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Single-Molecule Magnets

Unusual Magnetic Metal-Cyanide Cubes of Re"
with Alternating Octahedral and Tetrahedral
Corners**

Eric J. Schelter, Andrey V. Prosvirin, William M. Reliff,
and Kim R. Dunbar*

The design of cyanide-bridged transition-metal clusters is one
of the leading topics in the field of molecular magnetism.!
Two of the main reasons for this high interest are 1) cyanide
chemistry easily lends itself to a building-block approach and
2) the nature (ferromagnetic versus antiferromagnetic) of
magnetic exchange interactions through a linear cyanide
ligand is largely predictable.”* These attributes have inspired
numerous research groups to pursue the synthesis of high-
spin, magnetically anisotropic metal cyanide molecules with
the goal of engendering slow paramagnetic relaxation of the
magnetization, a phenomenon that has been likened to the
behavior of single-domain particles. This “superparamag-
netic-like” magnetic behavior of molecules, commonly refer-
red to as “single-molecule magnetism”,* ! has been observed
for paramagnetic clusters that exhibit a large spin ground
state combined with an appreciable degree of anisotropy (i.e.,
a negative zero-field splitting parameter D).5%!%11 Single-
molecule magnet (SMM) behavior was first noted over ten
years ago for an {Mn,,} cluster of the oxide family,'*!" and
many new examples of oxide-based SMMs have been
prepared in the ensuing years.""!? Progress in this area has
been only incremental, however, in terms of raising the
blocking temperature of the magnetization. One of the main
reasons for this situation is that it is difficult to control the sign
and magnitude of D. This limitation to realizing high-temper-
ature SMMs is one of the focal points of research in the field.

One approach to increasing the magnetic anisotropy of
paramagnetic clusters is to incorporate heavier transition
elements, such as 5d metal ions, which exhibit strong spin—
orbit coupling effects that can induce anisotropic magnetic-
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exchange interactions.”'>'7) In this vein, we have been
investigating the use of the paramagnetic Re" anion complex
[Re"(triphos)(CN);]~  (triphos = 1,1,1-tris(diphenylphospha-
nylmethyl)ethane) as a building block for high nuclearity
clusters with unusual magnetic properties."®! As a backdrop
for these studies, we undertook a full investigation of the
magnetic behavior and theoretical modeling of [Et,N][Re™-
(triphos)(CN);], which revealed that the compound exhibits
an unusually strong temperature-independent paramagnet-
ism due to spin—orbit coupling of the S = 1/2 ground state and
low-lying excited states.'>?!) Given these intriguing findings,
we proceeded to explore reactions of [Re'(triphos)(CN),]
with complementary building blocks including MCl, reagents
(M = 3d metal ion). The results of these studies with Fe"" and
Co" chlorides are reported herein.

Single-crystal X-ray studies revealed the products to be
distorted molecular cubes composed of both six- and four-
coordinate vertices (Figure 1).”2! The triphos ligands act as

Figure 1. Thermal ellipsoid plot of [{CoCl},{Re(triphos) (CN);},]. Ellip-
soids of the central core are drawn at the 50% probability level. The
remaining atoms are depicted in stick mode for the sake of clarity.

facial-capping ligands for the Re" centers, as expected, and a
single chloride ligand completes the coordination spheres of
the four 3d metal ions, which are in four-coordinate distorted
tetrahedral environments. The steric demand of the triphos
ligands, illustrated in the space filling diagrams in Figure 2, is
clearly responsible for the lower coordination number of the
Fe and Co centers in these compounds.”*>!

Relevant metal-ligand bond lengths and angles in
[{FeCl},{Re(triphos)(CN);},] (1) and [{CoCl},{Re(tri-
phos)(CN);}y] (2) reveal subtle differences in the two
molecular structures. The N-Fe-N angles in 1 range from
103.9(7)-108.2(8)° and the N-Fe-Cl angles range from
111.1(6)-113.9(7)°. The N-Co-N angles in 2 are slightly
more acute than those in 1, ranging from 101.9(3)-
105.8(3)°; the N-Co-Cl angles are in the range 112.3(2)-
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Figure 2. Space filling diagram for [{CoCl},{Re(triphos) (CN),},] illus-
trating the high steric demand of the triphos ligands. Top: View along
Fe—Cl vector (pseudo-GCs-axis of cube). Bottom: Side view of cube face.

116.1(2)°. In both structures, the fact that the N-M-N angles
are >90° is compensated by deviations of the CN~ ligands
from linearity (Re-C=N angles range from 169.3(18)-177(2)°
and 175.0(8)-179.3(10)°; M-N=C angles range from
163.3(18)-174.3(16)° and 165.4(8)-174.1(8)° in 1 and 2
respectively).

Infrared spectroscopy performed on polycrystalline sam-
ples of 1 and 2 as Nujol mulls revealed the presence of two
sharp, intense v=y, stretches located at 2011 and 1992 cm ™' in
1 and 2111 and 2096 cm™! in 2. The V(=) modes in 1 are
shifted by —49 and —78 cm™' from the starting material (2060,
2070 cm ™), whereas the vy, stretching bands in 2 are
shifted by +51 and +26 cm ™ respectively. Typically, CN
stretches shift to higher energies in going from a terminal to
bridging mode, so it was initially puzzling that compound 1
exhibited anomalous behavior. These differences can be
explained, however, on the basis of different oxidation states
for the Re ion in 1 and 2. Far-infrared spectroscopy performed
on 1 revealed a feature at 354 cm™! that is consistent with a
Vre—c Stretching mode for a ferric iron, and Mossbauer spectra
at 4, 77, and 298 K indicate the presence of a single iron
species, namely a high-spin Fe™ nucleus (6 =0.43 mms' and
AE =0.53 mms!, Figure 3). These data indicate that the Fe™
ions have become oxidized in the course of the reaction, and,
since there are no counterions in the crystals of 1, one must
assign the oxidation state of Re in the cluster as Re'. This
conclusion is substantiated by the electrochemical properties
of [Et,N][Re(triphos)(CN);] which reveal an accessible,
reversible Re" —Re' reduction process at E;,=—0.74V
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Figure 3. M&ssbauer spectrum of {[FeCl],[Re(triphos) (CN);],} at

77.5 K. The Quadrupole doublet indicates rapidly relaxing high-spin
Fe'" center with 6 =0.43 mms™' and AE=0.53 mms™; (Rel. A is the
relative absorbance; v is velocity).

(dissolved in acetonitrile, versus Ag/AgCl).'¥! Moreover,
there is a general contraction of Re—L bond lengths in 1 as
compared to 2, in accord with the presence of the Re' ion,
which can engage in stronger m-bonding interactions with the
cyanide and phosphine ligands. The assignment of an Re'-
Fe™ ground state is consistent with the shifted energies of the
V(c=~) modes in the infrared spectra of the compounds, as it is
well-known that these bands are sensitive to metal oxidation
states.

Magnetization measurements were performed on 1 and 2
from 7=2-300 K. The ¥, T versus T plot for 1 shows a room-
temperature value of 14.72 emuK mol ™' (10.85 pg) and a low-
temperature value of 1.45emuKmol™ (3.41 pg; Figure 4).
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Figure 4. Temperature dependence of the magnetic susceptibility (x,,)
for [{FeCl},{Re(triphos) (CN)s},] (1). Inset shows y,, T versus T.

The value of 14.72 emuKmol ™! is slightly low for four, non-
interacting S=5/2 Fe™ centers, (3.68 emuKmol™" (5.43 )
per Fe and low-spin, d® Re' ions, which contribute only
TIP).” The calculated moment per Fe'" center continues to
approach the spin-only value of 5.92 pp with increasing
temperature, attaining a value of 5.60 pg at the limit of the
experiment ~ 350 K. Attempts to apply a simple model to the
%1 versus T data that involved a combination of a small zero-
field splitting parameter and weak next-nearest neighbor
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interactions!”’ did not entirely reproduce the gradual slope of
%1, but the data are reproducible for pure batches of crystals,
thereby ruling out the presence of impurities. Further efforts
are underway to develop a model for this system that accounts
for the behavior of 1 over the entire temperature range.

In the case of compound 2, the y,,, T versus 7 plot exhibits a
high temperature product of 13.92 emu K mol ™' (10.55 pg) and
a low temperature product of 0.58 emuKmol™ (2.15 pg;
Figure 5). If the contribution of the Re™ centers at 300 K is
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Figure 5. Temperature dependence of the magnetic susceptibility of
{[CoCl],[Re(triphos) (CN);],} (2) and that of the model (solid line).
Inset shows y,,, T vs T with that of the model (solid line). The model
breaks down at higher temperatures due to the temperature depend-
ence of the g value of the Co" ions arising from zero-field splitting.

taken to be 0.63 emuKmol™' or 2.29 uy (the value of the
parent compound [Et,N][Re(triphos)(CN);]),"® one obtains
ay,,T value of 2.85 emuKmol ™' (4.77 pg) for each Co™ ion, in
accord with tetrahedral Co™ (S=3/2) and a typical orbital
contribution.® The y,, versus T plot increases as the temper-
ature is lowered until 21 K, after which temperature the value
decreases before rapidly increasing again at 12 K. The y,, T
versus 7T data for 2 descends over the whole temperature
range and approaches zero at low temperatures.

The magnetic data for 2 can be rationalized in terms of the
well-described behavior of the “A, ground state of the
tetrahedral Co" ion.”"! Zero-field splitting of this ion (= |7-
15| cm )" Jeads to an effective spin §'=1/2 for the Co"
ion at low temperatures. The fact that both Re™ and Co™ ions
in 2 are magnetically anisotropic poses a formidable challenge
for the simulation of the magnetic behavior. A model for the
magnetic susceptibility was developed by using MAGPACK
(ANIMAG?2),”! which accounts for the most influential
factors on the susceptibility of 2, namely, the zero-field
splitting of the Co" ions, the anisotropic g factors of the Co"
ions, and their anisotropic magnetic exchange. The data were
reproduced by using an Ising exchange model and assump-
tions were made to limit the number of fitting parameters.
The g values for the Re' ion were set at gy=2.4 and g, =0.7,
values previously established by the j—j coupling scheme
developed for [Re(triphos)(CN);]~.*) The best fit to the low-
temperature data (<~40 K)*” was obtained for Co" ion g
values of g|=2.7 and g, =12,F"* D¢, =—-15cm™" and J, =
—5.5 cm™! (Figure 5).5°l Most importantly, the model predicts
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the maximum in %, vs T reasonably well. Additional work is
currently underway to experimentally establish g and D
values from EPR studies to further refine the model.

The results of this study demonstrate that the anion
[Re(triphos)(CN);]~ is a useful precursor for the high-yield
self-assembly of unusual metal cyanide cubes in which four-
coordinate pseudotetrahedral metal ions occupy four of the
vertices of the cube along with the six-coordinate Re" corners.
The reaction with FeCl, led to a redox reaction to produce a
cluster consisting of Re' and high-spin Fe™ ions, a result that
underscores the fact that choices of metal ions to combine
with [Re(triphos)(CN);]~ will need to be guided by a knowl-
edge of their oxidation potentials. The combination of Re"
(S=1/2) and Co" (§=3/2) in 2 leads to complex magnetic
behavior dominated by the anisotropy of the ions as expected.
In an effort to generalize this chemistry, we have also
explored reactions of the divalent chlorides of Mn, Ni, Cu,
Zn and crystallized analogous cubes in all cases. These
preliminary results combined with the present studies con-
stitute a family of homologous clusters whose comparative
magnetic properties is expected to lend valuable insight into
the parameters that affect the behavior, especially the large
magnetic anisotropy of the Re ion.

Experimental Section

Synthesis of [FeCl],[Re(triphos)(CN);] (1): [Et,N][Re(triphos)(CN);]
(0.080 g, 0.078 mmol) was dissolved in 5mL of dry CH;CN and
treated with Fe,Clg(thf)>? (0.032 g, 0.034 mmol in 4 mL of CH,CN
and 1 mL of Et,0) which produced a change from yellow to an
intense blue. A crystalline blue sample was harvested after 18 h and
washed with CH;CN followed by Et,O and air-dried. Yield: 0.053 g
(63%). The synthesis of 2 (intense green) is identical to that of 1
except that the CH;CN washings were minimized due to the higher
solubility of 2 in CH;CN. X-ray quality single crystals of 1 and 2 were
obtained by layering CH;CN solutions of the Re"' compound with
CH;CN/E,0 (9:1 v/v) solutions of MCL,. Elemental analysis calcd for
1, C,;6H,5¢N,,CLP,Fe,Re,: C 53.91, H 4.01, N 4.23, C1 3.62; found: C
53.52, H 4.12, N 4.19, Cl 3.52. Elemental analysis calcd for 2,
C,76H,5¢N,Cl,P,CosRe,: C 53.74, H 4.00, N 4.27, CI 3.61; found: C
53.89, H 4.16, N 4.12, ClI 3.58. IR (Nujol) for 1: #=2011, 1992 cm™"
(C=N); 2: $=2111, 2096 cm~! (C=N). Méssbauer (77.5K): 1: 6=
043 mms~' (relative to RT Fe), AE=0.53mms'. DC magnetic
susceptibility measurements were performed on microcrystalline
samples of 1 and 2 with the use of a Quantum Design MPMS-2
SQUID magnetometer operating in the temperature range of 2—
300 K at 0.1 T. Diamagnetic corrections were made with the use of
Pascal’s constants.
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