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Abstract: In the three-dimensional ox-
alate network structures [MII(bpy)3][MI-
MIII(ox)3] (ox�C2O4

2ÿ ; bpy� 2,2'-bi-
pyridine) the negatively charged oxalate
backbone provides perfect cavities for
tris-bipyridyl complex cations. The size
of the cavity can be adjusted by variation
of the metal ions of the oxalate back-
bone. In [Co(bpy)3][NaCr(ox)3], the
[Co(bpy)3]2� complex is in its usual

4T1(t2g
5eg

2) high-spin ground state. Sub-
stituting Na� by Li� reduces the size of
the cavity. The resulting chemical pres-
sure destabilises the high-spin state of

[Co(bpy)3]2� to such an extent that
the 2E(t2g

6eg
1) low-spin state becomes

the actual ground state. As a result,
[Co(bpy)3][LiCr(ox)3] becomes a spin-
crossover system, as shown by temper-
ature-dependent magnetic susceptibility
measurements and single-crystal optical
spectroscopy, as well as by an X-ray
structure determination at 290 and 10 K.

Keywords: cobalt ´ magnetic prop-
erties ´ N ligands ´ optical proper-
ties ´ oxalate networks ´ spin cross-
over

Introduction

The three-dimensional oxalate networks of the type [MII(bpy)3]-
[MIMIII(ox)3] possess a very intriguing crystal structure.[1] The
[MIII(ox)3]3ÿ complexes are held together by the MI cations to
form a three-dimensional, negatively charged backbone of
cubic symmetry, with each oxalate ion acting as a bridging
ligand. The rather loose network is actively stabilised by the
[MII(bpy)3]2� counter ions that sit in the cavities provided by

the network. This results in an extremely tightly packed
crystal structure. The MI cations are preferably Li� and Na�. It
is, however, possible to combine a large number of different
divalent and trivalent metal ions on the MII and MIII sites,
respectively, as long as elementary rules regarding relative
stability constants and redox potentials of the components are
obeyed and some geometric restrictions are taken into
account. The various combinations lead to interesting mag-
netic[2] and photophysical[3] phenomena.

Recently, Tiwary and Vasudevan[4] took up the idea of
Mizuno and Lunsford,[5] and reported that [Co(bpy)3]2�,
which normally has a 4T1(t2g

5eg
2) high-spin ground state,[6]

becomes a spin-crossover complex when incorporated into
the cavities of zeolite-Y. They attributed the necessary
destabilisation of the high-spin state relative to the 2E(t2g

6eg
1)

low-spin state to a geometric distortion imposed on the
[Co(bpy)3]2� complexes by the charge distribution inside the
zeolite cavity.

In the three-dimensional oxalate networks, the size of the
cavity of the [MII(bpy)3]2� site can be adjusted by variation of
the metal ions on the oxalate backbone. In this paper we
explore the possibility of inducing a thermal spin transition in
[Co(bpy)3]2�, incorporated as a complex cation in the oxalate
network, by such variation. We present and discuss the results
of magnetic susceptibility measurements, single-crystal opti-
cal spectroscopy, and X-ray crystal structure determinations
on [Co(bpy)3][NaCr(ox)3] and [Co(bpy)3][LiCr(ox)3], as well
as for comparison on [Zn(bpy)3][NaCr(ox)3] and [Ru(bpy)3]-
[LiCr(ox)3].
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Results

Structure determination : The three-dimensional network
structures of the type [MII(bpy)3][MIMIII(ox)3] crystallise in
the cubic space group P213, Z� 4.[1] The relevant single crystal
data and parameters regarding the data collection and
structure refinements for the compounds [Co(bpy)3][Na-
Cr(ox)3], [Co(bpy)3][LiCr(ox)3] and [Zn(bpy)3][NaCr(ox)3]
at room temperature as well as for [Co(bpy)3][LiCr(ox)3] at
10 K and [Ru(bpy)3][LiCr(ox)3] at 100 K are given in Table 1.
Whereas for [Ru(bpy)3][LiCr(ox)3] there is spectroscopic
evidence for a slight lowering of the symmetry at low
temperatures,[7] [Co(bpy)3][LiCr(ox)3] stays in the P213 space
group down to 10 K. The general features of the crystal
structure have been reported previously. As depicted in
Figure 1, it consists of the three-dimensional oxalate back-
bone, which provides perfect cavities with regard to size and
geometry for the [MII(bpy)3]2� ions. The site symmetry of both
the tris-oxalate as well as the tris-bipyridyl complexes is C3 .
The rather loose oxalate network is actively stabilised by the
tris-bipyridyl complexes through electrostatic interactions
from p-overlap between oxalate and bipyridine along the
trigonal axis.

In Table 2, selected metal ± ligand bond lengths and angles
are given for [Zn(bpy)3][NaCr(ox)3], [Co(bpy)3][NaCr(ox)3]
and [Co(bpy)3][LiCr(ox)3] at room temperature, as well as for
[Co(bpy)3][LiCr(ox)3] at 10 K and [Ru(bpy)3][LiCr(ox)3] at

Figure 1. View of one [MII(bpy)3]2� complex that sits in the cavity
provided by the [MIMIII(ox)3]2ÿ network.

100 K. Naturally, there is a large difference in MIÿO bond
lengths between the compounds containing Na� and Li�, but
they are quite similar for the two Na� compounds and the two
Li� compounds, respectively. The CrÿO bond lengths, on the
other hand, span the comparatively small range of 1.963 to
1.981 � for the four compounds, and for [Co(bpy)3][Li-
Cr(ox)3] the temperature dependence is negligible. The MIIÿN

Table 1. Crystallographic data and structure refinement for the three compounds [Zn(bpy)3][NaCr(ox)3], [Co(bpy)3][NaCr(ox)3] and [Co(bpy)3][LiCr(ox)3]
at 293 K as well as for [Co(bpy)3][LiCr(ox)3] at 10 K and [Ru(bpy)3][LiCr(ox)3] at 100 K.

[Zn(bpy)3][NaCr(ox)3] [Co(bpy)3][NaCr(ox)3] [Co(bpy)3][LiCr(ox)3] [Co(bpy)3][LiCr(ox)3] [Ru(bpy)3][LiCr(ox)3]

formula C36H24N6O12NaCrZn C36H24N6O12NaCrCo C36H24N6O12LiCrCo C36H24N6O12LiCrCo C36H24N6O12LiCrRu
fw 872.97 866.53 850.48 850.48 892.63
T [K] 293(2) 293(2) 293(2) 10(2) 100(2)
radiation MoKa MoKa MoKa MoKa MoKa

crystal system cubic cubic cubic cubic cubic
space group P213 P213 P213 P213 P213
a [�] 15.6365(18) 15.5850(8) 15.3866(8) 15.2230(18) 15.3091(10)
V [�3] 3823.1(8) 3785.5(3) 3652.7(3) 3527.8(7) 3588.0(4)
Z 4 4 4 4 4
1calcd [g cmÿ3] 1.517 1.520 1.551 1.601 1.652
1obs [g cmÿ3] ± 1.54 1.55 ± ±
m [cmÿ1] 9.93 8.08 8.54 8.54 0.798
transmission
factor range 0.733 ± 0.784 ± ± 0.7607 ± 0.8173 ±
F(000) 1772 1760 1728 1728 1796
crystal size [mm] 0.3� 0.3� 0.3 0.40� 0.40� 0.30 0.33� 0.33� 0.23 0.33� 0.33� 0.23 0.4� 0.4� 0.4
V range [o] 2.46 ± 26.6 2.61 ± 25.86 2.29 ± 25.91 2.32 ± 30.04 1.88 ± 26.36
index range, h, k, l ÿ 13/13, 0/14, 1/20 ÿ 18/18, ÿ18/19,

ÿ19/19
ÿ 18/18, ÿ18/17,
ÿ18/18

ÿ 16/18, ÿ15/15,
ÿ21/12

ÿ 19/17, ÿ18/19,
ÿ11/19

reflcns measured 21 275 28228 19 023 7322 17 822
unique reflcns 2870 2459 2378 3458 2380
Rint 0.0587 0.0678 0.0692 0.077 0.037
reflcns used 2870 2459 2378 3458 2355
parameters 181 173 173 173 173
goodness-of-fit on F 2 1.061 0.899 0.846 0.962 1.225
final R1 and wR2 on F bas.
and F 2, I> 2s(I)

0.0357, 0.0906 0.0304, 0.0573 0.0337, 0.0600 0.0683, 0.1003 0.0386, 0.0940

R1 and wR2 indices (all data) 0.0528, 0.0996 0.0475, 0.0602 0.0529, 0.0634 0.0888, 0.1088 0.0391, 0.0943
abs. structure param. ÿ 0.004(17) ÿ 0.01(2) ÿ 0.01(3) 0.01(4) 0.05(6)
2nd extinction param. ± 0.0026(3) 0.00041(11) ± 0.0031(9)
max shift/esd 0.001 0.001 0.001 0.004 0.001
min/max peaks [e �ÿ3] ÿ 0.299, 0.680 ÿ 0.196, 0.290 ÿ 0.221, 0.475 ÿ 1.510, 1.012 ÿ 0.589, 1.293
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bond lengths are more interesting because in [Zn(bpy)3][Na-
Cr(ox)3] and [Co(bpy)3][NaCr(ox)3] they are not too different,
but they are distinctly smaller and strongly temperature
dependent in [Co(bpy)3][LiCr(ox)3]. In the last compound
they decrease from an average of 2.095 � to 2.014 � (that is,
by 0.081 �) between 293 and 10 K. This is far too large to be
due to thermal contraction alone, and serves as a first
indication that [Co(bpy)3]2� has become a spin-crossover
complex in this lattice. The bite and twist angles (defined as
the projection of the bite angle onto a plane perpendicular to
the trigonal axis) of the [MII(bpy)3]2� complexes are within the
range generally observed for tris-bipyridyl complexes.[8]

Magnetic susceptibility measurements : Figure 2 shows the
magnetic susceptibilities in the form of the product cT as a

Figure 2. Magnetic susceptibilities of polycrystalline samples of [Co-
(bpy)3][NaCr(ox)3] (~), [Co(bpy)3][LiCr(ox)3] (*), and [Zn(bpy)3][Na-
Cr(ox)3] (^) plotted as cT versus temperature.

function of temperature for [Co(bpy)3][NaCr(ox)3] and
[Co(bpy)3][LiCr(ox)3]. For comparison, the cT values for
[Zn(bpy)3][NaCr(ox)3] are also included. In this system, cT is
almost temperature independent, and takes on values be-
tween 1.90 cm3 molÿ1 K (meff� 3.90 mB) at 10 K and
2.05 cm3 molÿ1 K (meff� 4.05 mB) at 300 K. This is the typical
behaviour of a spin-only magnet with S� 3�2, as expected for
the 4A2 ground state of the isolated [Cr(ox)3]3ÿ complexes that
are the only spin carriers in this system.

The cT curves of the two compounds containing
[Co(bpy)3]2� instead of the diamagnetic [Zn(bpy)3]2� are both
strongly temperature dependent, but in very different ways.
Subtracting the contribution due to [Cr(ox)3]3ÿ for [Co-
(bpy)3][NaCr(ox)3] leaves a curve that is typical for [Co(bpy)3]2�

in the 4T1 high-spin state.[9] In the high-spin state, the orbital
contribution to the magnetic moment is substantial, resulting
in the rather strong temperature dependence of cT. The low-
temperature value of cT for the [Co(bpy)3]2� contribution is
1.8 cm3 molÿ1 K (meff� 3.80 mB). This and the high value of the
[Co(bpy)3]2� contribution to cT of 3.23 cm3 molÿ1 K (meff�
5.08 mB) at 300 K, in fact, indicate a ligand field very close to
octahedral and substantial configuration interaction in the 4T1

states between the ground state (t2g
5eg

2) and the excited state
(t2g

4eg
3) strong field configurations.[9]

The cT curve of [Co(bpy)3][LiCr(ox)3] shows very different
behaviour. At 10 K, and after subtraction of the [Cr(ox)3]3ÿ

contribution, the [Co(bpy)3]2� contribution to cT is a mere
0.5 cm3 molÿ1 K (meff� 2.0 mB). This is only slightly above the
spin-only value for S� 1�2 of 0.37 cm3 molÿ1 K (meff� 1.73 mB),
and points to [Co(bpy)3]2� being in the 2E low-spin state at
10 K. With increasing temperature, cT increases sigmoidally,
and at 300 K it reaches a value of 2.55 cm3 molÿ1 K (meff�
4.52 mB). This is still below the value of the typical high-spin
compound, but the curve seems to approach that of the high-
spin system asymptotically. Thus, the magnetic susceptibility
measurements give a clear indication of a thermal spin
transition for [Co(bpy)3]2� in the three-dimensional network
[Co(bpy)3][LiCr(ox)3].

Optical spectroscopy: Figure 3 (top) shows the single-crystal
absorption spectra of [Zn(bpy)3][NaCr(ox)3] between 9000

Table 2. Selected bond lengths and angles for [Zn(bpy)3][NaCr(ox)3], [Co(bpy)3][NaCr(ox)3] and [Co(bpy)3][LiCr(ox)3] at 293 K, and [Co(bpy)3][LiCr(ox)3]
at 10 K and [Ru(bpy)3][LiCr(ox)3] at 100 K.

[Zn(bpy)3][NaCr(ox)3] [Co(bpy)3][NaCr(ox)3] [Co(bpy)3][LiCr(ox)3] [Co(bpy)3][LiCr(ox)3] [Ru(bpy)3][LiCr(ox)3]
293 K 293 K 293 K 10 K 100 K

unit cell parameters
a [�] 15.6365(8) 15.5850(8) 15.3866(8) 15.2230(18) 15.3091(10)
V [�3] 3823.1 3785.5 3652.7 3527.8(7) 3588.0(8)
bond lengths [�]
MIIÿN1 2.157(2) 2.121(2) 2.096(2) 2.013(4) 2.061(3)
MIIÿN2 2.154(2) 2.125(2) 2.094(2) 2.015(3) 2.054(4)
CrÿO1 1.973(2) 1.963(2) 1.978(2) 1.988(3) 1.988(4)
CrÿO2 1.966(2) 1.967(2) 1.978(2) 1.981(3) 1.983(4)
MIÿO3 2.392(2) 2.340(2) 2.143(6) 2.170(8) 2.163(6)
MIÿO4 2.349(2) 2.366(2) 2.321(5) 2.222(7) 2.287(7)
bite angle [o] (Oh: 90o)
[MII(bpy)3]2� 76.62(8) 77.37(8) 78.10(9) 80.23(15) 79.24
twist angle [o] (Oh: 60o)
[MII(bpy)3]2� 45.4 47.7 48.9 51.2 49.3
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Figure 3. Single crystal absorption spectra of [Zn(bpy)3][NaCr(ox)3] (top),
[Co(bpy)3][NaCr(ox)3] (middle) and [Co(bpy)3][LiCr(ox)3] (bottom).

and 20 000 cmÿ1 at 12 and 300 K. The only chromophore that
absorbs in this spectral region is [Cr(ox)3]3ÿ. On the basis of
the work by Schönherr et al.[10] and of the Tanabe ± Sugano
diagram for a d3 system,[11] it is straightforward to assign the
observed absorption bands. The broad band centred at
18 100 cmÿ1 in the spectrum at 12 K corresponds to the spin-
allowed 4A!4T2 d ± d transition, which directly gives the
ligand-field strength 10Dq� 18 100 cmÿ1. The sharp doublet at
14 387 cmÿ1 corresponds to the spin-flip transition 4A2!2E,
and the series of sharp and weak bands between 14 400 and
15 600 cmÿ1 corresponds to the vibrational side bands of the
4A2!2E transition and the other spin-flip transition 4A2!2T1.

Figure 3 (middle) shows the single-crystal absorption
spectra of [Co(bpy)3][NaCr(ox)3] between 9000 and
20 000 cmÿ1 at 12 and 200 K. In addition to the bands
characteristic of [Cr(ox)3]3ÿ, there is an additional weak band
at 11 500 cmÿ1. This has to be due to [Co(bpy)3]2� since it is
totally absent in the compound with [Zn(bpy)3]2� substituted
for [Co(bpy)3]2�. According to the literature,[6, 12] this band is
typical for high-spin [Co(bpy)3]2� both in its energy as well as
in its comparatively small oscillator strength of 4� 10ÿ5. On
the basis of the Tanabe ± Sugano diagram[11] for a d7 system
this band can therefore be assigned to the spin-allowed d ± d
transition 4T1!4T2. A further point to note for the later
discussion is the fact that at 18 300 cmÿ1 at 12 K the 4A2!4T2

transition of [Cr(ox)3]3ÿ is at a slightly higher energy than in
the compound with [Zn(bpy)3]2� instead of [Co(bpy)3]2�.

Figure 3 (bottom) depicts the single crystal absorption
spectra of [Co(bpy)3][LiCr(ox)3] between 9000 and
20 000 cmÿ1 and at temperatures between 12 and 300 K.
Again the bands characteristic of [Cr(ox)3]3ÿ can easily be
assigned. At 12 K the 4A2!4T2 transition at 17 500 cmÿ1 is
now at substantially lower energy than in the other two
systems, whereas the 4A2!2E transition at 14 408 cmÿ1 is at
somewhat higher energy. The most astonishing feature,
however, is the comparatively strong, temperature-dependent
and slightly asymmetric absorption band centred at
14 000 cmÿ1. This band is most intense at 12 K and decreases
in intensity as the temperature increases. At 300 K it is no
longer resolvable and just contributes to the sloping back-
ground. This band indicates that in [Co(bpy)3][LiCr(ox)3]
there is a thermal equilibrium between different electronic
states peculiar to the [Co(bpy)3]2�. Furthermore it must be
due to the low-temperature species and therefore cannot be
due to the high-spin state. From the Tanabe ± Sugano dia-
gram[11] for a d7 system, this band can be assigned to the spin-
allowed and overlapping d ± d transitions of the low-spin
species 2E!2T1

a and 2E!2T2. In addition, there is a weak,
temperature-dependent band at 18 500 cmÿ1, which can be
tentatively assigned to the second spin-allowed 2E!2T1

b

transition.

Discussion

The thermal spin transition in [Co(bpy)3][LiCr(ox)3]: Optical
spectroscopy not only supports the assumption of a thermal
spin transition based on magnetic susceptibility and crystal
structure data, as a probe at a molecular level, but it also
proves unambiguously that there is a thermal equilibrium
between two electronic states of [Co(bpy)3]2� in [Co(bpy)3]-
[LiCr(ox)3]. From the magnetic susceptibility data shown in
Figure 2, the fraction of [Co(bpy)3]2� complexes in the high-
spin state, gHS, as a function of temperature can be calculated
from Equation (1), where cobs is the magnetic susceptibility

gHS�
cobs ÿ cLS ÿ cCr3�

cHS ÿ cLS ÿ cCr3�
(1)

observed for [Co(bpy)3][LiCr(ox)3] as a function of temper-
ature, cHS is the magnetic susceptibility of the high-spin state,
the temperature dependence of which can be taken from the
magnetic susceptibility of the high-spin system [Co(bpy)3]-
[NaCr(ox)3]. By assuming that in [Co(bpy)3][LiCr(ox)3] at
10 K all the [Co(bpy)3]2� complexes are in the low-spin state,
the magnetic susceptibility of the low-spin state, cLS, can be
taken from the low-temperature value for this compound,
and, finally, for cCr3� , the spin-only value observed exper-
imentally for [Zn(bpy)3][LiCr(ox)3] can be used. The resulting
thermal transition curve is shown in Figure 4. It has the same
sigmoidal shape as the cT curve of [Co(bpy)3][LiCr(ox)3]
itself. At 300 K the high-spin fraction gHS� 0.75. The above
analysis neglects possible interactions between the
[Co(bpy)3]2� and [Cr(ox)3]3ÿ entities. However, on the basis
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Figure 4. Spin-transition curves of [Co(bpy)3][LiCr(ox)3] as determined
from magnetic susceptibility (*), optical spectroscopy (^), and least-
squares fitting of the spin equilibrium according to Equation (3) to the
experimental points (solid line).

of the observation of energy-transfer properties of the related
system containing [Cr(bpy)3]3� instead of [Co(bpy)3]2�, host ±
guest interactions by superexchange through p overlap of the
respective ligand systems have been estimated to be less than
0.1 cmÿ1.[13]

A transition curve can also be constructed from the
temperature-dependent optical spectra. By assuming that in
the noncentrosymmetric complexes the temperature depend-
ence of the oscillator strengths of the spin-allowed d ± d
transitions is negligible, the high-spin fraction is given by
Equation (2), where I(T) is the experimental integrated

gHS�
ILS ÿ I�T�
ILS ÿ IHS

(2)

intensity over the spectral range covering the optical tran-
sitions of interest, and ILS and IHS are the integrated intensities
of the system fully in the low-spin and fully in the high-spin
states, respectively. ILS is known from the low-temperature
spectrum, but unfortunately IHS is not known. In principle, it
could be taken from the [Co(bpy)3][NaCr(ox)3] spectrum, but
because of i) the inherent problem of sloping base lines in
single crystal spectra and ii) the fact that there is a substantial
shift in the 4A!4T2 transition of [Cr(ox)3]3ÿ this would not be
very accurate. With the quite accurate estimate of gHS at 300 K
of 0.75 from magnetic susceptibility measurements, it is more
sensible to treat the factor (ILSÿ IHS)ÿ1 as a proportionality
constant and to scale gHS to the above value of 0.75 at 300 K.
The resulting transition curve, included in Figure 4, is in good
agreement with the one from the magnetic susceptibility
measurements.

In [Co(bpy)3][LiCr(ox)3] the spin transition is gradual.
There are no indications of any strong cooperative effects,[14]

nor are there complications from crystallographic phase
transitions. However, fitting the thermal transition curve by
taking into account just the electronic splittings of the 2E and
the 4T1 states in the trigonal ligand field is not adequate, as the

vibrational contribution to the entropy change is expected to
be quite large.[14] In this case, the simplest thermodynamic
approach to the LS>HS equilibrium is given in Equation (3).

gHS� (1�eDH 0
HLÿTDS0

HL�=kBT�ÿ1 (3)

A least-squares fit to the experimental transition curve
derived from the magnetic susceptibility measurements yields
values for the thermodynamic parameters of 227(5) cmÿ1

(2.72 kJ molÿ1) and 1.41(3) cmÿ1 Kÿ1 (16.9 J molÿ1 Kÿ1) for
DH0

HL and DS0
HL, respectively. Whereas the value for DH0

HL

is in good agreement with the one reported by Tiwary and
Vasudevan[4] for [Co(bpy)3]2� incorporated into zeolite-Y, the
value for DS0

HL is substantially larger. It is, however, within the
range reported by Zarembowitch[15] for several cobalt(ii) spin-
crossover systems. But as expected, DS0

HL is still much smaller
than the corresponding typical values in the range from 5 to
10 cmÿ1 Kÿ1 for iron(ii) spin-crossover systems.[14] This is due
to the smaller ratios of both electronic and vibrational
degeneracies between the two states for cobalt(ii) spin-
crossover systems. It should be noted that both DH0

HL and
DS0

HL are not strictly temperature independent because of the
splitting of the 4T1 state under the combined effects of spin ±
orbit coupling and a small trigonal component to the ligand
field. The values given here should be regarded as valid at the
transition temperature T1/2 of 161 K [Eq. (4)], which is
defined as the temperature for which gHS� 0.5.

T1/2�DH0
HL/DS0

HL (4)

As mentioned above, there are no direct indications of any
cooperative effects driving the spin transition in the present
system. Small effects could, however, be responsible for the
apparently larger value of DS0

HL as compared with the one
reported by Tiwary and Vasudevan.[4] On the other hand, the
smaller value found by these authors could be an artefact due
to an inhomogeneous distribution of the zero-point energy
difference between the two electronic states in the zeolite
cavity.

Geometric changes : The average CoÿN bond length of the
high-spin compound [Co(bpy)3][NaCr(ox)3] of 2.123 � is
almost identical to the one observed for other compounds
containing the [Co(bpy)3]2� moiety. In [Co(bpy)3]Cl2 ´ 2 H2O ´
EtOH, for instance, it is 2.128 �.[8] Similarly, the average
values of the bite and the twist angle for this compound of
76.58 and 44.98 (calculated from the structure parameters
given in ref. [8]), respectively, are only slightly smaller than
the values of 77.48 and 47.78 of [Co(bpy)3][NaCr(ox)3].

The difference in CoÿN bond lengths between the high-spin
and the low-spin state, DrHL, of the spin-crossover system
[Co(bpy)3][LiCr(ox)3] follows directly from the crystallo-
graphic data. At 293 K, the average CoÿN bond lengths are
2.095 �, and at 10 K they are 2.014 �. The former value
corresponds to gHS� 0, the latter to gHS� 0.73. From this, a
value for DrHL of 0.110 � can be derived. Thus, the CoÿN
bond length for the high-spin state is extrapolated to 2.124 �,
which is exactly equal to the one determined for the high-spin
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system [Co(bpy)3][NaCr(ox)3]. The above value of DrHL is
also identical to the 0.11 � reported as the average value for
the difference in CoÿN bond lengths for the spin-crossover
complex [Co(terpy)2]2� (terpy� terpyridine).[16] The key dif-
ference between this complex and the [Co(bpy)3][LiCr(ox)3]
system is that for the former the value of DrHL� 0.11 � is
made up of the differences in CoÿNcentral of 0.21 � and the
differences in CoÿNdistal of 0.06 �, whereas in the latter all six
bond lengths change by almost equal amounts. Of course, the
bite and twist angles of the [Co(bpy)3]2� moiety have to
respond to the large difference in CoÿN bond lengths. Thus
already at 293 K both angles are slightly larger than in the
corresponding high-spin system [Co(bpy)3][NaCr(ox)3], and
as the [Co(bpy)3]2� complex crosses to the low-spin state,
there is a further increase towards a less trigonally distorted
coordination. In fact, the [Co(bpy)3]2� complex in this system
is by far the most symmetric cobalt(ii) spin-crossover complex
found to date. Most other cobalt(ii) spin-crossover complexes
already have a very asymmetric coordination sphere to begin
with, such as the class of complexes with Schiff bases derived
from 3-formylsalicylic acid with [CoN4O2] coordination,[15]

and consequently, it is not surprising that the changes in bond
length accompanying the spin transition are not all equal. In
addition, in such systems the Jahn ± Teller effect in the 2E state
helps to drive the static distortion along a normal coordinate
that is not totally symmetric.

Ligand-field strengths : The determination of ligand-field
strengths from the optical spectra is not straightforward, as
none of the observed transitions corresponds directly to 10Dq.
Furthermore, the number of observed transitions is not
sufficient for a determination of the Racah parameters B
and C and the ligand-field strength 10Dq for both the high-
spin and the low-spin complexes on the basis of these spectra
alone. For the low-spin species in [Co(bpy)3][LiCr(ox)3] with
two bands assigned, it should, however, be possible to
estimate B and 10Dq by setting C� 4B.[17] According to the
Tanabe ± Sugano diagram for a d7 system,[11] the energy
difference between the two close lying excited states 2T1

a

and 2T2, and the next higher excited state 2T1
b (E(2T1

b)ÿ
E(2T1

a, 2T2) is about 8B and is independent of the ligand-field
strength in the strong-field limit, because these three states all
arise from the same strong-field configuration (t2g

5eg
2). With

the experimental values of the 2E!2T1
a, 2T2 and 2E!2T1

b

transitions discussed above (see Optical spectroscopy),
E(2T1

b)ÿE(2T1
a, 2T2)� 4500 cmÿ1, from which a value for B

of �565 cmÿ1 can be estimated. In the low-spin complex, B is
thus reduced from its free-ion value of 1115 cmÿ1[17] by an
orbital reduction factor of 0.5. With this value of B, the
experimental energy difference between the two close lying
excited states 2T1

a and 2T2, and the 2E ground state can be
expressed in units of B as E(2T1

a, 2T2)ÿE(2E) to give a value
of 14 000 cmÿ1 or 25B. Again, according to the Tanabe ± Su-
gano diagram, this results in a ligand-field strength for the
low-spin complex of 10DqLS� 27B or 15 300 cmÿ1.

Unfortunately, in the spin-crossover system [Co(bpy)3][Li-
Cr(ox)3] no absorption bands of the high-spin state could be
resolved, because of the spectral overlap between the com-
paratively weak spin-allowed, high-spin band and the more

intense low-spin band. However, the one absorption band
observed for the high-spin system [Co(bpy)3][NaCr(ox)3] at
11 400 cmÿ1 may also be considered typical for the energy of
the 4T1!4T2 transition of the spin-crossover system. This
energy is identical to that of this transition as observed by
Palmer and Piper for [Co(bpy)3]2� in solution.[12] In solution,
with no interference from other chromophores, these authors
were able to assign a series of bands and to perform a ligand-
field analysis, which resulted in values of B� 790 cmÿ1, an
orbital reduction factor b� 0.71, and 10DqHS� 12 700 cmÿ1.
These values can confidently be transferred to high-spin
[Co(bpy)3]2� in the oxalate networks.

The orbital reduction factor b and thus B vary quite
substantially between the two spin states. The value of b for
the low-spin state is smaller than the one for the high-spin
state. This is not unexpected, as the delocalisation of the d
electrons towards ligand orbitals is more pronounced for the
low-spin state with its smaller metal ± ligand bond lengths.

The values of the ligand-field strengths of the high-spin and
the low-spin species, 10DqHS� 12 700 cmÿ1 and 10DqLS�
15 300 cmÿ1, respectively, can be checked for internal consis-
tency on the basis of the metal ± ligand bond length depend-
ence of 10Dq on rÿn, with n� 5 ± 6. With metal ± ligand bond
lengths of 2.022 and 2.125 � for the low-spin and the high-spin
state, respectively, the expected ratio is �1.3. This compares
reasonably well with the ratio of 1.2 as estimated with the
above values of the respective ligand-field strengths. Further-
more, according to the Tanabe ± Sugano diagram, the critical
ligand-field strength, 10Dqcrit, where the ligand-field stabili-
sation is equal to the spin-pairing energy p, is at 21.5B. In a
configurational coordinate diagram for a given complex this
point corresponds to the crossing point of the diabatic
potentials of the high-spin and the low-spin state. For a spin-
crossover compound this point has to be approximately
halfway between the two potential minima. Thus by taking B
at this nuclear configuration to be the mean of the above
values for the high-spin and the low-spin state, respectively, a
value for 10Dqcrit of 14 400 cmÿ1 can be estimated, which is in
between the values of 10DqLS and 10DqHS.

In their report, Tiwary and Vasudevan[4] stress the impor-
tance of the influence of the zeolite matrix on the trigonal
component of the ligand field as the actual force that drives
[Co(bpy)3]2� into becoming a spin-crossover complex. We find
no indication to support this assertion. In [Co(bpy)3][Li-
Cr(ox)3], the [Co(bpy)3]2� complexes actually retain their high
molecular symmetry. The difference in twist and bite angles
between the two states is not very large, but as for the spin-
crossover systems of iron(ii) and iron(iii), it is the change in
metal ± ligand bond length that is the most striking structural
feature. Thus, the reaction coordinate for the spin transition is
dominated by the totally symmetric breathing mode of the
complex, and the trigonal twist and bite angles just react to
satisfy the geometric restraints imposed by the bidentate
nature of the bipyridine ligands. It is also true that the trigonal
component of the ligand field is quite small in the oxalate
networks, as demonstrated by the rather large values of cT of
the high-spin compound. The trigonal splitting of the 4T1 state
in the [Co(bpy)3][NaAl(ox)3] derivative is 350 cmÿ1, with the
4A2 component below the 4E component.[18] Both the magni-
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tude and the sign of this splitting are comparable with other
tris-bipyridine complexes in the solid state with C3 site
symmetry, such as [Cr(bpy)3]3�,[19] and is in line with the
report on [Co(bpy)3]2� by Palmer and Piper.[12]

Finally, the shifts in the absorption bands of [Cr(ox)3]3ÿ

upon substitution of Na� by Li� in [Co(bpy)3][NaCr(ox)3]
need to be discussed briefly. With Li�, the cavity for the tris-
bipyridyl complex is slightly too small for [Co(bpy)3]2�. This is
the actual driving force for making this complex a spin-
crossover complex in [Co(bpy)3][LiCr(ox)3]. On the other
hand, the tris-bipyridyl complex deforms the cavity to some
extent. Thus, the two nonequivalent LiÿO bond lengths differ
quite substantially, and in [Co(bpy)3][LiCr(ox)3] the CrÿO
bond lengths are elongated by 0.014 � with respect to those in
[Co(bpy)3][NaCr(ox)3]. With the rÿn dependence of the
ligand-field strength, the shift of the 4A2!4T2 band from
18 300 to 17 500 cmÿ1 corresponds exactly to the decrease in
10Dq due to this elongation. At the same time, there is a slight
increase in the orbital reduction factor associated with the
larger metal ± ligand bond lengths. As a result, a small shift of
21 cmÿ1 to higher energy is observed for the ligand-field
strength independent spin-flip 4A2!2E transition.

Conclusion

We have demonstrated the phenomenon of a thermal spin
transition for the [Co(bpy)3]2� complex in [Co(bpy)3][Li-
Cr(ox)3]. A coherent and internally consistent picture taking
into account structural data, magnetic susceptibility measure-
ments and optical absorption spectra has been developed,
which shows how host ± guest interactions influence the
electronic energies of each other.

As mentioned above, in principle the 2E state is subject to
the Jahn ± Teller effect. Whereas in less symmetric systems
this results in strong tetragonal distortions, the [Co(bpy)3]2�

complex in [Co(bpy)3][LiCr(ox)3] retains its C3 site symmetry
even in the low-spin state. This does not necessarily mean that
the Jahn ± Teller effect is not active. The rather tight fit of the
[Co(bpy)3]2� complexes in the oxalate network just prevents a
static, and thus cooperative, distortion. Unfortunately, with
the [Cr(ox)3]3ÿ present in high concentrations, spin ± spin
relaxation prevents the recording of meaningful EPR spectra
in [Co(bpy)3][LiCr(ox)3] in order to check for a dynamic
Jahn ± Teller effect.

In an astonishing number of cobalt(ii) spin-crossover
compounds cooperative effects lead to quite large thermal
hysteresis behaviour. This is in all probability due to the
anisotropic change in the actual shape of the complexes
themselves, and leads to strong nearest neighbour interac-
tions[20] and cooperative Jahn ± Teller distortions.[15] In con-
trast, in the high symmetry compound [Co(bpy)3][LiCr(ox)3],
cooperative effects are restricted to the long-range contribu-
tion in the form of an image pressure.[21] Such long-range
interactions are directly related to the difference in volumes
between the high-spin and the low-spin states. As both the
difference in bond lengths as well as the difference in volumes
are smaller in cobalt(ii) when compared with iron(ii) spin-
crossover complexes, the long-range contribution for the

former is expected to be small, and indeed in [Co(bpy)3][Li-
Cr(ox)3] the spin transition is gradual without any indications
of large cooperative effects. It would, nevertheless, be
interesting to follow up on this aspect by studying a metal
dilution series of the form [M1ÿxCox(bpy)3][LiCr(ox)3], where
M is an innocent metal ion such as zinc(ii) or iron(ii). Since the
influence of substituting Na� by Li� has been ascribed to an
increasing internal pressure, it would also be interesting to
study the effects of an external pressure on both [Co(bpy)3]-
[LiCr(ox)3] and [Co(bpy)3][NaCr(ox)3]. These cubic com-
pounds are particularly suited to pressure studies under
hydrostatic pressure, and a comparatively small external
pressure might be sufficient to push the high-spin system
[Co(bpy)3][NaCr(ox)3] into becoming a spin-crossover sys-
tem.

Experimental Section

Sample preparation : Samples in the form of polycrystalline powders were
prepared by adapting the procedures previously described. Single crystals
in the form of perfect tetrahedra with edges of up to 0.4 mm were grown by
slow diffusion in a silicate gel.[22]

X-ray diffraction studies: The relevant structure determination parameters
are given in Table 1. Single-crystal data for [Zn(bpy)3][NaCr(ox)3] at 293 K
and for [Ru(bpy)3][LiCr(ox)3] at 100 K were collected on a Siemens Smart-
CCD diffractometer and for [Co(bpy)3][NaCr(ox)3] and [Co(bpy)3][Li-
Cr(ox)3] at 293 K on a Stoe Image Plate Diffraction System with graphite-
monochromated MoKa radiation (l� 0.71073 �). The 10 K data for
[Co(bpy)3][LiCr(ox)3] were collected on an Fddd diffractometer,[23] which
consists of an APD 202 Displex cryogenic refrigerator on a Huber 512
goniometer with an offset c-circle, a Bruker Mo rotating anode generator
(l� 0.71073 �) and a fast scintillation detector. A dark red crystal was
attached to a sharpened graphite rod (0.3 mm) by means of a low-
temperature epoxy glue and was mounted on the Displex. The crystal was
cooled to and maintained at 10 K. Data were collected by using w-2q scans.
Three standard reflections were measured every 100 reflections and
showed ca. 6 % variation over the entire data collection.
The structures were solved by direct methods in the program SHELXS97[24]

and refined by full-matrix least-squares on F 2 with the program
SHELXL97.[25] The hydrogen atoms were included in calculated positions
and treated as riding atoms by means of SHELXL97 default parameters.
The final refinementsÐfor the measurements at 293 as well as at 100 K of
the four compoundsÐconverged to R1< 0.036 and wR2< 0.091 for the
observed data [I> 2s(I)]. The refinement of the structure of [Co(bpy)3]-
[LiCr(ox)3] at 10 K converged at R1� 0.068 and wR2� 0.1088 for the
observed data [I> 2s(I)]. Numerical absorption corrections were applied
in the case of [Zn(bpy)3][NaCr(ox)3], and for the structure of [Co(bpy)3]-
[LiCr(ox)3] at 10 K.
Crystallographic data (excluding structure factors) for the structures
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication nos. CCDC 118927 ±
118931. Copies of the data can be obtained free of charge on application to
CCDC, 12 Union Road, Cambridge CB1 1EZ, UK (fax: (�44) 1223-226-
033; e-mail : deposit@ccdcd.cam.ac.uk).

Magnetic susceptibility : Magnetic susceptibility measurements between 2
and 300 K were performed on a SQUID MPMS-XL (Quantum Design)
with powder samples (between 10 and 40 mg). Diamagnetic corrections
were applied by using tabulated Pascal constants.[26]

Optical spectroscopy : Single-crystal absorption spectra between 9000 and
22000 cmÿ1 were recorded on a Fourier transform spectrometer equipped
with the appropriate light sources, beam splitters and detectors (Bruker
IFS66). To this end, one cap of a perfectly tetrahedral crystal with an edge
length of �0.3 mm was polished off, in order to provide the two parallel
faces required for absorption measurements. Temperatures between 11 and
300 K were achieved with a closed-cycle cryosystem with the sample sitting
in He exchange gas (Oxford Instruments CCC 1204).
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