Crystal Structure and Electronic and Magnetic Properties of

Hexacyanoosmate(lll)

Pablo Albores, T Leonardo D. Slep,* ' Luis M. Baraldo, ' Ricardo Baggio, * Maria Teresa Garland, ¢ and

Eva Rentschler "

Departamento de Qmica Inorganica, Analtica y Qumica Fsica, INQUIMAE, Facultad de
Ciencias Exactas y Naturales, Uirsidad de Buenos Aires, Pabell@, Ciudad Uniersitaria,
C1428EHA Buenos Aires, Argentina, Corhisidacional de Energi Atamica (CNEA), A. Gral
Paz 1499, 1650 San Mam Pcia. de Buenos Aires, Argentina, Departamento dgck| Facultad
de Ciencias Ricas y Matermticas, y CIMAT, Uniersidad de Chile, Aenida Blanco Encalada
2008, Casilla 487-3, Santiago, Chile, and Institute of Inorganic and Analytical Chemistry,
Johannes GutenbergUniversity of Mainz, Duesbergweg #14, D-55128 Mainz, Germany

The [Os"(CN)eJ*~ anion is prepared by chemical oxidation in
aqueous solution and isolated as yellow prisms of
[Ph,4P]5[Os"(CN)g]-6H,0 (1). This species crystallizes in the triclinic
space group P1 with cell parameters a = 13.7609(11) A, b =
16.2275(13) A, ¢ = 17.0895(14) A, oo = 91.4040(10)°, B =
109.3600(10)°, y = 102.3970(10)°, V = 3497.4(5) A3 and Z =
2. The slightly distorted octahedral moiety displays Os—C and C-N
bond lengths that average 2.058 and 1.146 A, respectively. Spin—
orbit-coupling splitting of the ground-state term dominates the NIR
region of the electronic spectrum and the magnetic behavior of 1.
The experimental information points to higher spin delocalization
over the coordinated cyanides than in [Fe"(CN)gJ*.

The past decade witnessed an unexpected revival of th
hexacyanometalate chemistry, driven by a great deal of
publications reporting the use of these molecules as building
blocks to prepare discrete and extended systems with
potential applications as molecular wires and memory storage

devices! The most widespread [M(CRy~ moiety is by far

the hexacyanoferrate system because of its availability, its
inertness against loss of cyanide molecules, and the acces

sibility of two oxidation states with low-spin édor o®

electronic configurations, well suited for electron-transfer

€

[FE"(CN)s]®*~ makes it also an attractive fragment to integrate
magnetic materials.

The exploration of multinuclear fragments involving the
hexacyanometalates of the other two members of group VI
(Ru and Os) appears as a logical followup, provided their
similar chemical behavior and the fact that the increase in
orbital extension when going down in the group may enhance
the electronic communication or the exchange interactions
with other metallic fragments. All thre€® dpecies have been
thoroughly characterized, but it was only receritlgyen
when it has been known for decadethat [RU"(CN)g]3~
could be isolated as its [RAs]" salt, which provided the
first opportunity to study its crystal structure and magnetic
properties.

The last M' member of the family is still partially char-
acterized. It has been obtained by oxidation of [(@N)s]*~
under air in organic medid or by using C¥ 7 to explore
its spectroscopic [UVvis and magnetic circular dichroism
(MCD) spectroscopies] and kinetic properties. So far, a
structural characterization of this species has not been
reported.

The addition of [PHP]CI to an aqueous solution of
[Os"(CN)e]*>~ obtained by oxidation with a stoichiometric
amount of C& induces the precipitation of a yellow powder
of the O4' species. The compound showed no signs of

studies. The unpaired electron in the commercially available decomposition in solution or in the solid state. Single crystals
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reveals the presence of the [Os(GR) anionic unit (crys-
tallographically materialized in two independent moieties
standing on two different symmetry centers), three;fih
cations providing for charge balance, and six hydration water
molecules.

The O4¢' center is located in a slightly distorted octahedral
environment, very similar to those observed in the other
hexacyanometalates of the group. The-@sbond lengths
range between 2.044 and 2.070 A, with an average value of
2.058 A. This value follows the increasing trend observed
in the group (1.945 and 2.050 A for feand RU',
respectively) and is slightly larger than the average 2.042 A
observed in NgOs'(CN)g]:10H,0.1* The average €N bond
length in1is 1.146 A, a number that compares well with
those observed in the ®species (1.140 A) and the other
[M"(CN)s]3~ of the group (1.146 and 1.150 A for feand
RuU", respectively$:*?

Solutions ofl can be reversibly reduced to the'Gsate.
Cyclic voltammetry experiments show one-electron-revers-

(8) A total of 100 mg (0.200 mmol) of ¥Os(CN}) was dissolved in 5

mL of water and treated with a stoichiometric amount of ¢¢¥&e-
(NO3)s (110 mg, 0.200 mmol). Almost immediately a small amount
of a greenish-brown powder precipitated from the reaction mixture.
This impurity was removed by filtration, leaving a deep-yellow
solution. The addition of a slight excess of JPICI (250 mg, 0.67
mmol) precipitated the product. The solid was collected by filtration,
washed with small portions of chilled water, and dried under vacuum.
Yield: 208 mg (74%) of yellow needles. Anal. Calcd for [Pf-
[OS“I(CN)G]‘ZHzO (C78H64P3NGOZOS)Z C, 66.9; H, 4.6; N, 6.0.
Found: C, 66.6; H, 5.3; N, 5.9. IR (KBr pellet): 2130 (w), 2100 (vs),
2080 cnT? (vs) (vc-n)-

Crystal data for [PAP5[OS" (CN)s]-6H-0 (1) at 298(2) K: GgHeaPs-
NgOsOs, MW = 1472.53, yellow prism, 0.42 0.40x 0.12 mm,P1,
a=13.7609(11) Ab = 16.2275(13) Ag = 17.0895 A o = 91.4040-
(10, B = 109.3600(10), y = 102.3970(10), V = 3479.4(5) &, Z

= 2, dcalcd= 1.398 g cn®, Mo Ka. radiation § = 0.710 73 A),u =
1.819 mnt?, final R/R,, = 0.046/0.097, goodness of fit ¢t = 0.969

for 899 parameters and 10 106 unique reflections With2o(l). The

final Fourier difference synthesis showed minimum and maximum
peaks of—0.649 and 1.479 e &. Data were collected on a Bruker
AXS SMART APEX CCD diffractometer withSMARTC2 as the
driving software; data integration was performed wW&AINT% and

a multiscan absorption correction applied usiBDABS The
structure was solved by direct methods and difference Fourier and
refined by least squares ¥ with anisotropic displacement param-
eters for non-H atoms. H atoms attached to C were idealized4€ sp
H: 0.93 A) and allowed to ride. Those corresponding to water
molecules were found in the difference density maps and refined with
restraints, both in distances ®: 0.85 A) as in their isotropic
temperature factordfso(H): 1.2UequifO)]. All calculations to solve

the structures, refine the models proposed, and obtain derived results
were carried out with the computer progran®HELXS97 and
SHELXL97% and SHELXTL/PC'% Full use of the CCDC package
was also made for searching in the CSD datab¥{<erystallographic
data (excluding structure factors) have been deposited with the
Cambridge Crystallographic Data Centre as supplementary publication
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Figure 1. UV—vis—NIR spectra of [PPJ3[0s"(CN)s]:2H.0 in water

and acetonitrile.

ible waves withAE, between 80 and 100 mV depending on
the solvent. The redox potentials for the'@scouple are
solvent-dependent, being 43796, and—593 mV (vs AgCl/
AgP) in water, methanol, and acetonitrile, respectively. These
values correlate linearly with the acidity of the solvent
measured by Gutmann’s acceptor number (AN)ith a
slope of 28 mV/AN, and reflect the specific cyanigsolvent
interactions in the M state!* As a comparison, a similar
study performed over ferri/ferrocyanide yields a slope of 33
mV/AN.*® The shift inE°, and consequently in the energy
of the lowest unoccupied molecular orbital, barely influences
the charge-transfer features observed in the-uig spectrum

of the O¢' species (Figure 1), indicating considerable mixing
of the filled e orbitals with the 4, set of metal orbitals.
Strong overlap with the charge-transfer transitions prevents
the observation of the spin-allowed—d transitions, a
complication that has already been assessed in the litefature.
The use of MCD did not contribute substantially to palliate
this difficulty.> Nevertheless, valuable information can still
be recovered from the NIR region of the spectrum. The intra-
2T,4 term spin-orbit interaction splits the ground-state term
into states that span the irreducible representati®ng

+ Gy of the double groupDr2.1® The magnitude of the
splitting is, to first order, close to 322(¢ ~ 3000 cm?),”
giving rise to intraconfigurational (IC) electronic transitions
that show up in the NIR region. We found two groups of
bands close to 5850 and 5200 c¢imthat are solvent-
independent. These two transitions originate from further
splitting of the exciteds'yz/2) term upon distortion from the
ideal O, symmetry. An extra-sharp feature at 4110 ¢ém

no. CCDC 284552. Copies of the data can be obtained free of charge
upon application to CCDC, 12 Union Road, Cambridge CB2 1EZ,
U.K. (fax (44) 1223 336-033; e-mail deposit@ccdc.cam.ac.uk).
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0.025 1.6 poor probes to get accurate values for Rac&emdC. We
achieved equally good fitting quality witG/B ratios close
0020k 00eeeeP to the values found in gaseous iors £ 340 cn1?, C =
,,,,,,, 1 1360 cn1?, andC/B = 4.0) 17185yt also for ratios as large
- 0015LF° as 9.3 B = 263 cntlandC = 2450 cn1?), with essentially
g I PPY: no impact on the other parameters. Though deviations from
"’g 0010l } the expectedC/B = 4—4.2 might be indicative of cova-
N lency}” we felt that such large values, even when they are
410 close to those reported in the literatregre probably
0.005 | L ) ; o
. unrealistic and continued our analysis by constraining the
-===========::==== C/B ratio to 4.0.
0.0007 50 100 150 200 250 300" This set of parameters positions the IC transitions at 5720
TIK and 5120 cm?, in excellent agreement with the NIR
Figure 2. Temperature dependence of the magnetic susceptittijtaigd determinations. The LF parameters follow the trend expected
moment ©) of 1. for the group. The negative value B indicates a slight

) ) _ ) _ ) tetragonal elongation along theeaxis.
previously attributed to IC spirrorbit coupling (SOC) sy jyand electron paramagnetic resonance (EPR) determina-
presently discarded because it is also present iny,ng of frozen solutions of in water show a single broad
[Ph“P]3[Fe"|_(CN)_6] at (.axact.ly_ the same energy. It has to be resonance afj = 1.82. Evaluation of the Zeeman splitting
therefore vibrational in origin. o _ of the ground Kramers doublet obtained from the LF

The variable-temperature susceptibility responsd. calculation yields an effective axiglmatrix with principal
displayed in Figure 2. It is customary to model low-spi d valuesgy = 1.79 andg, = 1.21. While the calculatedn
species with close-to-degenerate electronic ground states b)é_grees with the measured one, we were not able to observe
means of a simplified Hamiltonian that operates over the any signal at higher field probably because of severe
2T,4 microstates, which are assumed to be well Separatedbroadening. Covalency of the ©EN bonds, anticipated
from the other excited configuratioffsin our case, however,  theoretically in ref 3, is reflected in the small value of the
the larger value for the SOC constant in"Gaduces small  gpital reduction factor. However, there are no indications
but nonnegligible mixing of théT state with electronically ¢ hyperfine splittings in the X-band spectrum that could
excited states. Omission of this fact when dealing with the (efiect spin delocalization on the cyanides.
susceptibility data still produces apparently good fittings but  \ye have recently shown that [FECN)J3 can be
leads to either too large values for the SOC constant or angyccessfully employed to synthesize in a controlled way
E'sg2 — Gy €N€TgY gap that is not consistent with the - pyilding blocks for extended materidfsReplacement of the
NIR spectroscopy. For this reason, we chose to perform age mojety by the Os one will surely open an interesting new
full ligand-field (LF) computation including all of the  family of cyano-bridged oligomers with stronger electronic
microstates derived from & donfiguration, employing the  4ng magnetic coupling between metal centers, owing to the
standard LF Hamiltonian for an octahedral species param-greater radial extension of the d orbitals and the higher degree
etrized in terms ofDq and Racah’s parameters with the o glectron density delocalization over the bridging cyanides,
inclusion of the SOC terms and a tetragonal distortion ;, comparison with the lighter members of the group. We
contribution described ads, = «3i&lis andHeer = A2 — are currently exploring this possibility.

A3, respectively.

The magnetic and electronic data can be well reproduced
with Dg = 3850+ 50 cnm?, ¢ = 3100+ 40 cn?, « =
0.655+ 0.005, and\t = —950+ 60 cnt. As for the Racah
parameters, it must be noted that the contribution of the
interelectronic repulsion to théT,q term is only indirect
through its mixing to suitable excited states. According to
our estimations, the contributions of the lowest-lyffig and ) i ) . i )
4,4 to the2T, microstates are at most 5%. For this reason, Clg?gr?::t'”lgR l;:nzrgsaog Available: Crystallographic data in

, pectra bfand details on the LF analysis

ground-state properties and IC-SOC energies are, in this Caseémd magnetic susceptibility calculations. This material is available

free of charge via the Internet at http://pubs.acs.org.
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