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The nickel(ll) dinuclear 1,3-azido-bridged compoupeNs)2[Ni(222-tet)b(BPhy), (1) and the trinuclear compounds
(u-N3)3[Ni3(222-tet}](PFs)s (2) and {1-N3)3[Niz(222-tet}](ClO4)s (3) were synthesized and characterized. 222-
tet is the tetraaminate ligand triethylenetetramine. The crystal structdreva$ solved by X-ray diffraction.1
crystallizes in the monoclinic system: space gr&2/n, a = 10.639(4) Ab = 19.770(7) A,c = 13.609(6) A,

B =97.78(3}, Z = 2, formula GoH76B2N14Ni2. In the absence of single crystalsdand3, we carried out an
EXAFS study ofl—3 at the nickel K-edge, using compoufhics a model, in order to obtain structural information
for compound® and3. The analysis of XANES and EXAFS spectra of compoub¢8 reveals the occurrence

of azido-bridged trinuclear nickel(ll) compounds farand 3 with Ni—Ni separations of 5.16 and 5.12 A,
respectively. Each nickel(ll) atom is placed in an octahedralgNgNvironment: four nitrogen atoms of the
amine and two nitrogen atoms of two azido bridges. The magnetic properties of the three compounds were
studied by susceptibility measurements at variable temperatures-438D From the spin Hamiltoniaf =
—JSS, the calculated value forlis —83.6 cn?, in good agreement with the expected value. From the spin
HamiltonianH = —J; (SS + S1S) — J3($Ss), the obtained values arel; , = —72(3) cn1?, J3 = —36(3) cnrt

for 2 andJ; , = —60.3(3) cn1?, J3 = —29.4(2) cn1? for 3.

Introduction

with the dihedral anglé, which is defined as the angle between

the (Ns)2 (least-squares) plane and the N(azieN) —N(azido)

The magnetic behavior of nickel(ll) dimers, in which the azide ; ;
. - s ) g plane. fi-N3)2[Ni(222-tet)b(BPhy), (1) is @ new complex (the
anion acts as a bidentate bridging ligand, is well-known, and fifth) which can be added to the series of dinuclear i

the general trends of their magnetic properties are well

N3)2Ni]2" compounds to validate the theoretical analysis.

established: generally the azido bridge propagates antiferromag- "o, the other hand, the number of published trinuclear Ni(ll)

netic interactions between the two paramagnetic centers of the

dinuclear compounds if the coordination mode is (;3and
ferromagnetic interactions if the coordination mode is (£;19.
For the dinuclear [Nj¢13N3)oNi]?* compounds Ribas and co-
workers have established that tdevalue is strongly correlated
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compounds is not very high;12and no examples have been
published with azido bridging ligands. In this work, we also
report the syntheses of the azido-bridged nickel(ll) trinuclear
compounds g-N3)3[Ni3(222-tet}](PFes)s (2) and {-N3)3[Nis-
(222-tet}](ClOg)3 (3) and the XANES and EXAFS spectra of
compoundd—3, 1 has been used as a model, in order to obtain
structural information for compoundsand3, for which it was

not possible to obtain monocrystals. The data analysis reveals
the occurrence of azido-bridged trinuclear nickel(ll) compounds
for 2 and 3 with Ni—Ni separations of 5.16 and 5.12 A,
respectively. The analysis of the magnetic susceptibilgy
temperature data is also coherent with a triangular structure, in
which two sides are equivalent to each other and different from
the third.

Experimental Section

Synthesis. Warning Perchlorate salts of metal complexes
with organic ligands are potentially explosive. Only a small
amount of material should be prepared, and it should be handled
with care.
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Table 1. Crystallographic Data foru-Ns),[Ni»(222-tet)b(BPh), Table 2. Relative Atomic Coog(c/lé(nat;s(m“) and Equivalent
- - Isotropic Thermal Parameters 10°) for
fev:/ﬂplrlcal formula 1%!—;.%9232N141\h2 % c 225 (4-N)aNi(222-tet)L[B(PhY]> (1)
spgce group 1Pc2]1ér139(4) Q(Mo Ka)Léf-\ ggég 69 atom xla yib Zc Ued®
a, : calo QPCM= 2 Ni 994.7(4) 876.02)  1339.6(4)  36.6(1)
b, & ig:ggggg #MoKa). cn T2 | N1)  —478(3) 918(2) 1442)  51(2)
/3’ deg 97.78(3) N 0.040 N(2) —1028(3) 478(2) —308(2) 40(2)
vV Ad 2836(2) N(3) 1628(3) —65(2) 776(3) 55(2)
N(4) 90(3) 359(2) 2374(3) 47(2)
AR = JIFo| — KIFJVZ|Fol. PRy = [3wW(|Fo| — K|Fc|)2/ > w|Fo9Y2 C(1) 868(4) 444(2) 3348(3) 56(3)
c(2) 2252(4) 369(2) 3191(3) 60(3)
(u-Ng)2Ni(222-tet)]:(BPhs), (1) was synthesized by the gg ggﬂg)) gg(é)) g‘(‘)gé%)) ‘5“;((?)
addition of a concentrated aqueous solution of sodium tetraphen- ¢ 4) 3610(3) 1360(2) 1226(3) 54(3)
ylborate (5 mmol) to 30 mL of an aqueous solution obtained N(s) 2332(3) 1417(2) 636(2) 42(2)
by mixing 5 mmol of nickel nitrate hexahydrate, 5 mmol of  C(5) 1847(4) 2115(2) 507(3) 50(2)
triethylenetetramine (222-tet), and 5 mmol of sodium azide. The C(6) 1337(3) 2349(2) 1429(3) 47(2)
bI_ue compound_L precipitate_d immedi_ately as a poyvdel. is _ g(q)) 23231’((% iggg(é)) %?g%% gg((%
slighly soluble in acetonitrile. By slight evaporation of this c(?) 1456(3) 1230(2) 6985(3) 36(2)
solvent, blue crystals df suitable for X-ray determination were c(8) 831(3) 1374(2) 7794(3) 45(2)
obtained. c(9) —481(4) 1457(2) 7708(4) 59(3)
(u-N3)a[Niz(222-tet)](PFe)s (2) was synthesized from an ~ C(10)  —1208(4) 1396(2) 6805(4) 64(3)
aqueous solution containing sodium hexafluorophosphate (5 g(ll) —642(4) 1250(2) 5996(4) 62(3)
: ; ; ; (12) 678(3) 1167(2) 6080(3) 47(2)
mmol), nickel nitrate hexahydrate (5 mmol), triethylenetetramine ¢ (13) 3041(3) 250(2) 7413(3) 37(2)
(5 mmol), and sodium azide (5 mmol). A small quantity of  c(14) 3235(3) 32(2) 8401(3) 45(2)
nickel hydroxide was removed by filtration, a@dvas obtained C(15) 3191(3) —647(2) 8666(4) 56(3)
as a blue crystalline powder by slow evaporation of the filtrate. C(16) 2948(4) —1135(2) 7944(4) 60(3)
(1-N3)g[Ni3(222-tet}](Cl0.4)s (3) was synthesized from an 288 g;gzgg :gggg; g?gﬁgg 228
aqueous solution containing nickel perchlorate hexahydrate (5 ¢(19) 3582(3) 1210(2) 6092(3) 36(2)
mmol), triethylenetetramine (5 mmol), and sodium azide (5 c(20) 4546(3) 828(2) 5758(3) 48(2)
mmol). A small quantity of nickel hydroxide was removed by  C(21) 5125(4) 1021(2) 4950(3) 57(3)
filtration, and3 was obtained as a blue crystalline powder by gggg gg;g% %ggg% iéigg gégg
slow evaporation of t_he filtrate. . o c24) 3264(3) 1809(2) 5566(3) 2302)
All attempts to obtain crystals suitable for X-ray determination ¢ (25 3846(3) 1508(2) 7931(3) 37(2)
from dilute solutions of or 3 were unsuccessful. Anal. Calcd C(26) 3503(4) 2145(2) 8247(3) 46(2)
(found) for 1 (CgoH76B2N14Niz): C, 63.7 (64.0); H, 6.8 (6.5); C(27) 4327(4) 2545(2) 8870(3) 61(3)
N, 17.7 (16.9). Calcd (found) fa2 (C1gHsaF18P3N21Nis): C, gggg gggggig ﬁgégg géggg g;gg
18.4 (18.9); H,.4.6 (.4.7), N, 25.0 (23..9). Calcd (fgund) Bor c(30) 5092(3) 1308(2) 8277(3) 52(3)
(C18H54CI3N21Niz010): C, 20.8 (21.2); H, 5.2 (5.3); N, 28.3
(26.5). @ Ueq is defined as one-third of the trace of the orthogonalizgd

Spectral and Magnetic Measurements. IR spectra were ~ €nsor.

recorded from KBr pellets on a Nicolet 520 FTIR spectropho-
tometer. Electronic spectra were obtained on a Shimadzu UV
160 A spectrophotometer, in the 120200 nm range. Magnetic
measurements fdrwere carried out on a polycrystalline sample

with a pendulum type magnetometer (Manics DSM8) equipped yathods, using the SHELX76 computer progrénirhe func-
with a helium continuous-flow cryostat, working in the 4.2 tion minimized was 0.91243w(|Fo| — |Fol)?] wherew = [o2
300 K range, and a Drusch EAF 16UE electromagnet. Magnetic (£ ) 4 kF.12]-% k= 0.0. f, andf " were taken from ref 16.

measurements fd and3 were carried out on polycrystalline  The |ocations of hydrogen atoms bonded to carbon atoms were
samples using a Quantum Design SQUID susceptometer..,mnted: hydrogen atoms bonded to nitrogen atoms were
Diamagnetic corrections were estimated from Pascal’s tables |, 5iad from a difference synthesis and refined with fixeeHN
Crystallographic Data Collection and Refinement of the bond lengths. Each hydrogen atom was assigned an individual
Structure of (u-N3)2[Ni(222-tet)]o(BPhs),. Atransparentblue jsotropic temperature factor. The finlfactor was 0.041R,,

prismatic crystal (approximate size: 0.450.35x 0.25mm)  — g 040) for all observed reflections. The number of parameters
was selected and mounted on a modified STOE four-circle (ofined was 408. Maximum shift/esd 0.3. Maximum and
diffractometer. The crystallographic data, conditions retained minimum peaks in the final difference synthesis were 0.22 and
for the intensity data collections, and some features of the _g 30 ¢ A3, respectively. Final atomic coordinates are given
structure refinement are given in Table 1. The accurate unit- j, Taple 2.

cell parameters were determined from automatic centering of  x_ray Apsorption Data Collection and Processing. The

30 reflections (9 < 6 < 16°) and refined by least-squares xANES (X-ray absorption near-edge structure) and EXAFS

methods. Intensities were collected with graphite-monochro- (extended X-ray absorption fine structure) data were collected
matized Mo Ku radiation, using the»-scan technique. A total

of 6694 reflections were collected in the rande620 < 56° (13) Walker, N.; Stuart, DActa Crystallogr 1983 A39, 158.
(£h, +k, +I), and 3182 reflections were assumed as observed §14g Sﬂe:grict, G. MActa Crystallogr 199Q A46, 467.f |

i iti > ; 0 15) Sheldrick, G. M. SHELX: A computer program for crystal structure
by_applymg the conditions SO(FO)'. TWO. reﬂecuons (10_3 determination. University of Cambridge, England, 1976.
032 were .CO."?Cted. evgr_l h asorientation and intensity (16) International Tables for X-ray Crystallographiynoch Press: Bir-
controls; significant intensity decay was not observed. Cor- mingham, England, 1974; Vol. IV, pp 9910, 149.

rections were made for Lorentpolarization effects and for
absorption using the DIFABS computer progrén.The
structure was solved by a Patterson synthesis using the SHELXS
computer prograft and refined by blocked-matrix least-squares




u-Azido Polynuclear Ni(ll) Compounds

at LURE (Laboratoire d’'Utilisation du Rayonnement Electro-
magneique, Paris-Sud University) on the storage ring DCI
(Dispositif des Collisitions dans I'lgloo) with an energy of 1.85
GeV and a mean intensity of 36200 mA. The measurements
were carried out at the nickel K-edge in the transmission mode
on the EXAFS lll spectrometer equipped with a two-crystal
monochromator (Si 311, 0.5 mm entrance slit for both XANES
and EXAFS). The monochromator was slightly detuned to
ensure harmonics rejection. Reduced-pressure, air-filled ioniza-
tion chambers were used to measure the flux intensity before

and after the sample. The spectra were recorded at 10 K in a

helium cryostat designed for X-ray absorption spectroscopy.
The XANES spectra were recorded step by step, every 0.25
eV with a 2 saccumulation time per point. The spectrum of a
5 um nickel foil was recorded just after or before each XANES
spectrum to check the energy calibration, thus ensuring an
energy accuracy of 0.25 eV. The EXAFS spectra were recorded
in the same way over 1200 eV, with 2 eV stepslanl s
accumulation time per point. The experiments were calibrated
by using the 8991.1 eV peak at the top of the edge of a metallic
foil of copper and verifying that the first inflection point in all
of the spectra of the nickel foils was 8332.8 eV. Each spectrum
is the sum of several independent recordings added after
individual inspections (two for XANES, eightl) or four 2—
3) for EXAFS). Samples were well-pounded microcrystalline

powders of homogeneous thickness and calculated weight that N(1)—Ni—N(3)
were compressed between two X-ray-transparent windows. The

thickness was computed in order to obtain an absorption jump
at the edge ofAux ~ 1 with a total absorption above the edge
of less thamAux ~ 1.5.

The XANES and standard EXAFS data analyses used with
the GALAADY” and EXAFS pour le MA®® programs were
carried out by following a well-known procedure described
elsewheré?21 Modeling of the outer shells was not possible
in the frame of the single-scattering (SS) model; therefore, the
multiple-scattering/spherical-waves EXARS initio modeling
FEFF2-24 program was used. Multiple-scattering (MS) EXAFS
contributions were included using methodology described
elsewheré&> The FEFF calculations were performed on a RISC
system/6000 running the AIX 3.2.5 program of the Physical
Chemistry Department of the University of Valencia.

Results and Discussion

IR and Electronic Spectra. The IR spectra of the three
compounds are similar, showing the bands attributable to the

Inorganic Chemistry, Vol. 36, No. 21, 1994635

Figure 1. ORTEP drawing of the dimeric cation-(N3)2[Ni(222-tet)p*"
with the atom-labeling scheme. Thermal ellipsoids are at the 50%
probability level.

Table 3. Selected Bond Lengths (A) and Angles (deg) for
(u-N3)2[Ni2(222-tet) (BPhy)2 (1)

Ni—N(1) 2.103(3) Ni-N(3) 2.155(4)
Ni—N(4) 2.078(4) Ni-N(5) 2.085(3)
Ni—N(6) 2.110(3) Ni-N(7) 2.111(3)
N(1)—N(2) 1.175(5) N(2)»-N(3) 1.169(5)
N(4)—C(1) 1.474(5) N(5)-C(2) 1.444(6)
N(5)—C(3) 1.444(5) N(6)-C(4) 1.486(5)
N(6)—C(5) 1.477(5) N(7)-C(6) 1.476(5)
C(1)-C(2) 1.524(6) C(3¥C(4) 1.503(6)
C(5)-C(6) 1.505(6) Ni..Ni 5.261(3)

89.7(1)  N(L»Ni—N(4) 100.3(1)

N(1)—Ni—N(5) 176.6(2)  N(1}-Ni—N(6) 96.1(1)

N(1)—Ni—N(7) 84.8(1)  N(3¥-Ni—N(4) 90.7(1)

N(3)—Ni—N(5) 91.0(1)  N(3)»-Ni—N(6) 90.8(1)

N(3)—Ni—N(7) 171.1(1)  N@4¥Ni—N(5) 83.0(1)

N(4)—Ni—N(6) 163.5(1)  N(4¥-Ni—N(7) 97.1(1)

N(5)—Ni—N(6) 80.6(1)  N(5»-Ni—N(7) 94.2(1)

N(6)—Ni—N(7) 83.0(1)  Ni-N(1)-N(2) 129.9(3)

N(1)-N@)-N(3) 176.3(4) NiFN(3)-N(2)  128.5(3)

Ni—N(4)—C(1) 107.3(2)  Ni-N(5)-C(2) 107.3(2)

Ni—N(5)—C(3) 105.9(2) C(2N(5)-C(3)  119.6(3)

Ni—N(6)—C(4) 109.9(2)  Ni-N(6)-C(5) 106.3(2)

C(4)-N(6)—C(5)  114.5(3)  NiN(7)—C(6) 108.5(2)

N(4)-C(1)-C(2)  107.3(3) N(5-C(2)-C(1)  107.7(3)

N(5)-C(3)-C(4)  108.7(3) N(6}-C(4)-C(3) 111.6(3)

N(6)-C(5)-C(6)  110.4(3) N(7¥C(6)-C(5) 108.6(3)

m), 2027 (m) for3. The electronic spectra recorded with water
as the solvent show the three characteristic absorptions of nickel-
(1) at 886, 559, 349 nm fod, 889, 550, 347 nm foR, and

920, 579, 358 nm foB.

Description of the Structure of 1. A view of a dinuclear

tetraamines and the anion groups (tetraphenylborate, hexafluo-unit with the atom-labeling scheme is shown in Figure 1, and
rophosphate, and perchlorate) at normal frequencies. No bandselected bond lengths and angles are given in Table 3. The

attributable to coordinated water are observedlfeB. In the
2000-2100 cnt! region,1—3 present strong bands attributable
to the azido ligand at 2092 (s), 2036 (shoulder, w)Xp2093
(s), 2065 (m), 2027 (m) foR, and 2076 (s), 2047 (shoulder,

(17) Noinville, V.; Michalowicz, A. GALAAD Socig¢é Franaise de
Chimie: Paris, 1991; pp 116117.

(18) Michalowicz, M.EXAFS pour le MACSocidé Franaise de Chimie:
Paris, 1991; pp 102103.

(19) Teo, B. K.EXAFS: Basic principles and data analysSpringer-
Verlag: Berlin, 1986; Vol. 9.

(20) Konigsberger, D. C.; Prins, RX-Ray Absorption Principles, and
Applications, Techniques of EXAFS, SEXAFS, and XANBBn
Wiley: New York, 1988.

(21) Lytle, F. W.; Sayers, D. E.; Stern, E. Rhysical989 B158 701.

(22) Rehr, J. 3Jpn. J. Appl. Phys1993 32, 8.

(23) Rehr, J. J.; Zabinsky, S. I.; Albers, R. Bhys. Re. Lett 1992 69,
3397.

(24) Rehr, J. J.; Mustre de’ba, J.; Zabinsky, S. I.; Albers, R. Q. Am.
Chem. Soc1991, 113 5135.

(25) Michalowicz, A.; Moscovici, J.; Ducourant, B.; Cracco, D.; Kahn, O.
Chem. Mater1995 7, 1833-1842.

structure consists of independent dinuclearNg)2[Ni(222-
tet)],?" cations and two tetraphenylborate anions. The nickel
atom is placed in a distorted octahedral environment formed
by the four N atoms of the tetraamine and the two terminal N
atoms of the bridging azido ligands. The six bond distances
around the nickel atom are very close, ranging from-N{4)
= 2.085(3) A to Ni-N(3) = 2.155(4) A. The central Ni(§).-
Ni core has an inversion center with-NIN(azido) distances of
2.103(3) and 2.155(4) A for NiN(1) and Ni=N(3), respec-
tively. The six N(azido) atoms of the central Ng»Ni core
are in the same plane (no deviations from the mean plane). The
N—Ni—N angles are 8977 and the Ni-N(1)—N(2) and Ni~
N(3)—N(2) angles are 129.9(3) and 128.5(3espectively. The
dihedral angled, which is defined as the angle between the
(N3)2 plane and the N(azide)Ni—N(azido) planéis 22.4(27,
giving a chairlike structure.

Structural Characterization of 2 and 3. The absence of
single crystals o and3, and their poor crystallinity, prevented
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2.5 [ The k-space experimental EXAFS specleg(k) vs kat 10
K for 1-3, at the nickel K-edge, and the corresponding Fourier
o 20| transforms are given in Figure 3. Absorption data were collected
E T to k = 15 A~L, resulting in good resolution of peaks in the
£ r Fourier transforms. The similarity of the experimenitai(k)
2 157 values and their Fourier transforms corresponding to the
: dinuclear model compound and complexand 3 allows us
ﬁ 1.0 to assume that the local structure of the Ni(ll) ion is almost the
g same for the three compounds, the slight differences being
ZS attributed to the presence of two nickel neighbors in compounds
0.5 2 and3 instead of only one in the dinuclear model complex. In
[ particular, the amplitudes of the EXAFS oscillations appear
00 el _unchanged. Then, there is the same number of nearest n_eighbors
8325 8350 8375 8400 8425 8450 in the three compoun_ds. Fourier transformsI_eB_compnse
two main peaks: the first one corresponds to six nitrogen atoms,
Energy / eV four from the amine ligand and two from the nearest nitrogens
Figure 2. Normalized XANES spectra at the nickel K-edge for3 of the azide bridges,_ and the second one C_orresponds to the
at 10 K. carbon atoms belonging to the same amine ligand and the two

second nitrogen atoms from the azide bridges. It is particularly
us from obtaining structural information by the common X-ray important to examine the Fourier transforms of these two main
diffraction techniques. Therefore, we decided to study the Peaks: an additional weak signal is present at a distaneé&of
XANES and EXAFS spectra ¢f and3, with 1 as model. The A, which is tentatively assigned to the intramolecular niekel
use of X-ray absorption techniques in this structural area is not nickel (_jistance as the major contribution (see.disc.ussion below).
new, and they have been previously revealed as very usefulThe mldQIe zone corresponds to the two third nitrogen atoms
tools in coordination chemistp-3° of the azide bridges.

The normalized XANES spectra of compountis3 at the Within the fr_ame of the single-scatt?ring approa(_:h, we
nickel K-edge are given in Figure 2. Two facts emerge from analyzed the f|r_st qoordmanon sph_err]e. the N'(I.I) lon 1S
this figure: (i) The three spectra are almost superimposable aszgrroundedft)zylsllen;trogen e}toms W('jtz avgrggl%l'\il _bonhd
to their shapes and transition energies, suggesting strong Istances of 2. or complexdsand2 and 2. In the

S i : case of3. However, a complete quantitative assessment of the
similarities in the geometries around the metal ions. The change . - - .
: . . . - local structure around the metal ions including atoms in a sphere
in nuclearity does not greatly disturb the nickel coordination

- . - of 6 A cannot be performed correctly in the frame of the single-
sphere. (i) The edges are typical of octahedral Ni(ll) complexes scattering appro:fch of the standardyEXAFS formilan fact 9
with a 1s< 3d pre-edge feature at 8332.7 eV and an absorption __ . : . ) !
edge centered on8349 eV. The intensity of the pre-edge is as illustrated in Chart 1 for complek, it can be seen that,

ST Lo o .~ beyond the single backscattering paths (rfe@, nleg being
weak, which indicates that.l.\“(“) is located on a (quag) INVErSION the number of scattering segments in the FEFF program), several
center, where such transitions are symmetry forbidden.

paths with nleg= 3 (a and b), 4 (c), and 5 (d) are present.

The top of the edge of is featureless, showing that the  They are also significant and cannot be neglected. That being
deformation of the octahedral environment is W%However, so, we have performed an FEFF calculation ug"@ a model

for compounds? and3, a weak structure can be seen at the top compound for the environment of the nickel ion 2nand 3.
of the edge, a little more significant for the latter. Two Sjnce the peak arodns A will provide important information
interpretations are possible: either a transition to bound statesgn the structure, we verified that this peak was not due to an
or an intermediate-scattering schef#& The observed evolu-  artifact: (i) the background was carefully analyzed by Fourier
tions would be assigned to a splitting of the*tmetal orbitals  transform in order to ensure that there was no spurious signal
in the frame of the former interpretation and to slightly different arourd 5 A in the background of the spectrum; (ii) it can be
multiple-scattering pathways in the frame of the latter. The two seen from the Fourier transform (Figure 3) that this peak is
views, however, converge to the same conclusion: a distortion above the noise level; (i) accidental fluctuations in X-ray
of the octahedral environment in compoun2isand 3 with intensity were observed in neither the incomingnior the
respect tal.3> transmitted beam [; and (iv) the quality and homogeneity of
the sample were carefully checked. As a matter of fact, the
(26) Lloret, F.; Ruiz, R.; Julve, M.; Faus, J.; Journaux, Y.; Castro, 1.; comparison of the FEFF calculation and the spectrum resulting
Verdaguer, M.Chem. Mater1992 4, 1150. from the same model but without heavy neighbors (Figure S1,
(27) Gadet, V.; Mallah, T.; Castro, |.; Verdaguer, M.Am. Chem. Soc.  gypplementary Information) shows that there is a peak around

1992 114, 9213. ) .
(28) Lloret, F.: Ruiz, R.; Cervera, B.; Castro, I.; Julve, M.; Faus, J.; Real, A in the former but not in the latter. Therefore, we can say

J. A.; Sapim, F.; Journaux, Y.; Colin, J. C.; Verdaguer, 8.Chem. that the 5 A signal is not due to an experimental or mathematical
(29) SR?J?; gheg‘ljr\%ﬁ?g;?;?f (2:6.1J5(-)umaux V- Colin 1. C.: Castro. 1. artifact but arises from heavy neighbors. The quality of the

Cervera, B.. Julve, M.; Lloret, F.. Sa@nF. Chem. Mat 1996 in FEFF quel_compared to the experlmental_ spectrum is il-

press. lustrated in Figure 4a. Thiey(k) data and the imaginary part

(30) Real, J. A.; Castro, I.; Buosseksou, A.; Verdaguer, M.; Burriel, R.;  of the radial distribution function for compouridare compared

(31) ggzrej' i giﬂﬁ;i;?og'Jch&”;ygpéesj_ Pyrz, 3. W.: Widom, J.; 1© the theoretical model including 103 scattering paths, calcu-

Que, L., JrJ. Am. Chem. Sod.984 106, 1676.
(32) Rakotonandasana, A.; Boinnard, D.; Savariault, J.-M.; Tuchages, J.- (35) Nakatani, K.; Carriat, J. Y.; Journau, Y.; Kahn, O.; Lloret, F.; Renard,

P.; Petrouleas, V.; Cartier, C.; Verdaguer, INorg. Chim. Actal991, J. P.; Pei, Y.; Sletten, J.; Verdaguer, M. Am. Chem. Sod 989
180, 19. 111, 5739.
(33) Natoli, C. R.; Benfatto, M.; Doniach, 8hys. Re. A 1986 34, 4682. (36) Zhang, H. H.; Filipponi, A.; Cicco, A. D.; Lee, S. C.; Scott, M. J,;
(34) Benfatto, M.; Natoli, C. R.; Gara) J.; Bianconi, A.; Marcelli, A.; Holm, R. H.; Hedman, B.; Hodgson, K. @norg. Chem 1996 35,

Fanfoni, M.; Davoli, |.Phys. Re. B 1986 34, 5774. 4819-4828.
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Figure 3. k-space experimental EXAFS speckg(k) vs k (left) and their Fourier transforms of the EXAFS spectra (right) at the nickel K-edge
for 1 (a), 2 (b), and3 (c) at 10 K.

Chart 1

N,

N,
(c) (d)

lated by FEFF on the complete set of atomic coordinatek of  the fact that the symmetry of the model compound is low and
The large number of pathways determined by FEFF is due to thus the degeneracy is weak. Using the dinuclear complex as
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Figure 4. Comparison of the experimental (dashed lines) and calculated spectra (solid lines) using the FEFF method on the dinuclear model
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compound forl (a) and the postulated trinuclear compound 2aofb) and3 (c): kx(k) values (left); imaginary parts of the Fourier transforms

(right).

the starting structure, we built a schematic trinuclear model for
compound< and 3:

We also analyzed quantitatively the first and outer shells of
compoundsl—3 by using the amplitudes and phase shifts
extracted from the FEFF calculations, including the most
important multiple-scattering pathways ((a) and (b) in Chart 1).
The number and postulated nature of neighbors, the abserber
neighbor distances, the Deby®aller factors, and other
parameters resulting from quantitative MM analyses of the
EXAFS data are available in Table 4. These data confirm the
above qualitative discussion. The resulting average distances
for compoundsl—3 are the following: six nitrogen atoms at
2.11,2.11, and 2.10 A, respectively (the same distances as found
by simple-scattering analysis, as expected), six carbon atoms
at 2.90, 2.95, and 2.95 A, two nitrogen atoms at 3.01, 3.06,
and 3.03 A, two nitrogen atoms at 4.05, 4.11, and 4.13 A, and,

Parts b and c of Figure 4 show the comparisons betweenfinally, one nickel atom at 5.27 fot and two metal ions at
experimental data and the theoretical trinuclear model. The 5.16 and 5.12 A for2 and 3, respectively. These distances

spectra compare quite well in both phase and amplitude,

especially at short and long distances.

compare well with the crystallographic average distances in
Least-squares refinement resulted in the simulation shown in
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Table 4. Fitting of the EXAFS Data for Compounds-32—¢

1 2 3
First Shell
Ny 6N 6N 6N
Ry, A 2.11(1y 2.11(1) 2.10(2)
s,A 0.00 0.00 0.00
Second Shell
N2 6C 6C 6C
R.A 2.90(3) 2.95(4) 2.95(3)
A 0.07 0.06 0.06 ]
Third Shell 0.5
N3 2N 2N 2N l T/K
Rs,A 3.01(2) 3.06(2) 3.03(3) 0.0 ' ' ) ' ' '
S A 011 0.10 0.10 0 50 100 150 200 250 300
N oN Fourth ShZ”N oN Figure 6. Thermal variation in the molar susceptibility for complexes
4 2 () and3 (O). The solid lines correspond to the best theoretical fits

ReA 4.05(2) 4.11(3) 4.13(3) ( A o © P
siA 0.12 0.12 0.13 :
N 1Ni Fifth Sheg Ni 2 Ni Least-squares fitting of experimental magnetic data with the
Rs A 5.27(1) 5.16(5) 5.12(2) above elquatlon gave the superexchagge paramieters83.6-
s5,A 0.08 0.12 0.11 (4) el g = 2.43, andR = 4.2 x 107> for 1, whereR is the
G 0.7 0.7 0.8 quality factor defined a® = Z(jw°a — ymPYZ=(ym*92.
p.% 06 13 1.9 In a previous report on a series of dinucleag-azido-bridged

nickel(ll) compounds, Ni{Ns),, Ribas and co-worketslem-

a , . i .
The fit was performed by including the amplitude and phases onstrated that thévalue is strongly correlated with the dihedral

extracted from the FEFF calculatiochThe results of the SS fit of the

first shell using the theoretical amplitudes and phases of MéKate angled (as defined above). Thf:‘ value of the superexchange
2.11, 2.11, and 2.10 A for compountis 3, respectively, for the GaN parameted = —83.7 cnt for 1is in the range of the expected
distances® N represents the number of atoms at the distdRéeom value. For a dihedral angle of 245heJ value is—4.6 cnt’;

the nickel absorbers is the Debye-Waller coefficient,G relates to for & = 20.7, the J value is—70 cnTL; for 6 = 34.6, the J

the mean-free path of the electron, amnds the least-squares fitting value is—29.1 ent® and ford = 3.C°. the J value is—114.5

parameter defined gg§%) = Z[K yexK) — K xn(K]1ZZ[K yexdK)]2. ¢ The ) - .
average crystallographic distances for comdlete 2.106, 2.90, 3.01, cm A In thg Cyrrent cas@ = 22.# and the.].va'lue is—83.7
4.07, and 5.26 A¢ Errors are given in parentheses. cm™1, very similar to the] value found for a similad angle of

20.7 (—70 cnrY).

0.0104 X, /cm 3 +mol -1 Plots of theymT product plottedyvs temperature for com-
g pounds 2 and 3 are shown in Figure 6. The plots are
characteristic of a strongly coupled trimer with lo&kF 1.
0.008 - Starting from room temperature, the T value decreases,
reaching the value of 1 chK-mol~1 at 4 K. From the analytical
0.006 and structural data we can suppose a triangular structure:
Ni
0.004 y y
0.002 T/X Ni ———Ni
T v T Ja

0 50 ' 1(I)0 ' 1%0 I 2(I)0 I 2%0 ' 3(|)0

Figure 5. Thermal variation in the molar susceptibility for complex AssumingJ; » = Js and taking into account the behaviorgf T
1. The solid line corresponds to the best theoretical fit (see text). at low terﬁperature experimental data were fitted to the
Figure S2, Supplementary Information. This gives an excellent expression
fit except around = 3—4.5 A~1, where the multiple scattering
IS more important. T = Nﬁng(f(J,T)/kT— zJ f(3,T)

Magnetic Properties. Theym vs T plot for compoundL is
shown in Figure 5. Starting from room temperatysig € 7.37
x 1072 cmi-mol™1), the ym value increases, reaching a
maximum of 9.94x 1073 cmPmol! at 120 K, and then
decreases, reaching a minimum at 20 K. The next increase inf(‘]'T) = {6+ 6 expE,) + 30 expEy) + 6 expE,) +
the ym values is indicative of the presence of a small quantity 30 expEs) + 84 expEy)} /{3 + expE,) + 3 expE,) +
of paramagnetic impurities. From the isotropic spin Hamiltonian 5 ex + 3ex + 5 ex + 7 ex
H = —JS$Ss, wherel is the exchange integral ai8l = S = PEJ PE.) PE) PES)}
1, the expression gfy is%”

in which zJ is the intertrimer exchange parameter &) is

In this case, th&, values can be obtained using the Kambe
xm = (2NBZGKT)(exp() + exp(3))/(1 + 3 expe) + method® from the Hamiltonian

5 exp(3r))
. . ) ) (37) O’Connor, C. JProg. Inorg. Chem1982 29, 239.
in whicha = J/KT andN, 8, k, andg have their usual meanings.  (38) Kambe K. J. Phys. Soc. JpriL95Q 5, 48.
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H==3.{SS+ 5SS — K(SS)

and
B, =J,— 2, E,= 2le2 — 2], E;= 2le2
E,=3J,73); BE=4),-2); E=5)

The best-fit parameters obtained #and3 by minimizing
the R factor S(ymT¢ — ¥ TPYZZ(ymTPI)2 wereJy o = —72-
(3) enr, J; = —36(3) cnTl, g = 2.30(2),zJ = —0.14(63)
cm, R=2.4x 108for 2andJ; = —60.3 (3) cnT?, J3 =
—29.4(2) cnl, g = 2.34,z] = —0.21(1) cnml, R= 6.3 x
1075 for 3.

Escuer et al.

compound g-N3)3[Ni 3(222-tet}](PFs)s (2) and «-N3)3[Ni3(222-
tet)s](ClO4)3 (3). This new topology for the azido polynuclear
derivatives is also one of the scarce examples of nickel(ll)
triangles, which in this case show a very hidi; » close to

the spin frustration ratio of 0.5. In addition, the dinucleat (
N3)2[Nio(222-tet)p(BPhy), (1) compound has been studied, and
its magnetic properties have been correlated to the previously
reported model for chair-distorted nickedzido dimers. An
EXAFS study ofl provided a good model for assigning the
triangular array t@2 and 3 despite the large Ni-Ni distance.
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Conclusions

termination summary fot, tables of hydrogen positional coordinates
and anisotropic displacement parameters, and complete bond lengths
and angles forl, a modulus of the Fourier transforms of the FEFF
calculation on the model compoutfdvith and without heavy neighbors

‘Analytical, magnetic, and EXAFS data are in good agreement (rigure S1), and simulations of the EXAFS data and imaginary parts
with the assumption of a distorted triangular array for the two of the Fourier transforms for compounds-3 using the parameters
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(40) McKale, A. G.; Veal, B. W.; Paulikas, A. B. Am. Chem. S0d988
110, 3763.

extracted from the FEFF calculation (Figure S2) (16 pages). Ordering
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