation between two super-
imposed anions are observed, and this kind of eclipsing overlap
pattern provides a more efficient way to minimize the repulsions
[87]. It is noticeable that the numbers of anions per repeat unit
of the stacks is two but with only one type of intermolecular over-
lap and identical Ni. . .Ni distances between adjacent superimposed
anions in an anionic stack [11]. As mentioned above, from the
viewpoint of the crystal structure, an anionic stack can be consid-
ered as a uniform magnetic chain with S = 1/2 in the HT-phase. The
benzylpyridinium derivative cations possess the �-shaped confor-
mation, characterised by three dihedral angles made from (1) the
phenyl with respect to the pyridyl rings (˛1), (2) the phenyl ring
with the respect to the C(phenyl)-C-N(pyridyl) plane (˛2) and (3)
the pyridyl ring with respect to the C(phenyl)-C-N(pyridyl) plane
(˛3). Different substituent groups do not lead to any significant dis-
tinction between the cation conformations in 1–8 (Ref. Table 2).
Within a cation stack, the neighboring cations overlap in a boat-
conformation with only one type of intermolecular overlap and the
identical central-to-central distance between the adjacent phenyl
rings, and the cationic stack is also regular in the HT-phase.

In the same way as other members in this family, the anions
and cations in 7 also form two regular segregated stacks in the HT-
phase. As shown in Fig. 2, the equidistant anion and cation stacks
have only one type of intermolecular overlap with the identical
adjacent Ni. . .Ni distance (4.539 Å at 293 K) within an anionic stack
and the identical central-to-central distance of the adjacent phenyl
rings (4.391 Å at 293 K) within a cationic stack, although the num-
bers of anions and cation per repeat unit of their stacks are two.
Owing to the steric hindrances between CN groups and the adja-
cent pyridyl rings, the packing structure of 7 is different from the
seven other complexes in three aspects [10]: (1) the relative orien-
tation between the cation and the anion (Ref. Figs. 1 and 2); (2) the
existence of a larger slippage along the anionic molecular short axis
(a-axis) direction but smaller rotation angle between two superim-
(3) the existence of rotation between two neighboring phenyl rings
within a cationic stack. This structural distinction leads in 7 to a
magnetic transition behavior different from the other seven com-
plexes. In order to compare the stacking patterns in 1–8, typical

c/Å ˇ/◦ V/Å3

7.3397(3) 101.74 2265.95(13)
7.374(2) 102.55(2) 2284.2(9)
7.440(3) 102.63(3) 2311.4(12)
7.6048(15) 102.727(3) 2391.8(8)
7.2409(2) 102.928(1) 2285.8(9)
7.389(2) 103.168(4) 2306.7(12)
8.6089(17) 95.15(3) 2318.9(8)
7.354(2) 103.00(1) 2358.1(11)
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Table 2
Typical parameters within the anion and cation stacking columns as well as the cation conformation for 1–8 in the HT-phase (at room temperature) [10,11,83–86].

Complex dNi...Ni/Å dNi...S/Å dS...S/Å � a/◦ dC-to-C/Å ˛1/◦ ˛2/◦ ˛3/◦

1 3.964 3.604 3.840 13.09 3.912 68.07 77.43 81.61
2 3.914 3.634 3.923 13.57 4.133 65.77 80.46 85.84
3 3.927 3.651 3.942 14.02 4.282 65.66 82.91 86.80
4 3.981 3.702 3.790 12.29 4.598 67.27 86.30 87.34
5 3.825 3.607 3.809 12.71 4.242 64.89 85.29 87.16
6 3.865 3.665 3.873 12.98 4.486 68.78 86.28 86.63
7 4.539 3.785 3.960 3.68 4.391 73.67 80.15 80.63
8 3.860 3.645 3.718 11.37 4.690 67.13 86.70 85.59

a � is the rotational angle between the [Ni(mnt)2]− molecular long axes of two superimposed anions.

Fig. 1. Segregated and regular stacks of anions and cations along the c-axis in 4 at 293 K show the existence of two anions and two cations per repeat unit but only one type
of intermolecular overlap and identical Ni. . .Ni distances between adjacent superimposed anions in each anionic stack.

Fig. 2. Segregated and regular stacks of anions and cations along the c-axis in 7 at 293 K. There are two anions and two cations per repeat unit [10].
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ig. 3. Comparison of the overlap patterns between the two superimposed anions
n 4 and 7.

tacking parameters, such as the Ni. . .Ni distance (dNi. . .Ni); the
earest Ni. . .S (dNi. . .S) and S. . .S (dS. . .S) distances between two
uperimposed anions in an anion stack, as well as the central-to-
entral distance (dC-to-C) of the adjacent phenyl rings in a cation
olumn, are further summarized in Table 2.

.2. Crystal structure changes below TC

For 3, 4 and 6, the low-temperature structural analyses dis-
losed a structural transition associated with a magnetic transition.
rom the HT-phase to LT-phase, the space group for these three
omplexes degrades from P2(1)/c to P-1 (their cell parameters
n the LT-phase are summarized in Table 3), and the asymmet-
ic unit switches from a pair of anion and cation into two ion
airs [11,83,86]. Also, the adjacent anions shrink unevenly along
he longer molecular axis direction giving alternating Ni. . .Ni dis-
ances within an anion stack. The distortion within a cationic
tack is reflected in the alternating centroid-to-centroid separa-

ions between adjacent phenyl rings [11,83,86]. Fig. 4 indicates the
nteratomic distances between two superimposed anions in the
nion stack as well as the centroid-to-centroid separations between
djacent phenyl rings in the cation stack for 3, 4 and 6, listed in

ig. 4. Side view of the anion and cation stacks which indicates the interatomic
istances between two superimposed anions as well as the centroid-to-centroid
eparations between adjacent phenyl rings for 3, 4 and 6 in HT- and LT-phases.
Fig. 5. Temperature dependence of the relative cell parameters of 4, defined as
P(T)/P(293 K), where P(T) and P(293) represent the cell parameters at T and 293 K,
respectively [11].

Table 4, and illustrates the packing structural changes from the
HT- to LT-phases. On the other hand, the thermal dependence of
the cell parameters exhibit discontinuous change at the transition.
For example, a spin-Peierls-like transition occurs around 120 K in 4,
as depicted in Fig. 5, with a discontinuous variation of relative cell
parameters with temperature observed around this temperature
[11].

For 7, the paramagnetic-to-nonmagnetic transition was
detected around 190 K in the curve of �m versus T. However, the
structural analyses disclosed that from the HT- to LT-phases, the
space group does not change and no dimerization of the anionic
stack is associated with the magnetic transition since both anion
and cation stacks shrink uniformly [10]. As illustrated in Fig. 6,
the anion column shows an equispaced stack with an adjacent
Ni. . .Ni separation of 4.539 Å in the HT-phase (at 293 K), and such
an equispaced stack is still present in the LT-phase, but with a
reduced adjacent Ni. . .Ni separation of 4.517 Å at 180 K and 4.505 Å
at 140 K.

3.3. Local structural fluctuation

Local structural fluctuation is a common phenomenon in 1D
conductors and magnets and arises from electron-phonon or
magnetoelastic coupling interactions. Fig. 7 displays the temper-
ature dependent diffraction patterns for 1, in which superlattice
diffraction spots can be observed below 140 K and which become
stronger upon cooling [88]. The superlattice spots observed at
1/4 a* imply a fourfold multiplication of the HT-phase unit cell
to give the LT-phase unit cell. Unfortunately, however, we have
failed to determine the crystal structure in the lower temper-
ature regime even when the crystal data is collected above
the magnetic transition temperature (140 K), so that it is not
clear what happens to the anion stack in the LT-phase, at
present.

4. Magnetic and thermodynamic properties

4.1. Magnetic behaviors

The �mT versus T curves for 1–8 are displayed in Fig. 8
[10,11,83–86]. A paramagnetic-to-nonmagnetic transition can be
observed with transition temperatures TC around 90 K for 1, 102 K

for 2, 110 K for 3, 120 K for 4, 182 K for 5, 182 K for 6, 190 K for 7, and
208 K for 8. In the HT-phase, 1 and 2 exhibit weak dominant fer-
romagnetic (FM) interactions, whereas the others show dominant
antiferromagnetic (AFM) interactions. At the transition, a spin gap
opens. Below the transition the value of �mT drops sharply for 1–4
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Table 3
Cell parameters of 3 (89 K), 4 (100 K) and 8 (123 K) in the LT-phase [11,83,86].

Complex a/Å b/Å c/Å ˛/◦ ˇ/◦ �/◦ V/Å3

3 7.238(4) 12.006(6) 26.075(13) 88.469(10) 86.755(9) 77.476(9) 2208.2(19)
4 7.3869(15) 11.886(2) 26.181(5) 88.57(3) 87.29(3) 77.27(3) 2239.5(8)
6 7.239(3) 12.109(5) 26.347(11) 88.629(6) 86.360(6) 76.992(4) 2245.6(16)

Table 4
Comparison of typical packing parameters within the anion and cation stacking columns for 3, 4 and 6 in the HT- and LT-phase [11,83,86].

Complex 3 Complex 4 Complex 6

HT (293 K) LT (89 K) HT (293 K) LT (100 K) HT (293 K) LT (123 K)

a1/Å 3.927 3.849 3.981 3.889 3.865 3.795
a2/Å 3.927 3.649 3.981 3.718 3.865 3.656
b1/Å 3.651 4.405 4.606 4.524 4.460 4.434
b2/Å 3.642 4.205 4.423 4.314 4.268 4.170
b3/Å 3.651 4.367 4.606 4.484 4.460 4.391
b4/Å 3.642 4.209 4.423 4.327 4.268 4.185
d1/Å 3.942 3.980 4.109 4.015 3.977 3.938
d2/Å 3.738 3.741 4.103 3.804 3.992 3.721
c1/Å 4.282 4.170 4.598 4.535 4.486 3.937
c2/Å 4.282 4.059 4.598 4.393 4.486 3.753
a�/◦ 14.02 13.24 12.29 14.38 12.98 11.50

a � is the rotational angle between the [Ni(mnt)2]− molecular long axes of two superimposed anions.
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Fig. 6. Side views of anion stacks which show the

ut gradually for 5–8. For members 1–6 and 8, the type of anionic
rrangement is not distinctive in the HT-phase, but nevertheless the
agnetic exchange changes from FM to AFM. These facts illustrate

hat the nature of the magnetic exchange in the [Ni(mnt)2]− spin
ystem is highly sensitive to the anionic overlap pattern. A similar
henomenon has been reported in the (NH4)[Ni(mnt)2]·H2O spin

ystem [89].

In order to quantitatively understand the relationship between
he magnetic exchange and the anionic overlap, DFT combined
ith the broken-symmetry approach was performed to explore

ig. 7. Temperature dependent oscillation photographs of 1 which were taken by a Rigak
onochromator. The crystal at room temperature belongs to a monoclinic system with

hotographs show superlattice diffraction spots below 140 K (Reprinted with permission
rm shrinking from the HT- to LT-phases in 7 [10].

the effects of several factors, namely the interlayer distance d, the
slippage distance r and the rotational angle � (as defined in Fig. 9)
on the magnetic behavior [90]. The calculations indicated that (1)
the interlayer distance (d) and the extent of slippage (�r) (Ref.
Fig. 10a) affects the magnetic exchange strength, but changes of
these alone do not result in a change of nature of the magnetic

exchange between two [Ni(mnt)2]− anions; (2) the rotation angle
(�) is an important factor affecting the magnetic exchange, adjust-
ment of which can switch the nature of the magnetic exchange
nature from FM to AFM.

u Raxis-Rapid diffractometer with Mo K� (� = 0.71073 Å) radiation from a graphite
space group P2(1)/a and the anion and cation stack along a-axis in this case. The
from Ref. [88]. Copyright 2006 Royal Society of Chemistry).
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Fig. 8. Plots of �mT versus T

Fig. 9. Illustration of the stacking pattern of two [Ni(mnt)2]− anions. This can be
parameterized by the interlayer distance d, the slippage r and rotation angle �. Sym-
bols �n and �m represent the symmetric axes passing through the nickel atoms in the
upper and lower [Ni(mnt)2]− anions, respectively. The point P and the �n′ axis are
the vertical projection of the upper Ni atom and the axis of symmetry of the lower
[Ni(mnt)2]− anion, respectively [90].

Fig. 10. Variation of J values with (a) the extent of s

Fig. 11. X-ray crystal structures of [Ni(mnt)2]− dim
for 1–8 [10,11,83–86].

After taking into account the relationship between the nature
of the magnetic exchange of the [Ni(mnt)2]− dimer and each indi-
vidual stacking parameter, the broken-symmetry approach was
further employed to calculate the magnetic exchange constant
(J) for two of the studied complexes based on their experi-
mentally determined X-ray structures. The calculated stacking
models for the [Ni(mnt)2]− dimers are presented in Fig. 11,
where 1-HT is directly obtained from the crystal structure of
1 in the HT-phase (at 293 K). 4-NH2Py-LT and 4-NH2Py-HT are
directly determined from the crystal structures of the complex
[4-NH2Py][Ni(mnt)2] (where 4-NH2Py+ represents 1-benzyl-4-
aminopyridinium) in the HT-phase (at 293 K) and LT-phase
(89 K) [91], respectively. The parameters that illustrate the stack-
ing patterns of a [Ni(mnt)2]− dimer, as well as the calculated
J values in corresponding [Ni(mnt)2]− spin dimer, are listed
in Table 5. The results of the calculation show a FM inter-
action in the HT-phase for 1. In addition, for the complex
[4-NH2Py][Ni(mnt)2] (for which a paramagnetic-to-nonmagnetic
phase transition occurs around 189 K) exhibits a weak AFM

interaction in the HT-phase but a strong AFM interaction in
the LT-phase [91]. All these results are in agreement with
the observations from the magnetic susceptibility measure-
ments.

lippage (�r) and (b) the rotational angle (�).

ers in 4-NH2Py-LT, 4-NH2Py-HT and 1-HT.
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Fig. 12. DSC curves of 2,

Table 5
Magnetic exchange constants J calculated by the UBPW91/LANL2DZ method for 4-
NH2Py-LT, 4-NH2Py-HT and 1-HT at their experimental structures [90].

Dimer d/Å r/Å �/◦ J/cm−1

4

2
a
t
T
i
m
t
t
t

s
f
o
(
r
s
m
[

using a regular S = 1/2 AFM Heisenberg linear chain model [99]. As

F

4-NH2Py-LT 3.48 0.72 2 −1466.74
4-NH2Py-HT 3.65 1.44 3 −0.09
1-HT 3.55 1.75 13 28.00

.2. Thermodynamic properties

The differential scanning calorimetry (DSC) measurements for
, 3 and 5–8 as well as heat capacity (CP) measurements for 1
nd 4 were performed to investigate the thermodynamic proper-
ies of the paramagnetic-to-nonmagnetic transition [10,11,83–86].
ypical curves are displayed in Figs. 12 and 13. A thermal abnormal-
ty was observed for 1–6 and 8, indicating that the corresponding

agnetic transition is of first-order [92–95]. In contrast, no sizable
hermal abnormality was observed for 7, and this fact demonstrates
hat a second-order transition characterizes the magnetic transi-
ion occurring in 7 [10].

For 1–6 as well as 8, the estimated entropy of the tran-
ition (which includes both structural and spin contributions)
rom the DSC or CP measurements are lower than the the-
retical spin entropy maximum for a mole of S = 1/2 ion
R ln 2 ≈ 5.76 J K−1 mol−1) [96], suggesting that substantial short-

ange order persists above the temperature of the transition. The
hort-range order is an indication of reduced dimensionality of the
agnetic system, and is consistent with the chain structure of the

Ni(mnt)2]− anions in crystals in these families [97].

ig. 13. Temperature dependence of the molar heat capacity of (a) 1 and (b) 4. The open st
3, 5 and 6 [83,86].

In addition, the qualitative relationship between the enthalpy
change of magnetic transition and the variation with temperature
of the magnetic susceptibility below the transition temperature is
noted in this 1D [Ni(mnt)2]− family. Specifically, a large enthalpy
change corresponds to a sharp drop of magnetic susceptibility,
while a smaller one is related to the progressive decrease of mag-
netic susceptibility in the LT-phase. The latter case is similar to a
spin-Peierls transition (where the transition enthalpy is zero).

5. Magnetic behavior of 3 and 5 under pressure

The temperature dependences of the magnetic susceptibility for
3 and 5 measured under different pressures are shown in Fig. 14.
The influence of pressure on the magnetic behavior displays the
following characteristics [98]: (1) TC is increased significantly with
applied pressure in the range of 0–6.0 kPa; (2) the paramagnetic
susceptibility in the HT-phase is suppressed. As shown in Fig. 15,
the relationship between the value of TC, defined as the peak tem-
perature in the plot of d(�mT)/dT versus T, and the applied pressure
(P) is almost linear, and the average values of �TC/�P, estimated
from the slope of the TC versus P plot, are about 8.2 and 16.6 K kbar−1

for 3 and 5, respectively.
The effect of pressure on the magnetic coupling interaction in

the HT-phase was further analyzed via simulation of the corre-
sponding temperature dependences of the magnetic susceptibility
shown in Fig. 16, a linear dependence of the exchange constant
(J/kB) on the pressure, expressed as |J|/kB = 18(8) + 14(3)P for 3 and
|J|/kB = 147(15) + 50(4)P for 5, is observed (where the units of pres-
sure and exchange constant |J|/kB are kbar and K, respectively).

ars and circles represent data in heating and cooling processes, respectively [11,88].
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Fig. 14. Temperature dependences of the magnetic susceptibility under various pressure
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Fig. 15. Variation of TC with applied pressure for 3 and 5 [98].

The variation of TC with applied pressure in organic spin-Peierls
ystems has been studied by Bray [100]. Using the expressions for
C derived by Pytte [101] and Cross and Fisher [102] a decrease
f TC with pressure is predicted, as observed, for example, in the
rganic spin-Peierls system (TTF)(CuBDT) [5]. An increase of TC
ith pressure, as experimentally realized, e.g. in (MEM)(TCNQ)2,
as been theoretically explained by Lépine who took into account
n anharmonic coupling of the (anharmonic) spin-Peierls soft mode
o the average lattice strain along the spin chains [5,103]. Depend-
ng on the sign of the coupling energy between the soft mode and

he lattice strain along the spin chain, TC can either decrease or
ncrease with pressure. In the cases of 3 and 5, enhanced magnetic
xchange interactions, due to the shortened magnetic molecular
eparations brought about by the external pressure, are likely to

ig. 16. Pressure dependences of magnetic exchange constant |J|/kB for 3 and 5 [98].
s for 3 and 5 (experimental data shown by symbols; fits shown by lines) [98].

play a significant role in the promotion of the transition under
pressure.

6. Nonmagnetic doped systems of 5

Impurity doping of a low-dimensional magnetic system often
results in non-intuitive ground states and the transition behav-
ior differing from that of the parent material [20–22,104–107].
For an organic spin-Peierls or spin-Peierls-like system, a suitable
dopant should match the parent material in both molecular struc-
ture and valence. Both nonmagnetic [Au(mnt)2]− and [Cu(mnt)2]−

mono-anions possess a similar molecular structure to and the
same valence as the [Ni(mnt)2]− mono-anion, so the complexes
of [Au(mnt)2]−/[Cu(mnt)2]− with benzylpyridinium derivatives
are the best candidates for investigating the effects of non-
magnetic doping on the [Ni(mnt)2]− complex. In this work
[19,108], 5 was chosen as a parent complex, with a counter-
cation 1-(4′-nitrobenzyl)pyridinium (abbreviated as NO2BzPy+).
Two nonmagnetic anionic complexes, [M(mnt)2]− (M = Au or
Cu), which give rise to NO2BzPy+ salts isostructural with 5,
and with very similar cell parameters, were used as dopants.
The effects of nonmagnetic doping on the structure, transition
behavior, magnetic and thermal properties of the parent spin-
Peierls-like complex 5 were investigated for the two doped
families of [NO2BzPy][MxNi1−x(mnt)2] (x = 0.01–0.73 for M = Au and
x = 0.04–0.74 for M = Cu).

6.1. Influence of nonmagnetic doping on the structural properties

All doped compositions [NO2BzPy][MxNi1−x(mnt)2]
(x = 0.01–0.73 for M = Au; x = 0.04–0.74 for M = Cu) are isostruc-
tural with 5 at room temperature, and their crystals belong
to the monoclinic system with space group P2(1)/c. The dis-
tances M. . .M, M. . .S, S. . .S and the interplanar distances (h1
and h2) between nearest neighbors within an anionic stack do
not change monotonically with increased concentration of dop-
ing x (the representative plots are displayed in Fig. 17 for the
[NO2BzPy][AuxNi1−x(mnt)2] systems). As a consequence, there is
no simple monotonic relationship between the cell parameters
and x value, as can be seen in Fig. 18, which shows the molar
fraction of dopant dependences of the relative cell volume for
[NO2BzPy][MxNi1−x(mnt)2]. In addition, the doped systems exhibit
the following structural features [19,108]: (1) the nonmagnetic
[Au(mnt)2]−/[Cu(mnt)2]− and magnetic [Ni(mnt)2]− anions are

randomly distributed in the anionic stack above 10 K and the doped
systems show molecular alloy characteristics; (2) as displayed in
Fig. 19, the thermally dependent diffraction patterns of the alloy
sample [NO2BzPy][AuxNi1−x(mnt)2] indicate the existence of local
structural fluctuations in the modestly doped systems. For exam-
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ig. 17. Variation of the interatomic and interplanar distances (h1 and h2) between
t 273 K [19].

le, superlattice spots were found midway between the layers of
he main Bragg reflections perpendicular to the c*-direction (at
*/2) when x = 0.11, 0.27 and 0.35 at 103 K, but were not detected
n heavier doped systems, such as x = 0.41 at 103 K. This fact also
xclude the possibility of the new diffraction spots in lower doped
ystems resulting from temperature change between photos at 273
nd 103K. For the alloy sample [NO2BzPy][AuxNi1−x(mnt)2], with
= 0.27, the crystal structure in the LT-phase (at 10 K) revealed
structural transition associated with the spin-Peierls-like tran-

ition, and from the HT- to LT-phases, the dimerization of both
nion and cation stacks is observed with the space group P2(1)/c
egrading to P-1. For instance, the identical neighboring Ni. . .Ni
istance (3.845 Å) in the HT-phase (at 273 K) alternates into 3.737
nd 3.679 Å in the LT-phase (at 10 K) within an anion stack. For the
lloy sample [NO2BzPy][AuxNi1−x(mnt)2] with x = 0.35, however,
he uniform stacks of anion and cation remain until the transition
o the LT-phase [19] There is no unambiguous explanation for
his discrepancy between the superlattice diffractions and the
tack structure in the LT-phase at present and a more detailed
nvestigation is needed.

.2. Influence of nonmagnetic doping on the magnetic behavior
nd TC
Fig. 20 displays plots of �m versus T for [NO2BzPy][MxNi1−x
mnt)2] (M = Au and Cu; x = 0–1) in the range 2–350 K. The effects
f nonmagnetic doping on the magnetic and transition features
re revealed in several ways [19,108]: (1) the paramagnetic back-

ig. 18. Dependence of the relative cell volume for [NO2BzPy][MxNi1−x(mnt)2] as
function of molar fraction of dopant (M = Au or Cu). The relative cell volume is

efined as the cell volume of the doped salt divided by the cell volume of 5 at room
emperature.
boring anions in a stack as a function of x for [NO2BzPy][AuxNi1−x(mnt)2] (x = 0–1)

ground is enhanced in low temperature regime for all doped
systems. This phenomenon is understandable since the AFM
[Ni(mnt)2]− chains are broken at the position of the nonmag-
netic dopants and, moreover, the spin number in a chain should
be randomly even and odd, with equal probability. Therefore,
the spin at the end of any odd numbered spin chain becomes
uncoupled, giving a contribution to the paramagnetic suscepti-
bility, and this contribution is dominant, especially for heavily
doped systems; (2) even if an anionic stack is structurally dis-
ordered, the magnetic behavior does not show a random spin
system characteristic in the heavier doped systems; (3) the transi-
tion is suppressed and collapses around x > 0.27 for the [Au(mnt)2]−

and x > 0.5 for the [Cu(mnt)2]− doped systems; (4) the spin gap
vanishes and a gapless phase is again achieved in the heavier
doped system of [NO2BzPy][MxNi1−x(mnt)2] (M = Au or Cu). These
instances of magnetic and transition behavior resemble the phe-
nomena observed in inorganic spin-Peierls systems, such as CuGO3
[20,21,104] and TlCuCl3 [22]. However, the critical x value at the
transition collapse is much higher than those found in the inorganic
spin-Peierls systems. To comprehend the divergence between the
inorganic spin-Peierls and our [Ni(mnt)2]− systems, measurements
of single-crystal EPR and UV–vis spectra in solids as well as theoret-
ical analyses of a doped salt, [NO2BzPy][Au0.57Ni0.43(mnt)2], were
undertaken. The X-band single-crystal EPR spectra at room tem-
perature show intense resonance signals (main signals) together
with weak satellite quartet lines, all of which are dependent on the
magnetic field orientation. The relative intensity between the weak
satellite and the intense main EPR signals is independent of the
microwave power, but shows a significant increase with a reduc-
tion in temperature, as demonstrated in Fig. 21. The intense main
EPR signals arise from two magnetically nonequivalent [Ni(mnt)2]−

anions, and the weak satellite EPR signals are caused by the inter-
actions of unpaired electron spins with magnetic nuclear 197Au
spins (natural abundance = 100% and I = 3/2) [109,110]. This orig-
inates from the intermolecular exchange interaction between the
adjacent [Ni(mnt)2]− and [Au(mnt)2]− species in an anionic stack
owing to overlap of their frontier orbitals [111].

Fig. 22 plots the dependences of TC on the corresponding x
for [NO2BzPy][MxNi1−x(mnt)2] (x = 0–0.35 for M = Au; x = 0–0.5 for
M = Cu). The TC values fall linearly and the relationship can be
expressed as TC = 180(2)–221(12)x (K) up to x < 0.27 for the M = Au
doped system and TC = 182(3)–139(13)x (K) up to x < 0.5 for the
M = Cu doped system. Obviously, the [NO2BzPy][CuxNi1−x(mnt)2]

system shows a higher critical x value of the transition collaps-
ing and a more modest dependence of the TC shift on x than the
[NO2BzPy][AuxNi1−x(mnt)2] system. These differences may result
from the molecular structure distinction between [Cu(mnt)2]−

and [Au(mnt)2]− anions. For example, the average Au–S length is
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ig. 19. Oscillation photographs of [NO2BzPy][AuxNi1−x(mnt)2] at T = 273 and 103
Reprinted with permission from Ref. [19]. Copyright 2006 American Chemical Soci

round 0.15 Å longer than the average Ni–S length whereas the
verage Cu–S length is similar to the Ni–S distance.

.3. Influence of nonmagnetic doping on the thermodynamic
roperties

The heat capacity results for the parent complex 5 and the
oped salts [NO2BzPy][AuxNi1−x(mnt)2] with x = 0.27, 0.35 (con-

entrations near to those that suppress the transition) are shown
n Fig. 23a and b [19]. In the Cp versus T plots of the two doped salts,
o sizable thermal abnormality was observed, which indicates that
he transition is second-order. However, the transition is clearly
dentified for the x = 0.27 doped system by the crystal structure
x = 0.11, 0.27, 0.35 and 0.41. The arrows indicate the superlattice diffraction spots

determination in the low-temperature phase. Thus, the nonmag-
netic doping leads to a change of the thermodynamic nature of the
paramagnetic-to-nonmagnetic transition.

7. Effect of the phenyl ring substituent on TC

In the investigated 1D spin-Peierls-like complexes, TC can be
tuned by modifying the substituent on the phenyl ring of the cation.

It is an interesting issue to understand how the substituent influ-
ences the transition temperature. The variation of TC seems to be
independent of the electronic effect of the substituent. For exam-
ple, the electron affinity of the substituents should follow the order:
NO2, CN > F > Cl > Br > I > CH = CH2 > CH3, whereas the variation of TC
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Fig. 20. Plots of �m versus T for [NO2BzPy][MxNi1−x(mnt)2] (x = 0–1) (a) M = Au and (b) M = Cu [19,108].

F
t
e

i
C
b
s
s
t
w
l
o
‘
b

F
x

Fig. 23. CP versus T curves for [NO2BzPy][AuxNi1−x(mnt)2] (x = 0, 0.27 and 0.35) [19].
ig. 21. Temperature dependence of the EPR spectra. The magnetic field is parallel
o the experimental coordinate system x-axis. Two new satellite lines appear on
ach side of the main EPR signal when the temperature is lower than 150 K [111].

n 1–8 does not show this simple order. On the other hand, NO2 and
H3 possess different electron donating and withdrawing effects,
ut 5 and 6 have a similar transition temperature [86]. As demon-
trated in Fig. 24, the variation of TC appears to be dependent on the
ize of the substituent group, since the spin-Peierls-like transition
emperature rises with the cell volume of the crystal, increasing

ith the atomic size as well as atomic numbers of the substituent

ocated in the para-position of the phenyl ring. The effect of the size
f the substituent group on TC is probably related to the so-called

chemical pressure’ effect, for example, local strain effects induced
y the substituent in the crystal [112–114].

ig. 22. Dependence of TC on x for [NO2BzPy][MxNi1−x(mnt)2] (x = 0–0.35 for M = Au;
= 0–0.5 for M = Cu) [19,108].
Fig. 24. Relationship between TC and cell volume for 1–8 [86].

8. Conclusions and remarks

In conclusion, eight isostructural 1D spin-Peierls-like
[Ni(mnt)2]− complexes have been successfully synthesized
by introducing �-shaped 1-(4′-R-benzyl)pyridinium derivatives
into [Ni(mnt)2]− spin systems. In this 1D family, six issues have
been addressed:

(1) The stacking pattern between [Ni(mnt)2]− anions can be finely
tuned by modifying the flexible molecular conformation, which

is related to the Lennard–Jones potential of the molecular crys-
tal, one of the main factors that determines the molecular
packing structure.
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2) The nature of the magnetic exchange within a [Ni(mnt)2]− spin
dimer is sensitive to the stacking pattern of the two anions.
DFT calculations with the broken-symmetry approach reveal
that the distance of the two molecular planes and the relative
extent of slippage affect the magnetic exchange strength, but
changing these alone does not result in a change of the nature of
the magnetic exchange. The angle of rotation between the two
superimposed anions is an important factor affecting the mag-
netic exchange, adjustment of which can switch the exchange
from FM to AFM.

3) A qualitative relationship exists between the transition
enthalpy change and the trend of the magnetic susceptibility
in the LT-phase, namely, a larger enthalpy change corresponds
to a sharp drop of magnetic susceptibility, while a smaller one
is related to the progressive decrease of magnetic susceptibility
in the LT-phase.

4) Applied pressure promotes, whereas nonmagnetic doping sup-
presses the spin-Peierls-like transition.

5) The influence of a substituent group in the phenyl ring in the
cation on TC is related to the atomic size as well as atomic num-
bers of the substituent group, and can probably be assigned to
so-called ‘chemical pressure’ effect.

6) The origin of the transition is interpreted to be the cooperation
of magnetoelastic coupling and structural transformation.

The next step in this research area will be towards the cre-
tion of new systems on the basis of the present results, as well
s the doping of magnetic systems to explore their non-intuitive
round states and novel transition behaviors. For instance, mag-
etic [Pd(mnt)2]− or [Pt(mnt)2]− dopant will be used to develop
oped [PdxNi1−x(mnt)2]− and [PtxNi1−x(mnt)2]− systems.
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