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Comprehensive EXAFS investigation carried out on ruthenoxane phthalocyanine and on its chemical precursors
ruthenium phthalocyanine dimer and ruthenium bis-pyridine phthalocyanine are reported. The distances around
the ruthenium atom were obtained by data analysis and confirm the structural models already proposed for the
first two compounds and indicate two pyridines axially coordinated to the central metal for the adduct.

Introduction of electric charge through thd system of the phthalocyanine
rings as the average distance along the stacking direction is 3.36
A. Itis worth noting that although the RuPc has been the object
Iof interesting studiésbecause of its properties, single-crystal
structures have not yet been reported for any one of its
derivatives if exclusion is made for RuPc(1Mepfand for the
RuPc(DMSQj that is reported to be isomorphous with FePc-
(DMSO),.5> Because the bond lengths and electronic configu-
ration in these systems are of primary interest, the authors have
undertaken X-ray absorption spectroscopy (EXAFS) of the
ruthenoxane derivativd)(, (RuPc} (II'), and RuPc(Py)(lll )

as EXAFS studies provide very accurate structural information
for samples which do not possess long-range order. Preliminary
results on the same samples and on a RuPc film have already
been reported in a short communicatfoin this paper the
comprehensive results and all structural information for the metal
site are compared with information previously obtained on the
same systems and with related species.

During work aimed at studying the behavior of metal
phthalocyanines in the field of organic semiconductors, the
authors have recently reported the synthesis and structura
information of a polymeric derivative containing an oxygen atom
bridging monomeric units of ruthenium phthalocyanihg énd
of its precursor the ruthenium phthalocyanine dimg).¥2 The
large angle X-ray scattering (LAXS) technique, suitable for
investigation of short range order in amorphous samples, has
been successfully employed for establishing a few important
structural features for the studied systems.

For compound the LAXS technique, supported by additional
information (IR, EPR, ESCA, MS, and magnetic susceptibility
data), has established that it consists -6fPc)RU¥—O—
fragments, linked together by linear Ra-O—RUV bridges with
the Ru atoms in the center of the planaf'Ring. The Pc rings
are cofacially assembled with an inter-ring spacing of 3.69 A,
with staggering (39 and eclipsing of the rings alternating along
the stacking direction. This derivative appears to pe the first Experimental Section
example of a metalloxane stacked material showing, though
undoped, significant electrical conduction propertiesr(= 1 All sol_ve_nts a_lnd chemicals were used as pure reagent grade and
x 1072 Q-1 cmrY), with the central metal playing a decisive freshly distilled if necessary. Elemental analyses were performed by

role for the charge transfer process. For compotindhe Servizio Qi Micr_oanalisi,Area della Ricerca, CNR; _conventior_1a| X-ray

f a direct short distance-RRu bond (2.40 A) in pqwderdlffractlon patterns were regorgeq on a Seifert 3000 instrument
p.rese.nce O, . : . with Cu Koo (50 KV, 30 mA) radiation; TGA thermogravimetric
dimeric units has been pointed out and monodimensional 4p4yses were carried out on a DuPont 950 instrument under a stream
stacking has been observed, six molecular units being super-of N, (0.5 dn?, m-1); UV—visible solution spectra were recorded on
imposed along the stacking direction (parallel to the—Rw a Cary 5 spectrophotometéi NMR spectra were obtained with a
bond). The conductivity value of this material, higher than those Bruker WP 200 instrument at NMR Servizio (Area della Ricerca).
observed for monomeric and generally nonconducting metal Ruthenoxane Derivative (I).HO—[(Pc)RuO}—H was synthesized
phthalocyanines, could be explained if we consider the peculiar by suspending (RuPg)n CINP and heating in the presence of &

array of the dimeric units in (RuPgcjvhich allows some flow 150 °C for 15 h, while stirring. After cooling and filtration the solid
was fully characterized as previously described.
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(Phthalocyaninato)ruthenium (Il). (RuPc) was obtained by elimi-
nation of pyridine from RuPc(Py)under vacuum as previously
described. The purity of the sample was checked by elemental analysis
(calcd for (G:HieNgRu), C, 62.64; N, 18.26; H, 2.63; found, C, 62.26;
N, 18.23; H, 2.53). X-ray powder spectra were used to confirm the
formation of the amorphous dimeric species.

Bis(pyridine)(phthalocyaninato)ruthenium (lll). RuPc(Py) was
prepared, slightly modifying the procedure earlier repofteg Soxhlet-
extraction with pyridine of “crude RuPc.” After cooling, purple crystals
were obtained from the resulting blue solution and no further purifica-
tion was needed. The complex was fully characterized by elemental
analysis (calcd for GHzeN1oRuU: C, 65.35; H, 3.40; N, 18.1; found, C,
65.00; H, 3.25; N, 18.14}H NMR [(200 MH,, CDCk): ¢ 9.15 (8H,
Pc), 7.93 (8H, Pc), 6.04 (1H, Py), 5.25 (2H, Py), 2.46 (2H, Py)],-UV
vis spectra [(Py)= Amax 622 nm] and thermogravimetric analysis.

EXAFS Experiment and Analysis.We measured ruthenium K-edge
EXAFS spectra at GILDA CRG beamline, ESRF, Grenoble (France),
equipped with a Si(311) crystal in dynamic sagittal focusing mode
monochromator, with a flux on the sample of about iotons/second
and with a focal image on the sample of about 14nm

EXAFS spectra in transmission have been recorded at ruthenium
K-edge (21 126 eV), with a typical ring current of 125 mA for all the
samples, at room temperature. All the samples have been finely ground
and mixed with boron nitride and compressed in pellets in order to
give an absorption coefficient) of about 3. The edge jump measured
was in all cases of the order of 0.7. EXAFS spectra of 900 eV above
the ruthenium K-edge were recorded while keeping k-spacing constant
in order to collect between 500 and 600 data points, with an average
acquisition time of 15 s.

EXAFS data analysis was performed using standard Daresbury
programs to subtract the background from experimental spectra. The
program EXCURVE 92 was used to fit the resulting EXAFS data and

to obtain the structural parameters, employing a nonlinear least-squares

curve fitting procedure. The Fast Curved Wave Theory, including

multiple scattering processes (MS), was used to evaluate the contribution

from the four highly symmetric pyrrolic rings about the metal ion up
to the 8 carbon atoms, using the minimum numbers of shells able to
account for the contribution of multiple scattering from the atoms within
the ruthenium plane. During all refinements the coordination numbers
for all the shells considered and the geometric description of the pyrrolic
rings was kept fixed and left unrefined using a maximum of five
independent shells. The number of independent pdints (dkdr/x)

+ 2 exceeds 20 but a maximum of 10 parameters were used for the
dimeric and the polymeric compounds.

The program EXCURVE 92 indeed offers the advantage of being
able to describe the four symmetric rings around the absorbing
ruthenium as a single rigid unit, with the relative distances and angles
fixed and left unrefined. The first step in the analysis has been to refine
parameters for the known crystal structure of the monomeric bis-adduct
form RuPc(1Melmy’. The Eo value, Ru-Ng, (L = axial ligand)
distance, and the relative disorder factor (total of 3 parameters) were
refined using calculated phase-shift functions; and all other parameters
were set at the known values from the crystallographic data. Once
refined for compoundll , the Eq value was thoroughly employed. For
the other two compounds only three shells were allowed to vary in
distance and DebyeWaller factor for a total amount of six refined
parameters: 1st Ru-bonded nitrogen of pyrrolic ring; 2nd¢ Ru-
bonded axial atom (either ruthenium for the dimer or oxygen in the
polyner); 3rd= external nitrogens bridging the rings. The position of
the four symmetric pyrrolic rings were refined using a single distance
of the bonded nitrogen and its Deby®/aller factor. In addition to
these parameters, the tilt of the phthalocyanine rings with respect to
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Figure 1. Above: observed (solid line) and calculated (dotted line)
k% (k) and (below) respective Fourier transforms for RuPc{Py)

Table 1. EXAFS Determined Interatomic Distance3 {n
RuPc(Py); AE;=15.08 eV; Fit Index 0.5354

n r(A) oA
Ru—N 4 2.00+£0.01 0.039
Ru—N(L) 2 2.53+ 0.01 0.072
Ru—C 4 3.01+0.01 0.080
Ru—C 4 3.01+ 0.01 0.016
Ru—N 4 3.33£0.01 0.045
Ru—C 8 4.00+ 0.01 0.063

an = coordination numbery = Debye-Waller type factor; (L)=
pyridine ligand; all distances are referred to the same molecule.

Results and Discussion

The results are presented starting from compdunbdecause
it was used as the reference for EXAFS analysis.

Bis(pyridine)(phthalocyaninato)ruthenium(lll). In Figure
1 the experimental EXAFS spectrum of RuPc{Hg)reported
together with the calculated best fit and the respective Fourier
transforms. In Table 1 the structural parameters used in the fit
are listed.

To optimize the fitting, the mean positions of the atoms in
the Pc ring were assumed to be approximately those found in
RuPc(1Melmy), and experimental parameters were fitted in the
k space between 4 and 16 A To minimize the number of
parameters, we tested the minimum number of shells able to
reproduce the experimental data. The MS contribution, due
mainly to the$ carbons and the bridging nitrogens, is estimated
to be on the order of 10%. It has also been noted that the
coordinates of th@ atoms are not compatible with a perfectly

the molecular planes was allowed, introducing one more parameter for Planar arrangement of imidazole rings. This is evident both from
B carbons and one fo carbons. One more shell was considered to the distances between th carbon atoms and the central
account for the contribution from the outer molecular plane. In this ruthenium (3.012 A), slightly shorter than expected if an average
way the maximum number of parameters was 10. distance of 1.41 A between nitrogen and carbon in the imidazole
rings is assumed; as well as from the polar coordinétesvard
(7) Farrell, N. P.; Murray, A. J.; Thornback, J. R.; Dolphin D. H.; James, Which the rings are tilted (46°). The environment around the
B. R. Inorg. Chim. Actal97§ 28, L144. ruthenium atom was satisfactorily described with four identical
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imidazole rings at 2.0 A and four bridging nitrogens at 3.33 A,

and with two more nitrogens at a long distance of 2.53 A. The 8r A

Ru—N in-plane distances of 2.00 A are apparently long for the TA f

ruthenium atom located in the center of thepgane if we look . A " \

at previous crystallographic data on similar planar systems, .« L -‘[\\ /\ A
which report 1.97 A as the longest found metaitrogen = 0 /i 8 \
distance®® but an analogous value has been found for the & [\ ! ki A M
hexacoordinate RuPc(1Melpand more recently Homborg et i . j b

al. reported average distances of 1.925007 A for several -4r "‘. J

metal phthalocyanine derivativé$;'® deduced from single- - B ;

crystal structures. In all these compounds the ligands are g1
coordinated to the central metal in a trans arrangement indicating 5 7 5:( A n 13

indeed that such distances are compatible with metals located
in the center of the Nplane.

Furthermore, we have found X-ray powder spectra of
microcrystalline RuPc(Py)o be strictly isomorphous with the
corresponding iron species, and we have verified the same
correspondence for RuPc(4MePy) with respect to the structurally
known FePc(4MePy)* and RuPc(DMSQ)has been reported
to be isostructural with FePc(DMS®Yhis predictable analogy
between the two metals, the calculated multiple scattering
contribution, and the evidence of a very low disorder factor
compatible only with two equal axial distances (seedhalue
in Table 1) support our assumption that in our case the
ruthenium metal is in the center of thesNblane of the
phthalocyanine ring and the two pyridines are trans coordinated Figure 2. Above: observed (solid line) and calculated (dotted line)
to the metal. Our values, up to the fifth shells, are very close to k3(k) functions and (below) respective Fourier transforms for (RuPc)
those found by Bertagnolli and co-workers for the bis adduct
buthyl amino derivative, but in that case different considerations
led the authors to suggest an unusual structure where the tw

Table 2. EXAFS Determined Interatomic Distance3 {(n (RuPc};
0AEO = 15.08 eV; Fit Index 0.868

bases are coordinated on one side of the phthalocyanine n r(A) oA
moleculet® Ru—N(A) 4 1.984+ 0.01 0.035
(Phthalocyaninato)ruthenium (Il). The EXAFS data and Ru—Ru(A) 1 2.394+0.01 0.050
the bond distances are shown, respectively, in Figure 2 and Table su:g(ﬁ) i gggi 8-81 8-82‘2
2. For this compound the phases, amplitudes, and parameters Rﬂ—NéAg 4 3194 001 0.032
used for the bis adduct have been transferred unmodified to  ry—n(A") 4 3.34+ 0.01 0.016
the dimeric form, leaving the single ring structure as described Ru—Ru(B) 1 4.46+ 0.01 0.047
for the bis, and allowing geometric rearrangement of the rings ~ Ru—C(A") 4 4.01+0.01 0.055
with respect to the absorbing central atom of ruthenium;  RU=C(A) 4 3.99+0.01 0.061
increasing the number of shells was considered (up to 9) for  an = coordination numbery = Debye-Waller type factor; A, A
evaluating the RuRu contribution from the second dimeric = Pc rings of the dimeric unit; B= Pc ring of the closest dimeric unit.

unit. Three main features characterize the experimental result:

(i) the very clear contribution from the backscattering of a distances shown in Table 2. Our results are in good agreement
ruthenium atom at 2.39 A; (i) the contribution from two ring  with the EXAFS study on the same compound reported by
systems at different distances from the ruthenium; and (iii) the Bertagnolli et al> with the exception of ReRu interdimer
distance of 4.46 A assigned between the absorber and thedistance found, by these authors, to be 3.52 A, indeed shorter
ruthenium of the next dimeric unit. The dimeric nature of this than expected considering the van der Waals interaction between
compound and the linear arrangement were already extensivelythe phthalocyanine rings in the suggested model, as it was also
demonstrated in a previous pagehe bound distances found further discussed by Caminiti et al. in a recent contributfon.

by EXAFS investigation confirm those obtained by LAXS Ruthenoxane Phthalocyanine (l).For the third ruthenium
technique and the model proposed consisting in dimeric units phthalocyanine compound under investigation, already described
assembled in a stacked monodimensional array are also inas a polymeric oxo-bridged aggregatee experimental EXAFS
perfect agreement with the relevant intra- and inter-dimeric was fitted keeping phase, amplitude, and ring description fixed
and using the minimum number of parameters inclugirand

(8) Vogt, L. H., Jr.; Zalkin, A.; Templeton, D. Hnorg. Chem 1967, 6,

1795, y carbon atoms from the in-plane rings. Two axial oxygens out

(9) Miller, J. S.: Vasquez, C.; Calabrese, J. C.; McLean, R. S.; Epstein, Of the plane and the contribution of the ruthenium atom of the

A. J. Adv. Mater. 1994 6, 217 closest phthalocyanine plane were also taken into account. In

(10) gadrﬂi M.; Kienast, A.; Homborg, HZ. Anorg. Allg. Chem1998 Figure 3 the experimental data and the fit are reported. The
(11) Kienast, A.; Bruhn, C.; Homborg, F.anorg. Allg. Chem1997, 623 structural parameters are summarized in Table 3. The fitting
967. optimization revealed a small amount of impurity (6%) showing

(12) Homborg, H.; Hokstalt, H. Z. Naturforsch1997,52B, 728. a peak around 2.5 A, likely attributable to the presence of

823 gg:?;tic)rg,_k':/.l;oguzlésﬁtg éc'i%ti“rf,\grsgﬁéggggsBngﬂih Trans,  Unreacted ruthenium phthalocyanine dimer. The data indicate

1978 1018
(15) Bertagnolli, H.; Weber, A.; Hmer, W.; Ertel, T. S.; Reiftd, U.; (16) Caminiti, R.; Donzello, M. P.; Ercolani, C.; Sadun,|6org. Chem.
Hanack, M.; Hees, M.; Polley, Rnorg. Chem 1997, 36, 6397. 1999 38, 3027.
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Figure 3. Above: observed (solid line) and calculated (dotted line)
k¥ (k) functions and (below) respective Fourier transforms for-HO

[(Pc)RUO}—H.

Table 3. EXAFS Determined Interatomic Distance3 (n
HO—[(Pc)RuO}—H; AE, = 15.08 eV; Fit Index 2.98

n r (&) o(R)
Ru—N(1) 4 1.99+ 0.01 0.042
Ru—C(1) 4 2.98+ 0.01 0.144
Ru—C(1) 4 2.97+ 0.01 0.027
Ru—C(1) 4 3.89+ 0.01 0.154
Ru—C(1) 4 3.95+ 0.01 0.000
Ru—O 2 1.81+0.01 0.045
Ru—Ru(2) 1 3.71+ 0.01 0.032
Ru—N(1) 4 3.31+0.01 0.039

an = coordination numbery = Debye-Waller type factor; (1), (2)

= cofacial Pc rings linked by oxygen atom.

a very strong effect of forward scattering, due to a contribution
at 1.80 A of two oxygen atoms and 3.71 A of two ruthenium
backscatters, respectively; and the collinearity of the rutherium
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oxygen-ruthenium system is responsible for the very intense
peak at 3.71 A in the Fourier transform due to a very strong
MS effect. Both distances are in good agreement with those
found by LAXS investigation (1.84, 3.69 A) and confirm the
model in which two oxygens are axially linked to the ruthenium
atom located in the center of the planar Pc ring, giving rise to
a column stacked ruthenoxane aggregate. EXAFS preclude any
consideration of the relative orientation of more distant rings;
so we are not able to discuss the alternating staggering and
eclipsing mode in the stack.

The in-plane Ru-N4 distances of 1.99 A show that the value
of 1.92 A, chosen as fixed parameter to fit the LAXS data, was
underestimated. As a matter of fact the revised analysis of the
LAXS data introducing the appropriate distance produced a
slight fitting improvement as expected. The reported values of
the Debye-Waller factors ¢), more evident foly carbon atoms,
indicate that some structural disorder is present in the sample,
likely due to some steric hindrance or to the small amount of
impurity present in the sample.

Conclusion

The good quality fit of all the three examined compounds
allowed us to determine bond distances with a high level of
accuracy, permitting us to make precise deductions. The
structural parameters obtained for the rutenoxane derivative
formula () are in good agreement with those obtained by LAXS
investigation detailing the structural model consisting-¢Pc)-
RuY—0O- fragments linked together by linear Re-O—RuUY
bridges, the Pc rings being cofacially assembled with an inter-
ring spacing of 3.71 A. The data obtained for (RuRmnfirm
the dimeric structure of the complex and the stacking arrange-
ment as previously reported. The analysis yielded bond lengths
for the bis adduct RuPc(Pygonsistent with ruthenium located
in the center of the N plane and the two pyridine trans
coordinated; although the RiNpy distance of 2.5 A appears
surprisingly long. Further investigation is underway to confirm
these structural features.
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