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Clear evidence of electron delocalization: synthesis, structure, magnetism,
EPR and DFT calculation of the asymmetric hexanickel string complex
containing a single mixed-valence (Ni2)3+ unit†‡
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This paper describes the physical properties of the (Ni2)3+ mixed-valence unit that is an excellent
conductivity-enhanced tool for metal string complexes.

Metal string complexes that contain a 1D linear transition metal
backbone are considered to be potential molecular electronic
devices.1 The general expectation is to transport an electron
through the continua of metal wire-like frameworks that are
similar to the electric wires in our macroscopic world. Thus, these
metal string complexes could be essential units to the assembly of
any type of nano-electronic devices. Because of this potentially
useful property, a series of metal string complexes have been
synthesized and studied in our group and others.2 In order to
test the qualitative electron-transfer (ET) efficiency of tri- and
penta-nuclear metal strings, the scanning tunneling microscopy
(STM)3 methodology had been carried out previously by Chen
et al.4 The STM measurements show that the conductivity is
dependent on the extent of electronic delocalization along the
metal string. That is, the metal strings with stronger metal–
metal interaction,5 exhibit better conductivity.4 Among these
compounds, polynickel string complexes have the weakest metal–
metal interaction and are less conductive than their cobalt and
chromium analogues4, however, because of the easier synthetic
method and high yield of polynickel string complexes, they
are still among the most important materials in this field. In
order to improve the conductivity of polynickel string complexes,
we attempted to insert the mixed-valence (Ni2)3+ unit into the
linear pentanickel framework.6,7 The resulting mixed-valence
pentanickel string complex, [Ni5(bna)4(NCS)2](NCS)2 (bna =
bisnaphthyridylamide), shows about 40% enhancement of the
conductivity in comparison with that of typical [Ni5]10+ complex,
[Ni5(tpda)4(NCS)2] (tpda = tripyridyldiamide), which may be due
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to the great electron mobility within the (Ni2)3+.7 Although the
(Ni2)3+ unit has been proven to be a practical tool to enhance
conductivity, up to now, its physical properties remained unclear.
The reason for this can be attributed to the fact that there
are two (Ni2)3+ units with a strong electronic coupling within
the pentanickel framework.7 In our previous report, the mixed-
valence (Ni2)3+ unit was tentatively assigned as a Robin–Day
class II compound (partly delocalized).7,8 However, because of the
importance of the (Ni2)3+ unit, its fundamental physical properties
are still worth extensive study. In this work, we report the synthesis,
X-ray structure, magnetic properties and DFT calculations of
(4,0)[Ni6(napany)4Cl](BF4)2 (1), that is supported by the anion
of new asymmetric 2-(naphthyridylamino)-7-phenylamino-1,8-
naphthyridine (H2napany) ligand. Compound 1 contains only one
mixed-valence (Ni2)3+ unit, which directly shows its important
physical properties.

The H2napany ligand (Scheme 1) was prepared by the reaction
of 2,7-dichloro-1,8-naphthyridine,9 2-amino-1,8-naphthyridine7

and aniline with a palladium catalyst. Treatment of H2napany
with NiCl2 in the presence of t-BuOK, followed by excess of
NaBF4, generated compound 1. The crystal structure of 1 is
shown in Fig. 1. The core structure of 1 reveals a (Ni6)11+ core
helically wrapped by four napany2- ligands. The napany2- ligands
adopt a (4,0) arrangement with all anilino N ions coordinated
to the Ni(6) ion exhibiting approximated C4 symmetry.17a,18f The
Ni(1) ion is square pyramidal coordinated with a longer averaged
Ni(1)–N distance (2.136 Å), which is consistent with a high spin
(S = 1) Ni(II) environment.9 The Ni(3), Ni(4), Ni(5) and Ni(6)
ions, on the contrary, are low spin (S = 0) Ni ions because
of their square planar geometries and shorter Ni–N distances
(~1.90 Å).10 Based on our previous study, the Ni(2) ion can be
assigned as a Ni(I) (S = 1/2) ion.7 The slightly longer Ni(2)–N
distance (2.032 Å) is due to the presence of one unpaired electron
to be accommodated in molecular orbitals (MOs) with Ni–N
antibonding character.7 Compared with the general outermost

Scheme 1
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Fig. 1 ORTEP view of the molecular structure of the
(4,0)[Ni6(napany)4Cl](BF4)2 (1) (50% probability). Selected bond distances
(averaged): Ni(1)–Cl 2.388(2), Ni(1)–Ni(2) 2.3340(16), Ni(2)–Ni(3)
2.3368(15), Ni(3)–Ni(4) 2.3165(15), Ni(4)–Ni(5) 2.3089(15), Ni(5)–Ni(6)
2.3525(15), Ni(1)–N 2.136(7), Ni(2)–N 2.032(7), Ni(3)–N 1.897(7),
Ni(4)–N 1.911(7), Ni(5)–N 1.903(7), Ni(6)–N 1.912(7) Å.

Ni–Ni bond length (~ 2.40 Å) of polynickel string compounds,9

the relatively short terminal Ni(1)–Ni(2) distance (2.33 Å) of 1
results from the formation of a Ni(1)–Ni(2) s-bond.7

The cmT value (cm3 K mol-1) of 1 is ca. 1.65 at 300 K
(Fig. 2), which is approaching the value for S = 3/2 (ca. 1.88).
In general, a strong antiferromagnetic interaction of 1 between
the unpaired electrons that occupy the dx2-y2 orbitals of Ni(1) and
Ni(2) ions should be expected, which result from the through-
space delocalization of the spin density.11 This curve, however,
is nearly constant, which indicates that the ground state of 1
is S = 3/2 with no contribution from the thermally-populated
S = 1/2 state. The S = 3/2 ground state is considered to accompany
the electron delocalization that arises from the so-called spin-
dependent delocalization or double exchange mechanism.12 This
term suggests that the ground state of the mixed-valence complexes

Fig. 2 Plot of cmT (�) versus T of complex 1. Inset: powder X-band EPR
spectrum of 1 at 4 K.

depends not only on the exchange coupling constant J but also
on the transfer integral b. When |b/J| increases, the ground
state strongly favors the highest spin-state and the transferable
electron can move from one site to the other without a spin
flip.12 The powder EPR spectrum of 1 at 4.2 K is shown in
Fig. 2 (inset). It exhibits two resonances centered at g^ = 4.47
and g‖ = 2.17. This spectrum is a typical signal of an S = 3/2
ground state with large zero-field splitting, which corroborates the
susceptibility measurement of 1.13 Based on the crystal structure
of 1, the coordinated environments of Ni(1) and Ni(2) ions are
not symmetrical, thus excluding 1 from Robin–Day class III
compound classification (fully delocalized). The three unpaired
electrons of the mixed-valence (Ni2)3+ unit of 1 can be qualitatively
assigned to be partly delocalized (class II), which is similar to
that of our previous report.7,8,14 The class II compound 1 has, in
principle, an intermediate behaviour which leads to a temperature-
dependent delocalization.14 The magnetic susceptibility measure-
ment and EPR spectrum in this study clearly show that to activate
the delocalization of these three electrons, only minimal thermal
energy is required (~ 4 K). Compound 1 may therefore be assigned
as a borderline class III compound.

The DFT/B3LYP calculations were carried out on 1 with the
GAUSSIAN03 software package.15 For the sake of simplicity, the
phenyl ring of the ligand napany2- is replaced by a methyl group.
The geometry of 1 was optimized in the idealized C4 symmetry
in high-spin (S = 3/2) and low-spin (S = 1/2) states (Fig. 3,
upper). Because the description of the low-spin state cannot be
handled within conventional DFT, we approximate this state by
performing the broken symmetry (BS) formalism.16 The computed
bond distances of S = 3/2 state are in good agreement with the
experimental data, especially the trend of Ni(1)–Ni(2) and
Ni(2)–Ni(3) bond lengths. The computed geometry obtained from
the BS state, however, gives elongated Ni(1)–Ni(2) and contracted
Ni(2)–Ni(3) bond distances, which is similar to the typical feature
of “electron-localized” polynickel string complexes.2,7,9,10 This
calculation placed the S = 3/2 state 0.24 eV (1970 cm-1) below the
S = 1/2 state, which supports the experimental S = 3/2 ground

Fig. 3 Selected computed bond distances (Å, upper), atomic spin
densities (e, middle) and gross atomic spin orbital population (a spin–b
spin, e; Mulliken analysis, bottom) for S = 3/2 and S = 1/2 (italics) states
of 1. s represents the dz2 spin population and d indicates the dxy + dx2 -y2

spin population.
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state. The atomic spin density of complex 1 in the S = 3/2 state
is 1.43 e on the terminal Ni(1) and 1.18 e on the Ni(2) ions
(Fig. 3, middle). This distribution is practically half way between
a localized (2 e on Ni(1) and 1 e on Ni(2)) and a fully delocal-
ized distribution (1.5 e on Ni(1) and Ni(2)), which indicates
that compound 1 can be tentatively classified as class II (partly
delocalized). This result supports the experimental structural
feature which shows an asymmetric (Ni2)3+ geometry and suggests
that the delocalization of the spin density is not complete. The
gross spin density (a–b, e) associated with the dz2 and dx2-y2

for compound 1 is shown in Fig. 3 (bottom). The closed shell
s-orbital of the Ni(2) ion in the S = 3/2 state possesses positive spin
density (0.36) that indicates partial delocalization occurs along the
metal axis via a transfer of the b spin electron density from Ni(2)
to Ni(1).6,7 Compared with those in the S = 3/2 state, the gross
spin population of the s-orbital of the Ni(2) ion with S = 1/2 is
just slightly positive (0.19). This result shows the inhibition of the
electron delocalization and decomposition of the Ni–Ni s-bond
(longer computed Ni(1)–Ni(2) bond distance) when unpaired elec-
trons of Ni(1) and Ni(2) ions are antiferromagnetically coupled.
That is, it demonstrates qualitatively that the stabilization of the
S = 3/2 state is due to electron delocalization.

In summary, in order to study the fundamental physical proper-
ties of the (Ni2)3+ mixed-valence unit (conductivity-enhanced tool),
we have designed and synthesized (4,0)[Ni6(napany)4Cl](BF4)2 (1).
This compound contains a unique (Ni2)3+ mixed-valence unit
which can provide direct evidence for electron delocalization.
The crystal structure, magnetic measurement and EPR spectrum
suggest that the three unpaired electrons of the (Ni2)3+ unit
are partly delocalized between two Ni ions and the thermal
energy to activate this delocalized process is very small. DFT
calculation supports the experimental results and demonstrates
that the stabilization of the S = 3/2 state is due to electron
delocalization.12 Besides the fundamental research above, we
consider that compound 1 may have potential applications in
molecular electronic devices. It should be noted that most of the
research of metal string complexes has, up to now, focused mainly
on symmetric molecules.2 In the previous reports by Ren et al., the
introduction of an asymmetric prototype, Ru2 complex, enhances
the transconductance of organic molecular wires and may be used
for memory application.17 The extended asymmetric compound 1
that possesses a delocalized (Ni2)3+ mixed-valence unit is a suitable
candidate for building novel asymmetric inorganic molecular wires
and can be expected to broaden the scope of molecular electronic
devices.18
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