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Electroconductive Porous Coordination Polymer Cu[Cu(pdt)2] Composed of Donor
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We synthesized a new porous coordination polymer Cu[Cu(pdt)2],
which shows relatively high electrical conductivity (6� 10-4 S cm-1

at 300 K) by the introduction of electron donors and acceptors as
building units. This compound is applicable as a porous electrode
with high power density. In addition, this compound forms a
triangular spin lattice and shows spin frustration.

Porous coordination polymers (PCPs) or metal-organic
frameworks have attracted considerable interest as a new class
of micro- or mesoporous materials with huge surface area,
regularity, and flexibility. These compounds have been exten-
sively studied in the past decade because of their potential
application for the fuel storage,1 separation,2 catalysis,3 etc.
Recently, there has been growing interest in the physical

properties of PCPs such asmagnetic4 and photoluminescence5

responses.However, almost no attentionhas beenpaid to their
electrical conductivity. To the best of my knowledge, there
is only one PCP that shows relatively high electrical conduc-
tivity.6 If a PCP with high electric conductivity is realized, it is
applicable to a porous electrode for batteries, fuel cells,
capacitors, etc. Because PCPs have potentially huge surface
areas, these compounds have a good potential as such electro-
des with high power density. Here we report the synthesis,
crystal structure, and physical properties of a novel electro-
conductive PCP, Cu[Cu(pdt)2] (pdt=2,3-pyrazinedithiolate).
In order to acquire the electroconductive property, we used
electron donors and acceptors as building units.
Figure 1 shows the molecular structure of the electron

acceptor unit [CuIII(pdt)2]
-, which was reported by Rovira

et al.7 They have shown that this molecule shows a reversible
redox process between [CuII(pdt)2]

2- and [CuIII(pdt)2]
- at

-0.33 V vs Ag/AgCl, indicating that [CuIII(pdt)2]
- can act as

an electron acceptor. In addition, this molecule has four
coordination sites (N atoms of the pyrazine moiety). There-
fore, this molecule can be used as the redox-active linker unit
of the PCP. We chose the CuI ion as a connector unit. It has
beenknown that theCuI ion acts as an electrondonor,8 stable
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with a coordination number of 4 or 6 with different ligands.
According to such a strategy, we have synthesized the novel
PCP Cu[Cu(pdt)2].
Single crystals of Cu[Cu(pdt)2] were synthesized by the

slow diffusion of CuI andNa[Cu(pdt)2] 3 2H2O in an acetoni-
trile solution in an H-shaped cell. The crystal structure was
determined in a single crystal by the Bruker SMART CCD
diffractometer with graphite-monochromatedMoKR radia-
tion (λ = 0.7107 Å). Magnetic susceptibility was acquired
with a Quantum design MPMS-XL SQUID magnetometer.
Electrical conductivity measurements were carried out using
a Agilent 34420A nanovoltmeter. IR spectroscopy measure-
ment was carried outwith aKBr pellet using a ThermoNicolet
NEXUS 670 FT/IR spectrometer.
Figure 2 shows the crystal structure of Cu[Cu(pdt)2]. In this

compound, N atoms of the pyrazine moiety coordinate to Cu
ions, forming an infinite tetragonal lattice, as shown in
Figure 2b. One-dimensional vacant spaces of 3.4 Å � 3.4 Å
existwithin the framework.Considering chargeneutrality, there
are two possibilities of electronic states of the compound, which
are CuII[CuII(pdt)2] and CuI[CuIII(pdt)2]. We assumed that this
compound is in theCuII[CuII(pdt)2] state throughanalysis of the
Cu(1)-S distance. The Cu(1)-S distance of the present com-
pound is 2.264 Å, which is longer than that of Na[CuIII(pdt)2] 3
2H2O (2.181 and 2.183 Å). As Rovira et al. have indicated,
the lowest unoccupied molecular orbital of [CuIII(pdt)2]

- is
formed by an antibonding orbital of Cu dx2-y2 and S pσ.

7

Therefore, the Cu(1)-S distance should become longer when
[CuIII(pdt)2]

- is reduced to [CuII(pdt)2]
2-. Meanwhile, the

valency of Cu(2) can be estimated to be CuII because the
Cu-N4 geometry is slightly distorted square planar (distortion
angle = 6.45�) rather than tetrahedral. In the X-ray crystal
structure analysis, although some residual electron densities
were observedwithin themicropore, thesewere probably due to
the solvent molecules, but assignment to a specific molecule
cannot be made (see the Supporting Information).

Figure 3 shows the temperature dependence of magnetic
susceptibility in Cu[Cu(pdt)2]. Because magnetic susceptibility
showed paramagnetic behavior in the entire temperature
range, we were convinced that this compound was in the
divalent CuII[CuII(pdt)2] state. Rovira et al. have synthesized
the coordination polymer Cu[Cu(pds)2] (pds = 2,3-pyrazine-
diselenol) with a two-dimensional layered structure by electro-
lysis of Na[Cu(pds)2] 32H2O,9 which is in the diamagnetic
CuI[CuIII(pds)2] state. We have also obtained the same crystal
by the slow diffusion of Na[Cu(pds)2] 3 2H2O and CuI in an
acetonitrile solution. This difference of the electronic state is
probably due to the lower redox potential of [CuIII(pds)2]

-

(-0.54 V vs Ag/AgCl) than [CuIII(pdt)2]
- (-0.33 V vs Ag/

AgCl).7

Here we consider the possible pathways of magnetic inter-
action. As shown in the inset of Figure 3, three magnetic
interactions are possible in the crystal. In order to estimate
those magnetic couplings by theoretical calculations, we con-
structed three model structures consisting of two CuII ions, as
illustrated inFigure S1 in the Supporting Information.Models
A-C represent the magnetic interactions J1, J2, and J3. For
these models, the unrestricted B3LYP10 (UB3LYP) method
was carried out on Gaussian98.11 All calculations were
performed by use of the MIDI+p basis set12 for Cu atoms
and the 4-31Gbasis set for others. Because theCuII ionhasone
spin, singlet and triplet spin couplings are expected in the
models. Therefore, the J value in the Heisenberg Hamiltonian
Ĥ = -2JijŜi 3 Ŝj can be calculated by the energy gap between
the singlet and triplet states.13 Calculated total energies and
ÆS2æ values are summarized in Table S1 in the Supporting

Figure 1. Molecular structure of [CuIII(pdt)2]
-.

Figure 2. (a) Crystal structure in Cu[Cu(pdt)2]. (b) Perspective view of
the crystal structure of Cu[Cu(pdt)2]. Color code: green, Cu; yellow, S;
gray, C; blue, N; pink, H.

Figure 3. Temperaturedependenceofmagnetic susceptibility inCu[Cu(pdt)2].
Inset: three possible pathways of magnetic interactions: J1, Cu(1)-
S 3 3 3 S-Cu(1); J2, Cu(1)-S-C-N-Cu(2); J3, Cu(2)-N-C-C-N-
Cu(2). The red line shows the best fit to the summation of eqs 1 and 2.
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Information. The estimated magnitudes of the magnetic
interactions are J1/kB = -353.2 K, J2/kB = 25.1 K, and
J3/kB=-13.6K.Although quantitativitymay not be enough
because this calculationwas performedwith twodistinct units,
we can assume that the relationship between the three values is
J1 . J2, J3. In addition, considering the geometry of the
magnetic interaction, there can be magnetic frustrations,
e.g., -J1-J2-J2- and -J2-J3-J3-, because they form
triangular lattices. Because J1 is much larger than J2, we can
ignore the contributionofJ2. In this situation, the contribution
of J3 is independent of that of J1. Therefore, we fitted the
measured magnetic susceptibility by the summation of a
one-dimensional Heisenberg antiferromagnetic model
(Bonner-Fisher model)14 for J1 and a two-dimensional
Heisenberg antiferromagnetic model15 for J3 as shown
eqs 1 and 2.

χ1D ¼ Ng2μB
2

kBT

0:25 þ 0:14995x1 þ 0:30094x1
2

1 þ 1:9862x1 þ 0:68854x12 þ 6:0626x13

 !
ð1Þ

where x1 = J1/kBT

χ2D ¼ Ng2μB
2

kBT
�

0:25

1 þ 2x3 þ 2x32 þ 1:333x33 þ 0:250x34 -0:4833x35 þ 0:003797x36

� �

ð2Þ
where x3 = J3/kBT.
The parameters obtained are J1/kB = -162.6 K, J3/kB =

-4.1 K, and g = 2.007. Hendrickson et al. reported the
pyrazine-bridged two-dimensional compound CuII(pyz)2-
(ClO4)2 and showed that this compound has weak antiferro-
magnetic interaction (J = -7.6 K), which is consistent with
our result.16

Figure 4 shows the temperature dependence of the elec-
trical conductivity in Cu[Cu(pdt)2]. This compound showed
relatively high electrical conductivity (6 � 10-4 S cm-1 at
300 K). The temperature dependence of the electrical con-
ductivity showed semiconductive behavior, and an activation
energy was determined to be 193 meV from the Arrhenius
fitting of the conductivity. The reason for such a relatively
high electrical conductivity is probably the charge bistability
between CuI[CuIII(pdt)2] and CuII[CuII(pdt)2].
Figure 5 shows the IR spectrum of CuII[CuII(pdt)2] at

room temperature. A broad peak at approximately 0.7 eV
was observed, but it was not observed in Na[Cu(pdt)2]. We

assigned this peak as the charge-transfer (CT) band from
CuII[CuII(pdt)2] to CuI[CuIII(pdt)2] states because the peak
energy is too low to assign to an intramolecular transition.
Torrance et al. have reported that a series of CT complexes
with alternately stacked structures have CT transitions in the
IR region and some of them show phase transition accom-
panied by CT.17 In the present case, however, no anomaly
was observed in the electrical conductivity and magnetic
susceptibility, showing that theCuII[CuII(pdt)2] state is stable
in the measured temperature range (2-400 K). This is
probably due to the large rearrangement energy between
square-planar CuII and tetrahedral CuI geometries.
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Figure 4. Temperature dependence of the electrical conductivity in Cu
[Cu(pdt)2]. The red line shows the best fit to the Arrhenius model.

Figure 5. IR spectrum of Cu[Cu(pdt)2].
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