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Structural Investigations of Ruthenium Phthalocyanines with EXAFS Spectroscopy
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To obtain a more detailed insight into the structure of PCRuan EXAFS investigation has been carried out on
amorphous PcRu and compared with the bisubstituted PeBullHy), (2). From the obtained atomic distances
around the metal center, it was possible to deduce detailed structural models for both compountisthé-or
dimeric structure was confirmed; f&, the EXAFS measurements led to an unusual structure in which both
n-butylamine groups are located on one side of the PcRu ring.

Introduction examined PcRu by large-angle X-ray scattering (LAXS) and
. . deduced a dimeric structure (PcRwjth a short Ra-Ru contact
A considerable amount of research has been focused in recents » 40 A from the obtained data. (PcRig paramagnetic with
years on t_he preparatio_ns, the chemist_ry, and the structure, temperature-dependent magnetic moment of 254t room
determinations of ruthenium phthalocyanine$. Some years temperature), indicating additionally the presence of aRu
ago we reported for the first time the synthesis of pure ruthenium y,pie bond. Comparable magnetic data were fountBog-
phthalocyanine, PcRu, by thermal decomposition of the complex p-Ra (1.6 ug at 300 K) and 2,3-NcRU(1.58 ug at room

PcRu(DMSO)..4 The synthesis of PcRu using this route temperature), which also suggests a dimeric structure for both
however was improved by decomposition of the corresponding ¢ompounds.

bis(pyridine) PcRu(py)or bis(isoquinoline) PcRu(igrd)com-
plexes, respectively. The readily available PcRu(igal)Xde-
composes at 250C with the formation of analytically pure
PcRu® This synthetic route provided the basis for the prepara-
tion of novel bridged PcRu oligomers [PcRu(h)yith L = pyz

Using LAXS for the structure determination of PcRu has the
disadvantage that the interesting local environment around the
ruthenium atom could only be determined indirectly. EXAFS
spectroscopy, however, allows a direct and very exact measure-
. ; - . ment of the atomic distances which are located around the
(pyrazine), dib (l,4-d||soqyanopenzen_e), ttdtrazine), and central Ru atom. The aim of our study is to investigate the
others as a new class of intrinsic semiconductors. structure of amorphous PcR(@) and compare it with that of

PcRu-like most other metallophthalocyanireis practically the bisubstituted monomer PCREBUNH,), (2) and to verify
insoluble in organic solvents. Its solubility can be increased, the earlier reported short R\Ru double bond irl using precise
however, by introducing alkyl or alkoxy groups into the gpectroscopic measurements. PeRBUNH,), (2) was also
peripheral positions of the Pc macrocycle. (Tege-but- selected as an EXAFS spectroscopic model because the short

ylphthalocyaninato)rutheniunt-BusPcRuf? and several (oc-  Ry—Ru contact should be absent due to the ligand attachment.
taalkoxyphthalocyaninato)ruthenium compolfls are ex-

amples of soluble ruthenium phthalocyanines. Recently, (2,3- Experimental Section
naphthocyaninato)ruthenium (2,3-NcRand (tetratert-butyl-

) - . 5 a a
2,3-naphthocyaninato)rutheniurhBus-2,3-NcRuj= were also was prepared according to the method described eérlier.

prepared. . o Bis(n-butylamine)(phthalocyaninato)ruthenium (2). A mixture
A key Pr0b|em concerning the exact structure determination o (phthalocyaninato)rutheniuni) (100 mg, 0.16 mmoly-butylamine
of PcRu is the fact that PcRQ) could be obtained so far only  (23.4 mg, 0.32 mmol), and 10 mL of chloroform was refluxed for 6 h.
as an amorphous or microcrystalline material. Ercolani &t al. The solution was poured into methanol/water (3:1), and the precipitate
was centrifuged and dried. Purification was carried out by column
® Abstract published irAdvance ACS Abstractdyovember 15, 1997. chromatography (silica gel, chloroforrﬁ; = 0.65). After drying (50
(1) Leznoff, C. C., Lever, A. B. P., edBhthalocyaninesProperties and °C, 0.01 Torr), pure2 was obtained: yield 70 mg (58%): purple

(Phthalocyaninato)ruthenium (1). (Phthalocyaninato)rutheniurt)(

Applications;VCH: New York, 1986; Vols. 1-4. powder. Anal. Calcd for gHsoN1oRu (M, = 759.88): C, 63.23; H,
(2) Hanack, M.; Lang, MAdv. Mater.1994 6, 819. Schultz, H.; Lehmann, 5.04; N, 18.43. Found: C, 63.56; H, 5.16; N, 18.1d.NMR (250
['-i Rem' glr}; H?naﬁk' MOSWUgH Bﬁ%“gtgg%giléf‘k 41. Hanack, M MHz, CDCE): ¢ 9.12 (m, 8H, Pc), 7.88 (m, 8H, Pc};0.27 (t, 6H,
ang, M. Chemtracts: Org. Che , . _ _ _
(3) Capobianchi, A.; Paoletti, A. M.; Pennesi, G.; Rossi, G.; Caminiti, CHs), ~0.56 (m, 4H’1CH)’ 1.21 (m, 4H, CH), 2.'41 (m, 4H, CH),
R.; Ercolani, C.Inorg. Chem.1994 33, 4635. —5.95 (t, 4H, NH). **C NMR (250 MHz, CDCY): 6 143.9, 140.7,
(4) KobeL W.; Hanack’ M]norg. Chem.198ﬁ 25, 103. 127.8, 121.2, 391, 31.4, 17.8, 12.3. IR (KBr;Tﬂr)] 3231 VW, 3049
(5) Hanack, M.; Osio-Barcina, J.; Witke, E.; PohmerSynthesis992 vw, 2956 vw, 2925 vw, 2871 vw, 1487 s, 1413 s, 1323 m, 1289 s,
211. Hanack, M.; Polley, RSynthesisl997, 295. 1168, vs, 1122 vs, 1066 s, 754 m, 736 vs. UV/Vis (CEClnax (NM):

(6) (a) Hanack, M.; Knecht S.; Polley, Rhem. Ber1995 128 929. (b) .
Hanack, M.; Hees, M.; Witke, ENew J. Chem.in press. (c) Rieter, 628, 576 sh, 439 sh, 382, 314. MS (FD, ): m/e 760.1 (M").

B. D.; Kenney, M. E.; Ford, W. E.; Rogers, M. &. Am. Chem. Soc. The EXAFS measurements of PcRl) @nd PcRuf-BuNH;). (2)
199Q 112 8064. were performed at the ruthenium K-edge at 22118.0 eV at thelBO
(7) Hanack, M.; Polley, Rlnorg. Chem.1994 33, 3201. Il beamline at the Hamburger Synchrotronstrahlungslabor (HASYLAB),
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Figure 1. Experimental (dotted line) and calculated (solid lik&)/(K) functions (a) k range: 3.4515.50 A1) and their Fourier transforms (b)
for PcRu () (see Table 1 for fit parameters).

Table 1. EXAFS-Determined Structural Data:

DESY, Hamburg, at 25C, with a Si3110double-crystal monochro- Absorber-Backscatterer Distante

mator under ambient conditions (5.4 GeV, beam current 50 mA). The
tilt of the second monochromator crystal was set to 30% harmonic r, A N o A AEp, eV fitindex
rejection. Energy resolution was estimated to be about 10 eV at the g ,_N (A) 2.03+001 40 0069 0.014 23.01 31.42
ruthenium K-edge. Data were collected in the transmission mode with Ru—-C (A) 3.03+0.01 8.0 0.079% 0.020

ion chambers. The first ion chamber, monitoriggwith a length of Ru-N(A) 3.214+0.01 4.0 0.056:0.025

15 cm was continuously flushed with a mixture of 45% nitrogen and Ru—C (A) 4.03+0.01 8.0 0.074t 0.029

55% argon. The second and third ion chambers, recordiagd |, Ru—Ru (B) 2.41+0.01 1.0 0.08% 0.017

respectively, with a length of 30 cm were flushed with 100% argon. Ru—N (B) 3.37+0.02 4.0 0.06% 0.036

The filling of the ion chambers was chosen in such a way that about Ru—Ru (C) 3.52+0.01 1.0 0.074t0.025

10% of the incident X-rays were absorbed in the first ion chamber and Ru—=N(C) 3.84+0.02 4.0 0.058:0.029

about 80% in the sample itsélf.Energy calibration was monitored ar, coordination numbeN, and Debye-Waller factoro with their

with & 20 um thick ruthenium metal foil. - All measurements were  cajcylated standard deviations. The letters in parentheses refer to the

performed under an inert-gas atmosphere. The samples were embeddeghodel in Figure 2 and indicate the molecule where the backscattering
in a polyethylene matrix of a mass ratio sample to polyethylene of atom is located.

1.66 (1) and 2.00 ).

Data were analyzed with a program package esspecially developed
for the requirements of amorphous samgleEhe program AUTOBK
~
N N

of the University of Washingtdfi was used for background removal,
and the program EXCURV98was used for evaluation of the XAFS

S
- - : N N
functions. In the first step, background absorption was removed from | ) L /1 AL
the experimental absorption spectrum by subtraction of a Victoreen- N-=Ruy-=N R ) %
type polynomial. Then the background-subtracted spectrum was N | 7 )‘
N NN NN

convoluted with a series of increasingly broader Gauss functions, and N N
the common intersection point of the convoluted spectra was taken as \ /
energyE,.° To determine the smooth part of the background-subtracted

spectrum, a piecewise polynominal was used. It was adjusted in such

a way that the lonR components of the resulting Fourier transform

were optimized. After division of the background-subtracted spectrum R B A c
by its smooth part, the photon energy was converted into a photoelectron A C:Z"‘* —_ N /rj‘

wavenumber scale. The resulting EXAFS function was weighted with N?R«“g"‘

k®. Data analysis ik space was performed according to the curved- 2.41 A

wave multiple-scattering formalism of the program EXCURV9The N,@\N

mean free path of the scattered electrons was calculated from the B o SN—RU~—y>—r—— T0.49 A
imaginary part of the potential (VPI was set-@t.00), the amplitude N‘&NB’N

reduction factor AFAC was fixed at 0.8, and an overall energy shift

AE, was introduced to receive the best fit of the data. Figure 2. Structural model of PcRulf including the assignment of

the determined distances to the corresponding atoms (see Table 1). For
Results and Discussion reasons of clarity in the right drawing, not all nitrogen atoms are shown.

(Phthalocyaninato)ruthenium (1). As can be seen in the in the fitting procedure seems to be very high, but it is not for
Fourier transform (see Figure 1b), there are several well- twWo reasons. First, the coordination numbers were fixed on the
pronounced shells. In fitting the EXAFS function, we are forced known values of the phthalocyanine molecule. Second, the four

to describe it by at least eight shells. The number of eight shells Shells marked with (A) in Table 1 for the phthalocyanine
molecule (see Figure 2) cannot be fitted independently owing

(8) Lee, P. A.; Citrin, P. H.; Kincaid, B. MRev. Mod. Phys1989 53, to the structure of the molecule, so that the number of parameters
7609. is much less than the number of independent data p#ints.

(9) Ertel, T. S.; Bertagnolii, H.; Fickmann, S.; Kolb, U.; Peter, Appl. Without any preknowledge of the structure, one would expect

(10) i%i%{ﬁgfb??f&ﬁf%% Yakobi, Y.; Rehr, J. J.; Stern, E. Rbys. the ruthenium atom to be located in the plane of the phthalo-

Rev. B 1993 47, 14126.
(11) Gurman, S. J.; Binsted, N.; RossJI.Phys. C1986 19, 1845. (12) Joyner, R. W.; Martin, K. J.; Meethan, P.Phys. C1986 20, 4005.
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Table 2. EXAFS-Determined Structural Data:
Absorber-Backscatterer Distante
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Table 3. EXAFS-Determined Structural Data:
Absorber-Backscatterer Distante

r, A N o, A AEg, eV fitindex r,A N o, A AEg, eV fitindex

Ru-N(A) 1.99+0.01 4.0 0.0630.016 2597  36.24 Ru-N(A) 1.994£0.01 4.0 0.063:0.016 2597  29.80
Ru-C(A) 3.00+0.01 8.0 0.074k0.021 Ru-C(A) 3.00£0.01 8.0 0.0740.021
Ru-N(A) 3.26+0.01 4.0 0.071 0.026 Ru-N(A) 3.26+£0.01 4.0 0.07H 0.026
Ru-C(A) 3.92+0.01 8.0 0.08% 0.029 Ru-C(A) 3.92+0.01 8.0 0.08% 0.029
Ru-N (L) 2.52+0.01 2.0 0.10Gt0.035 Ru-N (L) 2.52+0.01 2.0 0.10Q: 0.035
Ru-N(L) 3.71+£0.02 2.0 0.059% 0.032

ar, coordination numbeN, and Debye-Waller factoro with their
calculated standard deviations. The letters in parentheses refer to the
model in Figure 4 and indicate the molecule where the backscattering
atom is located.

Ru-Ru (B) 4.14+0.01 1.0 0.072 0.038

ar, coordination numbeN, and Debye-Waller factoro with their
calculated standard deviations. The letters in parentheses refer to the
model in Figure 6 and indicate the molecule where the backscattering
atom is located.

==
N—RU—N To.

A @:ﬁ N hr£l>:":|::' 028 A and four nitrogen backscatterers at 3.84 A. These distances
can be assigned to the corresponding atoms in macrocycles B
and C, respectively.

Bis(n-butylamine)(phthalocyaninato)ruthenium (2). To
describe the EXAFS function & with a minimal basis set, at
Slleast five shells are necessary (see Table 2). These are the
expected four shells of the phthalocyanine molecule and
cyanine ring. If it is so, a considerable amount of multiple additionally two nitrogen packscatters at 2.52 A, wh!ch only
scattering should contribute to the EXAFS function. This is, ¢@n be assigned to the ligamebutylamine, because in that
however, not the case and indicates that the ruthenium atom isdistance range no ring atoms are located. In comparison with
not positioned in the plane of the ring, or the ring itself is not those of compoundl, all distances of the phthalocyanine
planar, or both cases have to be assumed. Further evidence fofiolecule are shorter and no short-RRu distance has been
this fact is the long ReN distance of the first shell of 2.03 A~ found. Coordination of the ligand-butylamine should prevent
(see Table 1). From crystallographic d&td*we know that the formation of a dimeric phthalocyanine unit coupled over a
the metat-nitrogen distance for in-plane systems, e.g. in Ru—Ru double bond.
(phthalocyaninato)manganese tetracyanoethenide, is 1.97 A or Surprisingly, the rutheniumligand distance in PcRo¢
less. If we assume a planar ring system and aRulistance ~ BUNH;)2 (2) is unexpectedly long and onlgne distance is
of at least 1.97 A, we can roughly calculate that the ruthenium found. As for compound, we know that the ruthenium atom
atom is 0.49 A out of the plane of the macrocycle (see Figure is at least located at 0.28 A (with the given assumptions) out of
2). Ercolani et aP determined a distance of 0.41 A for their the plane of the macrocycle. The only explanation for these
model. facts is that the ligand molecules are coordinated on one side

Besides the expected four shells of the phthalocyanine of the phthalocyanine molecule and at a position that is opposite
molecule, a significant improvement (41.6%) in the fit index to the out-of-plane location of the ruthenium atom (see Figure
can be obtained, if we assume a-RRu distance of 2.41 Ain  3). Otherwise a shorter RtN (L) distance would be expected.
the simulation of the spectrum (see Table 1). This resultisin As one can see in Figure 4, the agreement between the
very good agreement with the data of Ercolani et® alho experimental and the calculated EXAFS function with five shells
determined 2.40 A for the ReRu double bond. Additionally, is not absolutely perfect. Especially, the peak at 4.1 A in the
we found a second RtRu distance at 3.52 A (see Figure 2 Fourier transform is not well described with the eight carbon
and Table 1). This indicates that the next-neighboring-phtha- backscatterers of the phthalocyanine molecule. A significant
locyanine molecule marked with (C) in Table 1 is located at a improvement (17.8%) in the fit index can be obtained if we
shorter distance than Ercolani et al. (4.32 A) have predicted. introduce further RttN and Ru-Ru distances at 3.71 and 4.13
Furthermore, we found four nitrogen backscatterers at 3.37 A A, respectively (see Table 3 and Figure 5). From the determined

AN L L NG
Figure 3. Structural model of PcRa(BuNH,), (2) including the

assignment of the determined distances to the corresponding atom
(five-shell model; see Table 2).
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Figure 4. Experimental (dotted line) and calculated (solid lik&)/(K) functions (a) k range: 3.4514.45 A1) and their Fourier transforms (b)
for PcRu-BuNH,). (2) (five-shell model; see Table 2 for fit parameters).
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Figure 5. Experimental (dotted line) and calculated (solid lik&) (k) functions (a) k range: 3.45-14.45 A1) and their Fourier transforms (b)
for PcRu(-BuNH,), (2) (seven-shell model; see Table 3 for fit parameters).

R Conclusion
N N

N
A C::r\'f \R:u NI From the EXAFS-determined data, it was possible to deduce
EN . detailed structural models for PcR1) (see Figure 2) and the
R 414 A bisubstituted PcCRaBuNH,), (2) (see Figure 6). The results
—<N—RU~ \>—r—— T0.28 A for PcRu are in good agreement with those of Ercolani €t al.,
B I\T NN except that we found that the next-neighboring phthalocyanine

2 molecule is located at a shorter distance. The structure of PcRu-
WN LN N (n-BuNHz)_g was a surprise for us, especiglly the fact that the
* \\\\ n-butylamine ligands are located on one side of the macrocycle
N at such a long distance. We expected a normal 6-fold
JJ 371 A coordinatipn of the ruthenium atom_where the Iigands_ are located
: on both sides of the phthalocyanine molecule, which follows
QR from all theoretical® and experimental facts known so far. But
the EXAFS data led to the model given in Figure 6. The
observed structures are typical only for solid materials. We
look forward now to investigating soluble PcRu’s. Here we
hope to determine significant changes in the local environment
around the ruthenium center.

Acknowledgment. We wish to thank HASYLAB (Hamburg,
Germany) for kind support of the synchrotron radiation experi-
ments and the Fonds der Chemischen Industrie for generous
financial support.
Ru—Ru and the out-of-plane distance we can calculate that the
macrocycles are separated by at least 4.69 A. That is an!C970653P
additional reason that the two nitrogen backscatterers can only.
be assigned to the-butylamine ligand and not to the opposite- (13) V702@15t, L. H., Jr; Zalkin, A.; Templeton, D. Hnorg. Chem1967, 6,
lying phthalocyanine molecule. Summarizing the results, we (14) Mille?, J. S.; Vazquez, C.; Calabrese, J. C.; McLean, R. S.; Epstein,
can deduce the complete structural model of PoRBINH,), A. J. Adv. Mater. 1994 6, 217.
(2) that is shown in Figure 6. (15) Collman, J. P.; Arnold, H. Acc. Chem. Re<.993 26, 586.

Figure 6. Structural model of PcRa(BuNH,), (2) including the
assignment of the determined distances to the corresponding atom
(seven-shell model; see Table 3).




