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A detailed analysis of the electronic structure and magnetic
properties of a heterospin network based on a Cu(hfac)2 com-
plex with a nitronyl nitroxide biradical using the broken-
symmetry density functional theory approach is reported. An
extremely complex set of exchange parameters was revealed
that cannot be obtained from the data of magnetochemical
experiments alone. The compensating contributions from
various exchange clusters show themselves in a sophisticated
combination, and would be “hidden” without an in-depth
quantum chemical investigation. For this purpose the ex-
tended network was subdivided into the dominating spin
clusters bridged by the organic biradical spacer and each
spin system was checked for a consistency of the spin coup-
lings. Fairly large positive and negative exchange couplings
in the strongly coupled clusters were found to cancel each

Introduction
Progress in studies involving stable nitroxide chemistry

has enabled the use of extended functionalized organic
paramagnetic molecules in the design of molecular magnets.
In reactions with metal ions, these radical-containing mole-
cules provoke self-assembly towards rather complex struc-
tures.[1] The resulting solids are in general saturated with
heterospin exchange clusters of various types. The energies
of exchange interactions (Ji) in different clusters may be
close in magnitude, which hinders their unambiguous as-
signment to the substructure of definite exchange clusters.
Moreover, if the interactions, Ji, of a number of exchange
clusters differ in sign, their mutual compensating contri-
butions “smooth out” the functional features in the curve
of the temperature dependence of χ or χT (or µeff). This
makes it extremely difficult for researchers to derive ex-
change parameters from magnetochemical experiments. In
fact, the accuracy of the exchange interaction parameters
and their assignment to the particular exchange clusters
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other out. Furthermore, the detailed substructure analysis re-
vealed that even in a linearly aligned spin system the next-
nearest-neighbor interactions can be of the utmost impor-
tance and of similar size to that of the direct-neighbor ex-
change. Calculated exchange interaction parameters were
employed to model the temperature dependence of the effec-
tive magnetic moment for the heterospin system under study.
The use of PBE0 estimates of exchange interaction param-
eters yielded a µeff(T) dependence that was in good agree-
ment with the experimental data, which enabled the data to
be used as a starting point in the fitting procedure leading to
the physical meaningful results.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

from the data of magnetochemical experiments alone, in the
case where more than two exchange channels turn out to
be operative, are often ambiguous and questionable.

Recently, we encountered a striking example of this situ-
ation[2] when we described the magnetic properties of a het-
erospin solid formed by metal-biradical chains, whose struc-
ture is represented in Figure 1. The experimental curve
µeff(T) for [Cu(hfac)2]7(pyacbisNN)2 (1) has very few fea-
tures. The value of µeff decreases from 6.15 to 5.68 µB as
the temperature changes from 2 to 14 K, then it slightly
increases (to 5.84 µB) when the temperature is increased fur-
ther to about 50 K, and remains practically constant (from
5.84 to 5.88 µB) up to 300 K. The low-informative depen-
dence µeff(T) does not allow us to suggest a justified scheme
of exchange interactions in the chains and hence prompted
us to perform a rigorous quantum chemical study.

This study unexpectedly revealed that the above-men-
tioned compensating contributions can present themselves
in a sophisticated combination, and that they remain absol-
utely “hidden” in the absence of a quantum chemical inves-
tigation. In this paper we present a detailed analysis of the
electronic structure and magnetic properties of the chain
compound 1 using the broken-symmetry density functional
theory (BS-DFT) approach. A physical meaningful fit of
the temperature dependence of the magnetization curve was
derived from this approach.
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Figure 1. Ball-and-stick representation of chain 1; H atoms and hfac fragments omitted for clarity. The red circles show the trimeric and
pentameric spin motifs.

Results and Discussion

Choice of the Model

As shown in Figure 1, an X-ray structure analysis[2] indi-
cated that each repeating unit in 1 carries a centrosymmet-
ric cyclic six-spin cluster (within the two red circles) and a
five-spin cluster (within the red ellipse). These repeating
units include four different environments of the copper
atoms possessing octahedral and trigonal-bipyramidal geo-
metries (Figure 2). The structural data of the coordination
units presented in Figure 2 undoubtedly show that ex-
change interactions within each cluster cannot be weak be-
cause of the close proximity of the metal and radical spins
and can still have different signs for different coordination
polyhedra.[3]

Figure 2. Different copper coordination sites inside the chain to-
gether with the coordination bond lengths in Å.

Thus the X-ray data of the structure of chain 1 show that
each repeating unit of the chain carries three clusters of
strongly coupled spins that are interconnected by phenyl-
ethynyl spacers. These are two equivalent three-spin clusters

www.eurjic.org © 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2008, 2837–28462838

within the centrosymmetric six-spin cycle and the linear
five-spin cluster, as is marked by the red lines in Figure 1.
In order to figure out the dominating exchange pathways
within 1 we followed the guidelines of the bottom-up ap-
proach that was suggested by Novoa et al.[4] We therefore
started to examine, in depth, various spin subclusters within
the coupled network and to check their consistency con-
cerning signs and sizes of the exchange coupling param-
eters. In order to analyze the interplay of exchange interac-
tions within 1 and elucidate the role of each of the pathways
we considered a hierarchy of the model systems covering
all the possible exchange pathways within the heterospin
compound under study. Let us first examine in detail the
clusters of strongly interacting spins, and then discuss the
possible role of the exchange interaction channels through
the phenylethynyl spacers.

It should be noted that the compounds containing both
transition metal ions and nitronyl nitroxides represent a
large class of heterospin clusters possessing interesting mag-
netic properties, at the same time they correspond to the
most difficult case of quantum chemical calculations and
analysis. The systems of interest are usually too big to be
studied with elaborate post-Hartree–Fock methods, and the
use of density functional theory (DFT) based approaches
seems to be the only reasonable alternative. The latter ap-
proach nevertheless gives no universal recipe since the
choice of the functionals to be applied is always up to the
researcher and greatly depends upon the type of system
considered. The use of hybrid functionals with a high per-
centage of exact Hartree–Fock exchange admixtures is gen-
erally recommended for the transition-metal-containing
compounds,[5] and it was shown that the use of pure func-
tionals may lead to a severe overestimation of the antiferro-
magnetic exchange interactions. At the same time hybrid
functionals are not well suited to describe nitronyl nitroxide
containing compounds because of the high spin contami-
nation, which increases dramatically with the percentage of
exact Hartree–Fock exchange.[6] Thus in order to get an in-
sight into the magnetic properties of compound 1 we per-
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formed calculations using both the gradient corrected PBE
functional,[7] which was successfully applied to study ex-
change interactions in heterospin compounds,[8] and its hy-
brid version PBE0[9], which contains a 25% admixture of
the exact Hartree–Fock exchange.

Another issue that should be addressed when using DFT
methods is the treatment of open-shell states of the mag-
netic system. The most common choice is to use spin-polar-
ized DFT calculations in combination with the broken-sym-
metry approach.[10] This has been demonstrated to be a
powerful tool in the prediction and interpretation of mag-
netic properties of a large variety of magnetic systems, as
well as for revealing and tracing magneto-structural corre-
lations. At the same time the use of spin-adapted formalism
always has an advantage when operating with electronic
states, satisfying all the necessary symmetry require-
ments.[11] It was nevertheless shown that the common func-
tionals lead to very poor results when used in spin-restricted
DFT schemes such as the restricted ensemble Kohn–Sham
formalism.[12] For this reason we will only consider the
broken-symmetry (BS) approach.

The description of magnetic properties of compounds is
usually based on the well-known phenomenological Heisen-
berg–Dirac–van Vleck (HDVV) spin Hamiltonian (1) de-
scribing isotropic exchange interactions between localized
magnetic moments.

ĤHDVV = –2ΣJijŜiŜj (1)

Since the broken-symmetry treatment results in solutions
that are not the eigenstates of the Ŝ2 operator, the careful
mapping of the broken-symmetry solutions onto the eigen-
states of the spin Hamiltonian is required to extract the
values of exchange interaction parameters from the results
of the quantum chemical calculations.[13] One of the pos-
sibilities is to employ the original mapping procedure sug-
gested by Noodleman et al.[14] or its more elaborated suc-
cessor, the generalized spin projection (GSP) method devel-
oped by Yamaguchi et al.[15] Another way is to further sim-
plify the spin Hamiltonian ending up at the well-known Is-
ing model, see Equation (2), operating only with the z pro-
jection of the magnetic moments.

ĤISING = –2ΣJijŜi
zŜj

z (2)

This approach provides a straightforward way to obtain J
values since the broken-symmetry solutions appear to be
the eigenstates of the Ising spin Hamiltonian, at the same
time being equivalent to the mapping procedure suggested
by Noodleman.[13,16] While further discussing the computa-
tional results we will address both the Ising model and the
generalized spin projection mapping procedure giving cor-
responding formulae to calculate exchange interaction pa-
rameters, although it appears that for the system under
study both mapping approaches lead to very close values of
exchange interaction parameters. This fact indicates that we
are dealing with the case where the overlap of magnetic or-
bitals is small enough to be neglected during the exchange
parameter estimation. Since the difference between Ising
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and Heisenberg exchange parameter values appears to be
minor except for the case of the strong antiferromagnetic
interactions,[15] in further discussions we will give only one
set of parameters corresponding to the GSP method men-
tioning the difference in the results from these two mapping
procedures where necessary.

The exchange interactions within the three- and five-spin
clusters of the chain system 1 were traced using BS-DFT
calculations on the model exchange clusters 2 and 3 shown
in Figure 3. All the Cu···NN (NN means nitronyl nitroxide
fragment) exchange interactions in spin systems 2 and 3
were expected to be rather strong due to the direct coordi-
nation of the nitroxide groups. In both model clusters the
pyacbisNN biradical contribution between the copper cen-
ters was modeled by the NN-H radical shown in Scheme 1
and Figure 3.

Figure 3. Structure of the model three-spin 2 and five-spin 3 clus-
ters. H atoms are omitted for clarity.

Scheme 1.

It was demonstrated previously[6a] that in the case of
intermolecular exchange within pairs of NN radicals such
a simplification of the ligand does not affect the direct ex-
change interactions. Hence, in the present case we could
also expect only a negligible change in the picture of in-
tracluster exchange interactions, although we are aware of
a slightly enhanced spin density at the NO moieties com-
pared to the phenyl-substituted nitronyl nitroxide NN-Ph
because of some delocalization of spin into the phenyl ring.

It is a common practice to consider the exchange coup-
ling with the nearest neighbors only, neglecting possible in-
teractions with the next-nearest neighbors in linear systems.
Nevertheless it was recently shown[17] that in some cases
such interactions between next-nearest neighbors can play
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a very important role. Bearing this in mind we will consider
the schemes of exchange interactions in the model com-
pounds 2 and 3 shown in Scheme 2.

Scheme 2. The different exchange pathways in the subclusters 2 and
3 are considered.

On considering the structures of these three and five-spin
motifs containing two and three Cu(hfac)2 units, respec-
tively, it was thought that the ligation of several metal units
to the same NN fragment might perturb the spin density
distribution in the radical, which in turn may significantly
perturb corresponding exchange interactions. Sensitivity of
the exchange interactions to the presence of another para-
magnetic metal center coordinated to the same nitronyl ni-
troxide unit was tested using separate smaller parts of the
model clusters 2 and 3.

Three-Spin Cluster 2

Since most of the exchange clusters that we are going to
consider contain several paramagnetic centers of different
natures, we will first briefly summarize the models used to
interpret the magnetic couplings in these clusters. Then we
will outline the mapping of the corresponding spin Hamil-
tonians onto the total energy values of different spin config-
urations, which we obtain from quantum chemical calcula-
tions.

For the three-spin cluster Py–Cu(2)···NN···Cu(3) the
HDVV spin Hamiltonian (1) takes the form shown in
Equation (3).

ĤHDVV = –2J1ŜCu(2)ŜNN – 2J2ŜNNŜCu(3) – 2J3ŜCu(2)ŜCu(3) (3)

In order to access all three exchange interaction parameters
one has to construct four broken-symmetry solutions corre-
sponding to different spin distributions over the cluster. The
results of such calculations are summarized in Table 1.
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Table 1. Spin configurations, total energies (in atomic units), and
�S2� values for the set of broken-symmetry solutions used in the
evaluation of exchange coupling parameters of 2.

Spin PBE PBE0
configuration Total energy, Ei �S2�i Total energy, Ei �S2�i

1 ααα –7820.622 4144 3.7623 –7820.745 8382 3.8126
2 αβα –7820.623 3330 1.6437 –7820.745 7811 1.8052
3 ααβ –7820.623 7274 1.6457 –7820.745 9466 1.8055
4 βαα –7820.622 0057 1.7621 –7820.745 6730 1.8124

The exchange coupling parameters of the Hamiltonian
(3) were calculated from the mean energies of the BS solu-
tions listed in Table 1 by using the generalized spin projec-
tion (GSP) method[15] and the corresponding Ising spin
Hamiltonian (see below).

The motif Py–Cu(2)···NN···Cu(3) under consideration
carries three paramagnetic centers each with spin 1/2. As
can be seen from the data in Table 1, the presence of ni-
tronyl nitroxide in the cluster leads to a significant increase
of spin contamination with the inclusion of the exact
Hartree–Fock exchange. Both PBE and PBE0 calculations
give the same character of the exchange interaction chan-
nels although the magnitudes of all the interactions always
appear to be much larger with PBE (as can be seen below,
especially for the antiferromagnetic interactions J2).

The calculations show that the interaction between spins
localized on Cu(2) and NN is a rather strong ferromagnetic
interaction as is usually supposed for axially coordinated
NN radicals, with J1(PBE) = +88 cm–1 as predicted by
PBE, and J1(PBE0) = +36 cm–1. Nevertheless the same ax-
ial coordination of NN to Cu(3) leads to strong antiferro-
magnetic coupling. In this particular case the results from
two mapping procedures are different giving J2

HDVV(PBE)
= –259 cm–1, J2

ISING(PBE) = –280 cm–1 for PBE calcula-
tions, while J2

HDVV(PBE0) = J2
ISING(PBE0) = –24 cm–1 for

PBE0 calculations.
The exchange interaction J3 between the next-nearest

neighbors, namely between odd electrons localized on Cu(2)
and Cu(3), is negligible in comparison to the other two
couplings and does not affect the magnetic behavior of 2:
J3(PBE) = +1.6 cm–1, |J3(PBE0)| � 0.1 cm–1. Consequently,
this three-spin system possesses a low-spin ground state,
which favors parallel spin orientation for Cu(2) and NN,
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Figure 4. (a)–(c): Magnetic orbitals of the three-spin model cluster 2 from the high-spin PBE calculations. Orbital plots were made with
a cutoff value of φ = �0.05 a.u. (d) NN-centered magnetic orbital plotted with a cutoff value of φ = �0.01 a.u. H atoms are omitted for
clarity.

and antiparallel spin orientation for NN and Cu(3). This
quite unusual picture of exchange interactions can be ra-
tionalized considering the magnetic orbitals of the trimeric
motif. A view of the magnetic orbitals of 2 according to the
data of PBE calculations for the ααα state corresponding to
the maximum spin projection is presented in Figure 4.

Orbitals shown in Figure 4 (a and b) correspond to the
singly occupied orbitals of the Cu(2) and Cu(3) centers,
while the orbital in Figure 4 (c) is a NN-centered one. The
latter has contributions from both Cu(2)- and Cu(3)-con-
taining fragments. The character of such an admixture is
very important for both the sign and the amplitude of the
corresponding exchange interactions. As can clearly be seen
from Figure 4 (d) this NN-centered magnetic orbital is or-
thogonal to the Cu(2)-centered one giving rise to the ferro-
magnetic exchange interaction between these two paramag-
netic centers. At the same time the contribution from the
Cu(3)-containing fragment into the NN-centered magnetic
orbital appears to be nonorthogonal to the Cu(3)-centered
magnetic orbital shown in Figure 4 (a), which manifests
itself as a strong antiferromagnetic coupling of correspond-
ing spins.

The analysis presented above shows that although the
coupling to the next-nearest neighbor is negligible in this
system, from the orbital picture presented in Figure 4, one
may still expect some effect of the third magnetic center to
be present. To check it we performed similar calculations
on the isolated Py–Cu(2)···NN and NN···Cu(3) fragments
representing two exchange channels of trimeric spin motif
2. The comparison of the values obtained for these separate
smaller parts of the model cluster 2 with those from the full
three-spin system calculations shows that the presence of a
third magnetic center in 2 changes the efficiency of the
Cu···NN exchange channels, although it has no critical ef-
fect on the character of the interactions.

J1(PBE) = +56 cm–1

J2
ISING(PBE) = –370 cm–1; J2

HDVV(PBE) = –328 cm–1

J1(PBE0) = +27 cm–1; J2(PBE0) = –32 cm–1
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It can be pointed out here that both functionals give sim-
ilar trends in exchange interaction parameters when going
from bigger clusters to the smaller subunits predicting the
same character of exchange interactions. The comparison
of the absolute values derived with different functionals
shows that the known difference mainly concerns the ampli-
tude or dramatic overestimation of antiferromagnetic inter-
actions with PBE, as found here for J2 and already ex-
plained in the previous section.

Linear Five-Spin Cluster 3

A similar analysis could be performed for the linear five-
spin motif 3. In this case, taking the centrosymmetric geom-
etry of the cluster into account, the HDVV spin Hamilto-
nian takes the form shown in Equation (4).

The data on the set of spin configurations chosen to ex-
tract exchange interaction parameters for this system are
summarized in Table 2.

Table 2. Spin configurations, total energies (in atomic units), and
�S2� values for the set of broken-symmetry solutions used in the
evaluation of exchange coupling parameters of 3.

Spin PBE PBE0
configuration Total energy, Ei �S2�i Total energy, Ei �S2�i

1 ααααα –11 625.744 4176 8.7729 –11 625.913 3735 8.8690
2 ααβαα –11 625.743 4095 4.7720 –11 625.912 8121 4.8680
3 αβαβα –11 625.743 0473 2.7713 –11 625.912 6250 2.8679
4 αααββ –11 625.744 2848 2.7419 –11 625.913 1249 2.8673
5 ααααβ –11 625.744 2391 4.7726 –11 625.913 2806 4.8690

The exchange-coupling parameters for 3 from the GSP
approach are obtained as shown.
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Mapping onto the Ising spin Hamiltonian gives

Here similar trends for spin contamination and the am-
plitudes of exchange interactions are observed, and both
PBE and PBE0 calculations confirm the ferromagnetic
character of exchange interactions between neighboring
spins suggested elsewhere:[2] Ja(PBE) = +40 cm–1 and
Jb(PBE) = +111 cm–1; Ja(PBE0) = +20 cm–1 and Jb(PBE0)
= +62 cm–1. Moreover, it can be seen that the superex-
change channel between Cu(1) and Cu(4) is negligible,
Jc(PBE) = –0.3 cm–1, |Jc(PBE0)| � 0.1 cm–1; therefore Cu(1)
is only coupled to the adjacent spin of NN.

The opposite situation takes place in the central three-
spin cluster NN···Cu(4)···NN of the linear pentameric spin

Figure 5. Magnetic orbitals of linear five-spin cluster model 3 from the high-spin PBE calculations. H atoms are omitted for clarity.
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unit 3, where the exchange coupling between the next-near-
est neighbors appears to be significant, having antiferro-
magnetic character: Jd

HDVV(PBE) = –79 cm–1, Jd
ISING-

(PBE) = –81 cm–1; Jd
HDVV(PBE0) = Jd

ISING(PBE0) =
–7 cm–1. Thus the current system represents the case where
an implicit consideration of the exchange interactions with
the next-nearest neighbors is of crucial importance for the
proper interpretation of magnetic properties. Orbital struc-
tural analysis reveals that the spins of NN radicals interact
with each other by an efficient superexchange mechanism,
mediated by a back-bonding interaction to the central
metal (see Figure 5).

As a result of this interaction, despite the ferromagnetic
character of exchange interaction between neighboring spin
sites, the central NN···Cu(4)···NN three-spin cluster might
have a low-spin ground state favoring an antiparallel orien-
tation of NN spins. At this particular point PBE and PBE0
functionals predict opposite tendencies: while the gradient-
corrected PBE functional predicts a low-spin ground state
with a corresponding energy difference E(S = 1/2) – E(S =
3/2) = 2Jd + Jb = –47 cm–1, its hybrid analog PBE0 gives a
high-spin ground state with E(S = 1/2) – E(S = 3/2) = 2Jd

+ Jb = +48 cm–1. This energy splitting is highly sensitive to
the value of Jd and is the reason for the above mentioned
difference in the ground state multiplicity predicted by PBE
and PBE0 methods, although both methods give the same
character of exchange interaction channels. In total this
means that from the results of the DFT calculations we can
not judge the multiplicity of the ground state of the linear
five-spin cluster 5, and its high- and low-spin states may be
nearly degenerate.

The sensitivity of the values obtained from the presence
of the second metal center ligated to the same NN fragment
was checked using smaller isolated spin systems: Cu(1)···
NN and NN···Cu(4)···NN. These calculations yield Ja(PBE)
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= +32 cm–1, Jb(PBE) = +85 cm–1, and Jd(PBE) = –54 cm–1

using the PBE functional, and Ja(PBE0) = +16 cm–1,
Jb(PBE0) = +47 cm–1, and Jd(PBE0) = –5 cm–1 using PBE0.
These results are in very good agreement with those ob-
tained for the full five-spin linear cluster showing similar
trends to the previously discussed calculations on the sepa-
rate fragments of 2.

Thus the calculations performed on model fragments 2
and 3 revealed the main exchange channels within 1 and
allowed us to elucidate the electronic structure peculiarities
that give rise to the unusual magnetic features in the system
under study. Let us now turn to the discussion of much
weaker exchange channels that nevertheless play an impor-
tant role in the magnetic ordering within 1.

Exchange Interactions Through the Phenylethynyl Spacers

Another important peculiarity of 1, which has not been
addressed so far, is the presence of the pyacbisNN biradical
that acts not only as a chemical “bridging unit” but also as
a magnetic one linking the clusters of strongly interacting
spins into the sophisticated network. Exchange interactions
through phenylethynyl spacers are much weaker in energy
than the pathways within the trimeric and pentameric clus-
ters considered above, but they are of crucial importance
for the magnetic properties of the chain system 1 as they
provide the coupling mechanism between the total spins of
strongly interacting spin units.

The intramolecular exchange interaction in pyacbisNN
biradical 4 is very important for the spin ordering in 1 since
it governs the relative orientation of the total spins of tri-
meric 2 and pentameric 3 clusters. This is supposed to be a
weak ferromagnetic interaction,[18] although no estimations
based on DFT calculations have previously been done for
4. The use of X-ray data on the structure of the pyacbisNN
fragment within chain 1 gives Jbir(PBE) = +0.2 cm–1 and
Jbir(PBE0) = +1.7 cm–1, which is in good qualitative agree-
ment with the data from the EPR spectroscopic experi-
ments.[18]

The total spin of a cyclic six-spin cluster composed of
two trimeric spin motifs 2 is governed by weak exchange
interactions between Cu(2) and the pyacbisNN biradical
coordinated by the pyridine nitrogen. Consideration of clus-
ter 5 as shown in Figure 6 allows us to clarify the character
of this interaction. In model cluster 5 we included only the
Cu(2)···NN part of the trimeric spin system 2 that allows
us to reduce the number of unpaired spins in the model
cluster 5 providing nevertheless a reasonable estimate of op-
erating exchange interactions.

Within the model four-spin-containing fragment 5 the
exchange interaction pathways were considered as depicted
in Scheme 3.

Because of the simplification mentioned above, the esti-
mate of exchange parameter J1 should be close to the value
obtained for the Py–Cu(2)···NN isolated fragment. The
HDVV spin Hamiltonian of the four-spin cluster 5 could
be written as shown in Equation (5).
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Figure 6. The structure of model clusters 4 and 5. H atoms are
omitted for clarity.

Scheme 3.

ĤHDVV = –2JbirŜ1Ŝ2 – 2JtpŜ1Ŝ3 – 2JttŜ2Ŝ3 – 2J1Ŝ3Ŝ4 (5)

where the numbering of the spin centers is shown in the
scheme of exchange interactions. Here Jtt denotes the ex-
change interaction parameter from the phenylethynyl
spacer connecting two three-spin units, while Jtp stands for
the exchange interaction parameter from the spacer linking
trimeric and pentameric spin units. The data on the set of
spin configurations chosen to extract exchange interaction
parameters for this system are given in Table 3.

Table 3. Spin configurations, total energies (in atomic units), and
�S2� values for the set of broken-symmetry solutions used in the
evaluation of exchange coupling parameters of 5. The numbering
of the spin centers is the same as that used in the scheme of ex-
change interactions.

Spin PBE PBE0
configuration Total energy, Ei �S2�i Total energy, Ei �S2�i

1 αααα –5979.224 4419 6.0430 –5979.484 1628 6.2365
2 αααβ –5979.224 1983 3.0384 –5979.484 0410 3.2362
3 ααβα –5979.224 1946 3.0382 –5979.484 0227 3.2348
4 αβαα –5979.224 4397 3.0428 –5979.484 1460 3.2349
5 βααα –5979.224 4394 3.0428 –5979.484 1467 3.2350
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The following sets of equations were used to extract the

exchange interaction parameters for 5 according to the GSP
mapping procedure

and according to the Ising model

As was expected, the values of J1(PBE) = +54 cm–1 and
J1(PBE0) = +27 cm–1 derived from the calculations on 5
using the PBE and PBE0 functionals, respectively, are in
excellent agreement with those obtained for the Py–Cu(2)···
NN isolated cluster. The values of exchange interactions
through phenylethynyl spacers are Jtt(PBE) = Jtp(PBE) =
+0.4 cm–1, Jtt(PBE0) = +2.1 cm–1, Jtp(PBE0) = +1.9 cm–1,
and the estimate for the intramolecular interaction within
the biradical is Jbir(PBE) = +0.1 cm–1, Jbir(PBE0) =
+1.6 cm–1.

As mentioned above, the weak exchange interactions of
Cu(2) and biradical 4 in the four-spin cluster 5 are responsi-
ble for the relative orientation of the total spins of the tri-

Figure 7. Scheme of exchange interactions in 1. The channels shown in red are ferromagnetic, while the blue ones are antiferromagnetic.
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meric motifs in the cyclic six-spin cluster. On the other
hand, intramolecular exchange interactions within biradical
4 are important for spin ordering in 1 since they govern the
relative orientation of the total spins of adjacent trimeric 2
and pentameric 3 clusters. The data obtained demonstrate
that spin ordering within the biradical and between the bi-
radical and Cu(2) is ferromagnetic. However, these interac-
tion pathways will only be effective at low temperatures.

Temperature Dependence of the Effective Magnetic
Moment

The quantum chemical analysis discussed above provides
us with an explicit magnetic structure of 1 together with
estimates of corresponding exchange interaction param-
eters. The revealed sophisticated exchange interaction net-
work inherent in the nature of 1 is summarized in Figure 7.
Having this information on hand we can finally turn to the
discussion of the temperature dependence of the effective
magnetic moment.

The exact solution of such a complicated infinite spin
arrangement is out of the scope of the present work, but
the revealed hierarchy of the exchange interaction channels
allows a simplified model to be employed. Since both PBE
and PBE0 calculations demonstrate that all the exchange
channels through phenylethynyl spacers are much less effec-
tive then those within the three-spin cluster 2 and linear
five-spin cluster 3, it appears reasonable to model the re-
peating unit of 1 by the combination of noninteracting five-
spin and two three-spin fragments. The energy levels for
spin multiplets En can be obtained by solving the corre-
sponding spin Hamiltonian which is a linear combination
of Equations (3) and (4). The temperature-dependent effec-
tive magnetic moment µeff(T) is evaluated as shown. The
resulting calculated temperature dependencies using the ex-
change parameters from PBE and PBE0 calculations (sum-
marized in Table 4), as well as the experimental µeff(T)
curve are shown in Figure 8.
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Table 4. Estimates of exchange interaction parameters J [cm–1] of
the spin network 1 from PBE and PBE0 calculations. Parameters
shown in bold were used in modeling the temperature dependence
of the effective magnetic moment of 1. The values obtained from
experimental curve fitting are given in the last column for compari-
son.

PBE PBE0 Fit

J1 +88 +36 +8
J2 –259 –24 –17
J3 1.6 �0.1
Ja +40 +20 +9
Jb +111 +62 +15
Jc –0.3 �0.1
Jd –79 –7 –3
Jbir +0.1 +1.6
Jtt +0.4 +2.1
Jtp +0.4 +1.9

Figure 8. Calculated temperature dependence of the effective mag-
netic moment of the polymer compound 1 using exchange interac-
tion parameters from PBE (dashed line) and PBE0 (dotted line)
calculations as compared with the experimental µeff(T) curve[2] (o).
Solid line shows the best fit with the parameters as described in the
text.

The µeff(T) dependence calculated using PBE estimates
of exchange interaction parameters appears to differ from
the experimental curve, especially in the low-temperature
region. The experimental temperature dependence shows a
pronounced minimum at about 14 K with a subsequent in-
crease in the magnetic moment when lowering the tempera-
ture down to 2 K. The calculated temperature dependence
is on the contrary monotonic downward with temperature.
The above mentioned low-spin ground state of the
NN···Cu(4)···NN cluster predicted by PBE manifests itself
at the low temperature limit of the calculated µeff(T) curve,
while the slow increase of the calculated effective moment
at high temperatures is predefined by the strong antiferro-
magnetic exchange channel J2 in the three-spin cluster 2.

The use of PBE0 estimates for the exchange interaction
parameters, which are much more moderate then their PBE
analogs, provides us with a curve that is in much better
agreement with the experimental data; reproducing the low-
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temperature behavior together with a minimum at about
14 K. Overall the calculated high temperature dependence
differs in character from that of the experimental curve,
demonstrating some overestimation of the ferromagnetic
components in the PBE0 calculation. At the same time vari-
ation of the exchange interaction parameters in reasonable
limits enables a good reproduction of the experimental
µeff(T) dependence for the whole temperature range. The
resulting set of exchange interaction parameters is given in
the last column of Table 4.

It should be emphasized that knowledge of the character
and amplitude of the main exchange interaction channels is
a prerequisite for such a modeling of the experimental data.
Otherwise the abundance of interaction channels allows one
to generate a horde of “best fitting” parameter sets and
thus reproduce the observed µeff(T) dependence with no
physical meaning. In the case of complicated heterospin
compounds like the one discussed in this paper the quan-
tum chemical calculations based on X-ray structural data
serve as a unique approach that provides us with an insight
into the magnetic structure of the compound.

Conclusions

The quantum chemical analysis that was performed al-
lowed us to reconstruct the complicated picture of exchange
pathways in 1. A family of “hidden” interactions in the sys-
tem of exchange parameters was revealed that could not be
accessed from the data on magnetostatic experiments or
from the qualitative analysis based on the X-ray structural
data. It was shown that within the chain compound 1 it is
possible to figure out a set of clusters of strongly interacting
spins that are linked in a weak ferromagnetic manner by
phenylethynyl spacers. The crucial role of the coupling be-
tween next-nearest neighbors in linear spin clusters on the
total magnetic ordering was demonstrated.

With the calculated exchange interaction parameters a
modeling of the experimental curve was performed, demon-
strating that already for the PBE0 results quite a good simi-
larity was obtained. Using these values as a starting point
a fit was done enabling an even closer approximation of the
µeff(T) but unlike for other curve fitting procedures a full
understanding of the physical meaning is provided. The
current approach thus opens the way to an in depth under-
standing of the magnetic properties of such inorganic–
organic hybrid clusters.

Calculational Details
The calculations were performed using a DFT approach with the
Gaussian-98 program.[19] In all the calculations the Wachters+f =
(14s 11p 6d 3f)/[8s 6p 4d 1f] all-electron basis set was utilized for
copper,[20,21] while the 6-31G(d) basis set was employed for all other
atoms.[22] The exchange correlation was treated with the generalized
gradient approximation after Perdew–Burke–Ernzerhof (PBE),[7]

and using the parameter-free hybrid version PBE0 as suggested by
Barone et al.[9] The generalized spin projection method was used
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to determine the exchange interaction parameters as suggested by
Yamaguchi et al.[15]

The geometries of fragments considered were taken from the X-ray
diffraction determinations of chain 1[2] without further optimiza-
tion.
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