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Characterization of ruthenium-dinitrogen evacuated and sealed in glass cells for low-temperature (ca. 210

tetraamine complexes by XAFS K) measurements. On the _other r_land, since sample B is
decomposed with ethanol dilution, its aqueous solution was

spectroscopy sealed in a polyethylene bag (0.08 mm thickness) with a
fluorocarbon spacer under,DM%-Ar90% gas, and measured at
room temperature. Taube’s complex [Ru@t(u-N2)Cl, was
prepared with the method by Allen et al. (1970) and measured as
a reference material at about 30 K.
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A reaction between N and transRu'CLL (L=25912- g with Ar50%-N,50% and Ar50%-B50% or Arl00%,
tetramethyl-2,5,9,12-tetraazatridecane) in aqueous solutions hag,gectively. The relative energy was calibrated with two glitches
been investigated by XAFS spectroscopy. Redge EXAFS  ,55041ing near the Raedge in the, function, and the error was
clearly revealed that there exists an-t¥idged binuclear — oqiimated to be about 0.5 eV from the interval between the

compl_ex _and that the Ru-Ru distance is 4'96 A with the glitches. The integration time was 16 s/point except for sample B,
coordination number of 0.5. The RGedge energies of the;N o \yhich it was 36 s/point to obtain higher statistics.

complexes are closer to that of 'lRol,L* rather than that of
RuU'CLL, indicating back donation from the Ratdo the N 1
orbitals.

3. Results and discussion

Figure 1 shows RuK-edge XANES spectra of the four
complexes. Each of these exhibits a broad edge with two major
post-edge components, though one at about 22130 eV is slightly
enhanced after Nireatmenti(e. for samples A and B). The edge

_ _ _ . shows a shift to a lower energy when reduced frofi RuRd',
Since Harrison & Taube (1967) first prepareg-rithenium —\ nich shifts back to a higher energy after theatment. This is
complexes with an atmospherig,Nnolecular dinitrogen uptake probably due to an increase of the positive charge on R in N
and N-N bond cleavage by metal complexes have beery,,,0xes caused by back donation from Rtod\, T orbitals.
extensively studied for the purpose of mimicking nitrogenase and Figure 2 shows the Rii-edge EXAFS function&®x(k) and
developing nitrogen-fixing catalyses which will work under mild i Fourier transforms (FT). For sample B, one can see a
conditions. XAFS spectroscopy has shed light on materials WhiChcomponent with a short periodiat12 A% in kex(K) (Fig. 2d, left)

are unstable and cannot be isolated; Lapézal. (1996) clearly ;'3 peak at about 4.6 A in the Fourier transforms (Fig. 2d,
revealed by Md< EXAFS that Mo[N(C(CR);CHs)(3,5- right), which also appear in those of [Ru(§h(u-No)** powder
CeHa(CHg)2)]5 reacts with M, generating an MNoridged binuclear (Fig. 2e) but not in those of the other samples. Although the peak

complex which is stable only at low temperatures and o¢ sample B is weak when therange in Fourier transform is as
decomposed to a nitrido complex when warmed 10 r00M ooy as 2.65-11.75A(Fig. 2d, dashed line), it gains intensity
temperature. cl when its upper limit is larger than 14.0'AFig. 2d, solid and

Takaha|1lshiet al. (1993, 1994) found ; dot-dashed lines), while no peak appears for other tetraamine
thattransRu'Cl,L (L=2,5,9,12-tetramethyl- \tﬁN/\

\ ; samples with the sanmlerange. This is the reason why the data
2,5,9,12-tetraazatridecane, see inset) reac Ru N/’\é
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1. Introduction

i ] - e : for sample B were taken up k18 A* with a longer integration
with N, in aqueous solutions and produces Co time. This 4.6 A peak can be attributed to the Ru-Ru shell as that

NO under oxidizing conditions. Under 1 atm cl of [RU(NHs)s](1-No)**, and it clearly indicates the existence of
of N, a 1:1 substitution occurs and

RUuCILN," salt is isolated, but under 0.1 atm of, khere exists
other species. Although it is inferred to be a dinitrogen-bridged
binuclear complex from NMR and Raman spectroscopies, this

1.2
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species exists only in HCI solutions and no direct evidence has £ 1.0
been obtained. The purpose of this study is to identify the local § I
structures of the reaction intermediates directly by XAFS g 08
S I
spectroscopy. 2 o6
o L
[}
2. Experimental -%‘ 0.4
The preparation method of the starting complex,"[@4L]CI, g ol
has been reported elsewhere (Takahashi, 1993). 1 mol dm z |~
HCI solutions of this Rl complex (ca. 0.2 mol di were 0.0 i Lt i, Lt
reduced to Rliwith excess TiGl (1 mol dm® HCI solution) and 22110 22120 22130 22140 22150
then allowed to stand for several days undger($ample A) or _ E (eV)
N,10%-Ar90% (sample B). The aqueous solutions df QL ", Figure 1

XANES spectra for RUCLL (dotted line), RUCLL (dot-dashed line),

RU'CLL, and sample A were diluted with ethanol, then
2 P ’ sample A (solid line), and sample B (dashed line).
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(d) AE, were fixed, while the distancé® and the Debye-Waller
factorsC, were optimized excefi,(Ru-C)’s of samples A and B
and C,(Ru-N-N) for sample B. For the 4.6 A shdl, R, andC,
were optimized. The intrinsic fact®? for the Ru-Ru shell was
set to the value obtained for [Ru(iE(1-N5)Cl, (0.71), and
those for the others were to 1.0. Higher-order cumulants of the
Debye-Waller factor were neglected.

A multishell fitting is required for the 1-3 A shells. Firstly,

Table 1
5 @ k- andR-ranges used in the analysis.
0 Dker (A ARy (A) Dk (A1)
5 Ru"Cl,L 2.7-11.5 1.0-3.1 3.2-11.0
RU'Cl,L 2.6-11.1 1.15-3.15 3.1-10.6
5 () Sample A 2.65-10.65 0.95-3.25 3.15-10.15
0 \/v\/\/ww > Sample B (1-3 A shells) 2.65-11.75 0.9-3.1 3.15-11.25
‘G (4.6 A shell) 3.7-15.5 4.15-4.9 4.2-15.0
= 53 [Ru(NHa)s](1-N>) 3.9-13.8 4.1-5.1 4.4-13.3
5 © £ o
- % 10 ()
o 0 2 : trans[RU" CLLL]Cl and [Ru(NH)s]o(H-No)Cl,. For the 1-3 A
g ! \ shells, the coordination numbeks and the edge-energy shifts
[}
5
b

(e)

o (4]
~
)
N
=
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> 4 6 8012141618 % 1 2 3 4 5 6 curve fitting for a R CLLL* solution was performed and then the
k (A™) R(A) results are compared with those of single crystal x-ray
Figure 2 diffraction. The tetraamine L has thirteen carbon atoms at
EXAFS functionsk3x(k) (left) and Fourier transforms (right) for different distances: six methylene and six methyl bound to the
RU"CLL" (a), RUCLL (b), sample A (c), sample B (d), and nitrogen, and one between two carbon atoms. Because the
[Ru(NHg)slo(-N2)* (€). The FTk ranges are 2.6~12"Adashed lines), independent data points are limited tAkgAR/T +1=10-12,
2.6~14 A’ (solid lines), and 2.6~15.5"dot-dashed lines). thirteen Ru-C shells should be convoluted. Two-shell fitting

worked well while only one Ru-C shell fitting did not. The
r[;esults were not affected by the total number of carbon atoms,
]Iwelve or thirteen, and the coordination numbearand 12+ or

an N-bridged binuclear complex. Thedependence of the peak
intensity could also be explained by this assignment, as show

later in Fig. 3. The peak of sample B is much weaker than that 013 ith n f ¢ to eight. Th th b t
[RU(NHa)s]o(u-Np)**. This is because sample B is a mixed -1 with n from four to €ight. Thus, the carbon atoms were

solution of binuclear and mononuclear complexes and Wasgrouped into methylene and methyl atoms with the coordination

measured in room temperature, while powdery [RujNb{i- number of six for each, and the farthest one was ignored. The
N,)** was measured at low temperature. fitting results tabulated in Table 2 show a good agreement with

There are two possible,Mridging configurations: end-on the averaged crystal structure within the errors although the Ru-

and side-on. In an end-on configuration, the M-N-N-M chain is t(;l d|:~;:]ance IS slllghtly longer n tze EtX.AFS _res_lults. Analysesdf(:r:
almost linear and the M-M shell will be enhanced due to the - © M€l COMPIEXES WETE carried out in a simiar manner and the

multiple-scattering focusing effect (Stern, 1988). However, in aresults were also tabulated in Table 2. While sample A is known

side-on configuration, where the M-M and the N-N axes are'0 have a st+ructure of RUCILN szi\mple B i_s probably a mix“?re
perpendicular to each other, the M-M shell with a long distance® RUCILN2'and [RUCILL(u-N,)™, as indicated from UV-vis
would be very weak in solutions at room temperature. Thisspectroscopy. However, because the difference is expected to be

suggests that Ru-MRu in sample B should have an end-on stgII excdeptthfor belnl? blnuclltzaré)lt Vrss analyzed an “?hlé@"‘]t
configuration. This is consistent with Cl 2" an e resutts wou e the average o tese wo

the fact that the M-M distances are  \ / complexes. Though a wider energy-range data were obtained for

generally ~5 A in end-on complexes \Nm fsan:EIe Bt,hthek rangles f?r the 1-3 Atihelfl_ft_were se}tas;I:rriméa;
while they are 3-4 A in side-on ones. / : or the other samples to compare the fitting results. The 4.

. . N peak is successfully fitted with a Ru-Ru shell including multiple
ne of th I r r hown I
ﬁt?]eoir:sgtpcﬁselbo?hsetrupcsglfssi i_gWA N / scattering along Ru-N-N-Ru, and the results are tabulated in
can be attri.buted to the Ru-N(L), Ru- N{E{}_%N\ Table 3 together with the Fourier-filtered EXAFS functions in
Cl, Ru-C(L), and two Ru-N® (for N7 Y ™\ Fig. 3. - .
samples A and B). cl The coordination number and the distance of Ru-Ru are 0.5

In order to obtain the interatomic distance of each shell, theﬁ?d 4.96 Ai rt:lspectlvely.tlThet :;;mct) f(_']; tggcyblguﬂs/ar .comglcla\lxM?Qt
curve fitting analyses were performed with the analysis code IS concentration was estimated at 40-cU% by UV-vIS an

EXAFSH (Yokoyamaet al, 1993). The data were Fourier- spectroscopies, and.it was how confirmed directlly by EXAFS
filtered before fitting and th& and R ranges are tabulated in  SPECroscopy. The distance is nearly the same with other,Ru-N

Table 1. The theoretical EXAFS amplitude and phase_shmblnucIAearIco_mpIex;s. 1-3 A K licated due t
functions were calculated using FEFF8 (Ankudirdal, 1998) th nrl‘?.gst'.s r?nfr ?n r; n pﬁa”s W:j vrery. cor;p cate n ue Iod
for an octahedratransRUCL(N(CHa)3), and its N-substituted € contributions 1ro any Shefls and precise discussion wou

mononuclear and binuclear complexes. The interatomic distancege almost impossible, however, it provides some insights on the

. tructures. The Ru-N@) distance in RUCILN and [RuCILL(u-
n these model complexes referred to known crystal structures o .. , .
! plex wn ery uetu 2)?"is 1.93 and 1.89 A, respectively, which are much shorter
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Table 2

The curve fitting results for the 1-3 A shells, together with the single crystal x-ray diffraction resulty ®@aLRuValues in square brackets are fixed and those in parentheses
are errors on the last significant digit.

RuU"CLL* RU'CLL Sample A Sample B

N XRDR(A) R(A Cy(10%A2?) N R(A) C,(10°%A?%) N R(A) C,(10°A?) N R(A) C,(10%A2?)
Ru-N(L) [4] 2.186 2.17(1) 0.6(1) [4] 2.19(2) 0.6(2) [4] 2.20(2) 0.4(3) [4] 2.15(3) 0.5(5)
Ru-Cl [2] 2.337 2.353(5) 0.16(5) [2] 2.45(1) 0.9(2) [1] 2.38(2) 0.3(3) [1] 2.432) 0.1(2)
Ru-C(methylene) [6] 2.966 3.00(4) 1.3(6) [6] 3.08(3) 1.0(4) [6] 2.98(7) [1.0] [6] 2.99(9) [1.0]
Ru-C(methyl) [6] 3.149 3.20(2) 0.5(3) [6] 3.26(3) 0.8(4) [6] 3.17(7) [1.0] [6] 3.15(9) [1.0]
Ru-N-N - - - - - - [1]  1.93(5) 0.3(7) [1]  1.89(5) 0.2(8)
Ru-N-N - - [1] 3.03(3) 0.2(4) [1]  3.05(5) [0.2]
AE, (V) [8.5] [-8.5] [-8.5] [-8.5]
R-factof(%) 3.44 10.7 2.86 13.8

"Refactor is defined ag = [5{ k')~ KXl K} /5{ Kx ol K}

Table 3

The curve fitting results for the 4.6 A shells.

confirm these results, we are planning to perform LRedge
XANES measurements in solutions.

The present work has been performed under the approval of
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Figure 3
The Fourier-filtered EXAFS functions for the Ru-Ru shell;

experimental data (solid line) and theoretical calculations (dotted line).

than those of Ru-N(L), suggesting a strong interaction between
Ru and N. Moreover, the N-N distances obtained from the
differences of Ru-N-N and the Ru-N-tlstances were 1.10 and
1.16 A, respectively. Longer N-N distances than that ef N
molecule (1.098 A) are expected also from IR and Raman
spectroscopy; the(NN) for sample A and B were ca. 2070 and
2029 cm', respectively, being much smaller than that of N
molecule, 2358 cth However, further discussion about the N-N
distances is difficult due to relatively large analysis errors in the
fitting procedure.

A distinct shortening of the Ru-Cl distance in RUCH.Ns
found in Table 3. This could be due to the reducgéléctron
density on Ru caused byback donation from Ru to N\as we
suggested from the XANES spectra. On the other hand, the Ru-
Cl bond is elongated for [RuCI(-N)?*, which might be
explained by the influence of the repulsion between the methyl
groups in tetraamine.

Thus, the structure of a binuclear complex with linear Ru-N-
N-Ru has successfully been determined with some information
about electronic state on the metal and thendlecule. To
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