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To obtain more information about the structure of phthalocy-
aninatoruthenium compounds an EXAFS investigation was
carried out on amorphous bisaxially bridged phthalocyanina-
toruthenium(II) oligomers, [PcRu(tz)]n (1), [PcRu(pyz)]n (2)
and [PcRu(dib)]n (3). Detailed structural models for the three

Introduction

In recent years phthalocyaninatoruthenium(II) com-
plexes have been investigated with particular regard to their
preparation, chemistry, and structure.[123] Some years ago
we reported the first synthesis of pure phthalocyaninatoru-
thenium(II) (PcRu)2.[4] Later, we developed a convenient
method for obtaining (PcRu)2 by thermal decomposition of
the corresponding bisisoquinoline or bis-3-chloropyridine
complex PcRu(L)2 (L 5 iqnl; 3-Clpy) at 250 or 270 °C,[5,6]

respectively. This provides the basis for the preparation of
axially bridged [PcRu(L)]n oligomers with bidentate
bridging ligands L [e.g. L 5 pyrazine (pyz), s-tetrazine (tz),
1,4-diisocyanobenzene (dib)] as a new class of intrinsic
semiconductors.[2,4]

An important condition for achieving electrical conduc-
tivity in phthalocyaninato compounds is the stacked ar-
rangement of the macrocycles. Assuming a suitably small
distance between cofacially arranged planar macrocycles
possessing an extended π-electron system, electron delocal-
ization by π-π overlap of the perpendicular orbitals in a
stacked arrangement is possible. In particular, oxidation (or
less frequently reductive doping) of the macrocycles gener-
ates charge carriers leading to semiconducting or con-
ducting quasi-one-dimensional materials.

Phthalocyaninato compounds, however, do not crystal-
lize in this stacked arrangement, except phthalocyaninato-
lead(II) (PcPb) in its monoclinic modification.[7] Metallo-
phthalocyanines in general crystallize in an α- or β-modi-
fication (inclined stacked), which is not favorable for π-or-
bital overlap and thus for the formation of a conducting
band.
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compounds were deduced from the determined atomic dis-
tances around the metal center. A bisaxial structure of the
ligands could be proven for all compounds and additionally,
the structure parameters could be determined.

Some years ago a route was developed to stacked ar-
rangements of phthalocyaninato transition metal com-
pounds which lead to coordination oligomers and polymers
where the macrocycle, the central metal atom and the
bridging ligand can be varied systematically. The stacking
is achieved by connecting the central transition metal atoms
of the macrocycle with bidentate bridging ligands L bisaxi-
ally. Such bridged macrocyclic transition metal compounds
[MacM(L)]n have been synthesized and investigated in de-
tail with respect to their physical properties.[8,9] The
bridging ligands L are linear π-electron-containing organic
molecules, for example pyrazine, 1,4-diisocyanobenzene or
substituted 1,4-diisocyanobenzenes, s-tetrazine or substi-
tuted tetrazines, and others. Many of the bridged macro-
cyclic metal complexes [MacM(L)]n (‘‘shish-kebab poly-
mers’’) can be prepared in high yields and high purity by
treating the metallomacrocycle MacM with the pure ligand
or with the ligand in an appropriate solvent. The bridged
structure has been confirmed for many compounds using
a variety of physical methods[8] including detailed IR in-
vestigations,[10] Mössbauer spectroscopy,[11] 1H and
13C NMR spectroscopy[12] and scanning tunneling micro-
scopy (STM).[13]

(PcRu)2 reacts easily with ligands L such as pyrazine, s-
tetrazine, 1,4-diisocyanobenzene and others to form the
corresponding monomers PcRu(L)2, and under somewhat
different conditions to form the bridged systems
[PcRu(L)]n.[4,14] Although the monomeric complexes
PcM(L)2 (L 5 pyz, tz, dib; M 5 Fe, Ru, Os) are all insu-
lators, it can be seen that the ligand (L) has a significant
effect on the conductivity of the bridged complexes
[PcM(L)]n: as 1,4-diazabicyclo[2.2.2]octane (dabco) is a li-
gand containing no π-orbitals to interact with the metallo-
macrocycle the [PcM(dabco)]n complexes are also insu-
lators,[2] whereas an increase in electrical conductivity is ob-
served for the pyrazine- and 1,4-diisocyanobenzene-bridged
compounds. [PcRu(pyz)]n (2) and [PcRu(dib)]n (3) exhibit
electrical conductivities (σRT 5 1 3 1027 S cm21 and σRT 5
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2 3 1026 S cm21)[4,15] in the low semiconducting region.
However, by changing the bridging ligand to s-tetrazine or
its derivatives the conductivity increases by three to five or-
ders of magnitude without external oxidative doping.[2,16]

With s-tetrazine as the ligand in [PcRu(tz)]n (3), a powder
conductivity of 0.01 S cm21 can be achieved.

Structural investigations on oligomeric phthalocyanina-
toruthenium(II) compounds with EXAFS or LAXS spec-
troscopy have only been performed on oxygen-containing
materials up to now.[3] Extended X-ray absorption fine
structure (EXAFS) has been considered to be a powerful
technique for determining the local atomic environment of
a specific atom without regard to the state of the sample.
An analysis of the EXAFS provides information on the
bond length, the coordination number, the
‘‘Debye2Waller’’-like factor, and the nature of the scat-
tering atoms surrounding an excited atom.[17,18] In this pa-
per, we have studied (µ-s-tetrazine)phthalocyaninatoruthe-
nium(II) (1), (µ-pyrazine)phthalocyaninatoruthenium(II) (2)
and (µ-1,4-diisocyanobenzene)phthalocyaninatorutheni-
um(II) (3) as amorphous solids by transmission EXAFS
spectroscopy.

Results and Discussion

(µ-s-Tetrazine)phthalocyaninatoruthenium(II) (1)

In the Fourier transforms (see Figure 1b and 1d), several
coordination shells are visible. In fitting the EXAFS func-

Figure 1. Experimental (solid line) and calculated (dotted line) Ru2K k3·χ(k) functions (a, c) and their corresponding Fourier transforms
without phase correction (b, d) of 1 (k range: 3.45215.45 Å21); simulation with four (a, b) and five (c, d) backscatterers; the corresponding
structural data are given in Table 1
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tion to the experiment we fixed the coordination numbers
to the known values of the phthalocyanine molecule. Fur-
thermore, the four shells of the phthalocyanine macrocycle
were only fitted independently in such a way that the deter-
mined distances led to meaningful interatomic distances in
the macrocycle itself. Taking these considerations into ac-
count the number of parameters decreases from 12 to 9 and
is clearly less than the number of independent data points
(22).[19]

Five backscatterers are necessary for a good fit of the
EXAFS function (see Figure 1c, 1d and Table 1). These are
the four backscatterers of the phthalocyanine macrocycle
and one nitrogen backscatterer, which can be traced back
to the bridging ligand s-tetrazine at a distance of 2.22 Å.
Without this backscatterer the fit worsens significantly to

Table 1. EXAFS-determined structural data of 1[a]

1 N R4, Å σ4, Å R5, Å σ5, Å

Ru2NIndol 4 2.0260.02 0.06860.011 2.0260.02 0.05860.013
Ru2C 8 3.0260.03 0.08160.014 3.0460.03 0.07660.016
Ru2NAza 4 3.2260.03 0.08860.009 3.2760.03 0.08860.016
Ru2C 8 3.9760.04 0.09560.019 3.9860.04 0.08060.014
Ru2Ntz 2 2.2260.02 0.07560.009

[a] Absorber2backscatterer distance r, coordination number N and
Debye2Waller factor σ with their calculated standard deviation.
The simulations with four and five backscatterers are marked by
the superscripts 4 and 5. The ∆E0 shift of 1 of EXCURV92 is
19.03 eV and the R-factors are 35.84 and 28.25.
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about 21%. The difference of the fit with four and five back-
scatterers can be compared in Figure 1a and 1b (four back-
scatterers) and Figure 1c and 1d (five backscatterers). The
resulting model of 1 with the determined distances can be
seen in Figure 2a.

Figure 2. Determined distances and proposed structures of 1 (a),
2 (b) and 3 (c)

Without any knowledge of the structure, one would ex-
pect the ruthenium atom to be located in the plane of the
phthalocyanine ring. A planar arrangement of the atoms
should give rise to a considerable contribution of multiple
scattering to the EXAFS spectrum. Defining the multiple
scattering unit shown in Figure 3, we found in several calcu-
lations that for this geometrical arrangement the relevant
maximum order of multiple scattering is three. But in all
fits we could not describe the experimental spectrum satis-
factorily.

Since only single scattering contributes to the EXAFS
function, we are forced to assume that the ruthenium atom
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Figure 3. Defined multiple scattering unit illustrating single, double
and triple scattering paths; for reasons of clarity the axially coord-
inated ligand atom is not drawn, but included in our calculations

is not positioned in the plane of the ring, the ring itself is
not planar, or both. In order to check the dependence of
the amount of multiple scattering from the out-of-plane dis-
placement of the ruthenium atom in an idealized planar
macrocycle, we performed systematic calculations. We
found the astonishing result that the amount of multiple
scattering does not depend very strongly on the out-of-
plane position of the ruthenium atom. The contribution of
the multiple scattering almost vanishes only when the dis-
placement amounts to 1.75 Å. Since such a large displace-
ment of the ruthenium atom is quite unlikely, we have to
conclude that the nonplanarity of the macrocycle is the
main cause of the absence of any multiple scattering and
that the possible displacement of the ruthenium atom — if
it exists — plays only a minor role. From the determined
distances, it is not possible to make any structural state-
ments concerning the nonplanarity of the macrocycle.

(µ-Pyrazine)phthalocyaninatoruthenium(II) (2)

For a good simulation of the EXAFS function of com-
pound 2, at least five shells are necessary (see Table 2 and
Figure 4). These are the four shells of the phthalocyanine
macrocycle and an additional nitrogen backscatterer at
2.22 Å, which can only be assigned to the ligand pyrazine
as there are no ring atoms located in that distance range.
The fit index decreases to about 9% if we take five shells of

Table 2. EXAFS-determined structural data of 2[a]

2 N R4, Å σ4, Å R5, Å σ5, Å

Ru2NIndol 4 2.0460.02 0.07460.009 2.0360.02 0.06660.010
Ru2C 8 3.0560.03 0.07360.014 3.0560.03 0.07160.016
Ru2NAza 4 3.3160.03 0.08860.012 3.3060.03 0.08760.012
Ru2C 8 4.0360.04 0.08760.022 4.0360.04 0.08460.021
Ru2Npyz 2 2.2260.03 0.09960.023

[a] Absorber2backscatterer distance r, coordination number N and
Debye2Waller factor σ with their calculated standard deviation.
The simulations with four and five backscatterers are marked by
the superscripts 4 and 5. The ∆E0 shift of 2 is 19.60 eV and the R-
factors are 38.94 and 35.45.
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Figure 4. Experimental (solid line) and calculated (dotted line) Ru2K k3·χ(k) functions (a, c) and their corresponding Fourier transforms
without phase correction (b, d) of 2 (k range: 3.45215.45 Å21); simulation with four (a, b) and five (c, d) backscatterers; the corresponding
structural data are given in Table 2

the phthalocyanine macrocycle instead of four into account
(compare Figure 4a, 4b and 4c, 4d).

If we make the simplified assumption that the four nitro-
gen atoms of the phthalocyanine macrocycle that form the
first coordination shell lie in a plane, the displacement of
the ruthenium atom can be explained in the following way.
From crystallographic data we know that the
metal2nitrogen distance of planar systems, for example in
phthalocyaninatomanganese(tetracyanoethenide), is typic-
ally 1.97 6 0.3 Å.[20222] As a N2N diagonal distance of
3.94 6 0.6 Å follows from this value, we can calculate that
the ruthenium atom is located 0.4 6 0.3 Å outside the plane
of the macrocycle (see Figure 2). It should be noted that
this triangulation depends critically on both the measured
Ru2N distance and the assumed N-center distance. It is
only given here to get a rough estimation of the amount of
the possible displacement. The resulting model of 2 with
the determined distances can be seen in Figure 2b.

(µ-1,4-Diisocyanobenzene)phthalocyaninatoruthenium(II) (3)

As in 1, five shells are required to describe the EXAFS
function (see Table 3 and Figure 5). Again, these are the
four shells of the phthalocyanine macrocycle and one addi-
tional carbon backscatterer at 2.33 Å, which can only be
assigned to the ligand 1,4-diisocyanobenzene as in that dis-
tance range no ring atoms are located. The fit worsens dras-
tically (nearly 40%) if we do not take this fifth carbon back-
scatterer into account (compare Figure 5a and 5b with 5c
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and 5d). Further backscatterers could not be found by
EXAFS spectroscopy. The next distance to the nitrogen
from the 1,4-diisocyanobenzene should be about 1.3 Å fur-
ther away than the carbon backscatterer (at about 3.6 Å).
A fitting with this backscatterer in this distance range does
not increase the agreement of the experimental EXAFS
function compared to the fitted function. The resulting
model of 3 with the determined distances can be seen in
Figure 2c.

Table 3. EXAFS-determined structural data of 3

3 N R4, Å σ4, Å R5, Å σ5, Å

Ru2NIndol 4 2.0260.02 0.10560.021 2.0360.02 0.09460.020
Ru2C 8 3.0460.03 0.10160.023 3.0560.03 0.09260.023
Ru2NAza 4 3.3060.03 0.06960.012 3.2960.03 0.07260.014
Ru2C 8 3.9960.04 0.09560.019 3.9760.04 0.09660.020
Ru2Cdib 2 2.3360.03 0.07160.014

[a] Absorber2backscatterer distance r, coordination number N and
Debye2Waller factor σ with their calculated standard deviation.
The simulations with four and five backscatterers are marked by
the superscripts 4 and 5. The ∆E0 shift of 3 is 19.05 eV and the R-
factors are 49.44 and 30.45.

Conclusion

It was possible to deduce detailed structural models for
(µ-s-tetrazine)phthalocyaninatoruthenium(II) (1), (µ-pyraz-
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Figure 5. Experimental (solid line) and calculated (dotted line) Ru2K k3·χ(k)-functions (a, c) and their corresponding Fourier transforms
without phase correction (b, d) of 3 (k range: 3.45213.25 Å21); simulation with four (a, b) and five (c, d) backscatterers; the corresponding
structural data are given in Table 3

ine)phthalocyaninatoruthenium(II) (2) and (µ-1,4-diisocy-
anobenzene)phthalocyaninatoruthenium(II) (3) by EXAFS
spectroscopy. A sixfold coordination of the ruthenium atom
exists in the investigated compounds, where the bridging
ligands are located axially in an octahedral arrangement on
both sides of the phthalocyanine macrocycle. The differ-
ences in the environment around the ruthenium center be-
tween the compounds 1, 2 and 3 are not significant.

Experimental Section

1H NMR: Bruker ARX 250 (250.133 MHz), as internal standard
[D5]pyridine was used. 2 UV/Vis Shimadzu UV2365. 2 Elemental
analyses: Carlo Erba Elemental Analyzer 1104, 1106. Due to the
formation of ruthenium nitride and carbide, only hydrogen values
were determined by elemental analysis for the oligomeric phthalo-
cyaninatoruthenium complexes 123.

Starting Materials and General Methods: Pyrazine was commer-
cially available. 1,4-Diisocyanobenzene[23] and s-tetrazine[24] were
prepared according to known procedures. Phthalocyaninatoruthen-
ium was prepared according to the method described previously.[5]

(µ-s-Tetrazine)phthalocyaninatoruthenium(II) (1): A mixture of
phthalocyaninatoruthenium (1) (100 mg, 0.16 mmol), s-tetrazine
(15 mg, 0.18 mmol), and dry tetrahydrofuran (10 mL) was refluxed
under an inert gas atmosphere for 6 days. After cooling to room
temperature, the reaction mixture was centrifuged. The collected
solid was washed several times with acetone and then dried in
vacuo at 70 °C. Yield: 87 mg (78%), blue-black powder.

Eur. J. Inorg. Chem. 2001, 6792684 683

[C34H18N12Ru]n ([695.67]n): calcd. H 3.1; found H 3.1. 2 1H NMR
(250 MHz, [D5]pyridine, 25 °C): δ 5 7.7828.13 (m, 1 H, Pc-Ha),
8.7529.44 (m, 1 H, Pc-Hb). 2 UV/Vis (chlorobenzene): λmax 5

642, 583 nm.

(µ-Pyrazine)phthalocyaninatoruthenium(II) (2): A mixture of
phthalocyaninatoruthenium (100 mg, 0.16 mmol), pyrazine (15 mg,
0.19 mmol), and dry tetrahydrofuran (10 mL) was refluxed under
an inert gas atmosphere for 6 days. After cooling to room temper-
ature, the reaction mixture was centrifuged. The collected solid was
washed several times with acetone and dried in vacuo at 70 °C.
Yield: 67 mg (60%), dark blue powder.

[C36H20N10Ru]n ([693.69]n): calcd. H 2.9; found H 2.9. 2
1H NMR(250 MHz, [D5]pyridine, 25 °C): δ 5 5.67 (m, 1H; pyraz-
ine), 7.8628.01 (m, 4 H, Pc-Ha), 9.4429.55 (m, 4 H, Pc-Hb). 2

UV/Vis (chlorobenzene): λmax 5 639, 585 nm.

(µ-1,4-Diisocyanobenzene)phthalocyaninatoruthenium(II) (3): A
mixture of phthalocyaninatoruthenium (1) (100 mg, 0.16 mmol),
1,4-diisocyanobenzene (22 mg, 0.17 mmol), and dry tetrahydrofu-
ran (10 mL) was refluxed under an inert gas atmosphere for 6 days.
After cooling to room temperature, the reaction mixture was centri-
fuged. The collected solid was washed several times with acetone
and then dried in vacuo at 70 °C. Yield: 91 mg (75%), blue-black
powder.

[C40H20N10Ru]n ([742.09]n): calcd. H 2.8; found H 2.8. 2 1H NMR
(250 MHz, [D5]pyridine, 25 °C): δ 5 3.623.7 (m, 4 H, 1,4-diisocy-
anobenzene), 7.8828.06 (m, 8 H, Pc-Ha), 9.3629.57 (m, 8 H,
Pc-Hb). 2 UV/Vis (chlorobenzene): λmax 5 640, 582 nm.

EXAFS Measurements: The EXAFS measurements of the oligo-
meric phthalocyaninatoruthenium complexes 123 were performed
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at the ruthenium K edge at 22118 eV, at the beamline A1, at the
Hamburger Synchrotronstrahlungslabor (HASYLAB) at DESY,
Hamburg, with a Si,311. double crystal monochromator under
ambient conditions (5.4 GeV, beam current 100 mA). The tilt of the
second monochromator crystal was set to 30% harmonic rejection.
Energy resolution was estimated to be about 10 eV at the ruth-
enium K edge. Data were collected in transmission mode with ion
chambers which were continuously flushed with argon. Energy cal-
ibration was monitored with a 20 µm thick ruthenium metal foil.
All measurements were performed under an inert gas atmosphere.
The samples were embedded in a polyethylene matrix, whose thick-
ness was adjusted to an absorption jump of µ 5 1.5. First, back-
ground absorption was removed from the experimental absorption
spectrum by subtraction of a Victoreen-type polynomial. Then, the
spectrum with background subtracted was convoluted with a series
of increasingly broader Gaussian functions and the common inter-
section point of the convoluted spectra was taken as energy
E0.[25,26] To determine the smooth part of the spectrum, corrected
for pre-edge absorption, a piecewise polynomial was used. It was
adjusted in such a manner that the low-R components of the re-
sulting Fourier transform were minimal. After division of the back-
ground-subtracted spectrum by its smooth part, the photon energy
was converted into a photoelectron wavenumber scale. The re-
sulting EXAFS function was weighted with k3. Data analysis in k
space was performed according to the curved-wave multiple scat-
tering formalism of the program EXCURV92 with the XALPHA
phase and amplitude functions.[27] The mean free path of the scat-
tered electrons was calculated from the imaginary part of the poten-
tial (VPI was set to 24.00), the amplitude reduction factor AFAC
was fixed at 0.8 and an overall energy shift (E0) was assumed.
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