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A new low symmetry octanuclear cyano-based {Fe,Ni',}
single-molecule magnet (SMM) is described. This SMM
exhibits the highest energy barrier (4d/kg ~ 33 K) for
magnetization reversal seen for any first-row cyanide-based
complex. The importance of anisotropy axes alignment and
their impact on SMM properties are illustrated when cubic
{Fe",Ni",} boxes are compared to octanuclear complexes of
lower overall symmetry.

Single-molecule magnets (SMMs) are an unusual class of
complexes that have received considerable attention over the
last decade due to their superparamagnetic-like properties.
The most celebrated class of SMMs are those containing
transition metal centers linked via oxo- and carboxylate
bridges, with {Mn;,05(OAc);((OH,)4} being the most
famous example.! Due to the presence of a large spin ground
state (St) and uniaxial Ising-like magnetic anisotropy (D < 0
considering the following Hamiltonian: H = DST)ZZ), these
molecular objects exhibit a substantial energy barrier to
magnetization reversal (4 = |D|St> or 4 = |D|(S> — —) for
integer or half-integer St values, respectively). With sufficiently
large barriers, slow relaxation of the magnetization can be
observed at temperatures well above 2 K. Of known SMM
complexes, [Mn""¢0,(Et-sa0)s(0,CPhMe,),(EtOH)4] displays
the largest energy barrier (86 K) seen to date.”

Among polynuclear complexes that exhibit slow relaxation
of the magnetization those containing cyanide bridges represent a
relatively unexplored class of SMMs.>™ These cyanometalate
SMM systems are usually designed using a premeditated
assembly of paramagnetic building-blocks that exhibit sub-
stantial orbital angular momentum contributions to their spin
ground state. The most common building-blocks are those
derived from [fac-LM(CN)3]"" ions, where L is a variety of
mono- and tridentate ligands.>> Several reports suggest that
the magnetic anisotropy and energy barriers to magnetization
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reversal may be enhanced upon lowering the overall symmetry
of polynuclear cyanometalates.* "¢ Using strategies reminiscent
of oxo-carboxylate SMMs, we previously reported that the
overall magnetic anisotropy of cyanide-bridged tri- and
tetranuclear complexes may be enhanced upon parallel align-
ment of the anisotropy tensors of the [(Tp®)Fe™(CN)s]~
anions.***#>? In comparison, the magnetization reversal
barrier is enhanced upon conversion of cubic {Fe"yCu'ls}
complexes (4/kg = 11.3 K) to trigonal bipyramidal {Fe™,Cu'5}
(4/kg = 23.2 K). Via symmetry reduction, the formerly
octahedral complexes become Cs,-symmetric, and the three-
fold rotation axes of the [(Tp®)Fe'"(CN);]~ building-blocks
become approximately collinear, affording an efficient
alignment of the anisotropy tensors.*>? In the present report,
we focus on a new low symmetry octanuclear {Fe™,Ni'l,}
complex that can be considered as an unzipped version of
previously reported cubic SMMs.**¢ This compound
illustrates how molecular symmetry, connectivity, and magnetic
properties of an octanuclear complex may be modified by
ancillary ligands choice.

Treatment of [NEt,][(Tp*™)Fe"(CN);]-H,O (1, Fig. SI,
ESIT) [Tp*™° = tris(3,4,5-trimethylpyrazolyl)borate] with
nickel(11) perchlorate and tris(2-aminomethyl)amine (tren) in
methanol affords {[(Tp*™)Fe™(CN);]4[Ni"(tren)]4[ClO4]4}-
7H,0-4MeCN (2) as red plates after 7 days.f The infrared
spectrum of 2 exhibits intense gy (2541 cm™!) and four
different 7N (2156, 2141, 2130, 2114 cm™ ') stretches that
are shifted in energies relative to those seen for 1 (2554, Upy;
2119, 2115 em™', cn), suggesting bridging and terminal
cyanides are present.** ¢

Compound 2 crystallizes as a tetra-cationic octanuclear
species in the triclinic P1 space group (Fig. 1 and Fig.
S2-S4, ESIf).§ The polynuclear complex consists of two
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Fig. 1 X-Ray structure of 2. Thermal ellipsoids are at the 50% level,
and all anions, lattice solvent, and hydrogen atoms are eliminated for
clarity. Selected bond distances (A) and angles (°): Fel-Cl1 1.921(4),
Fel-C3 1.935(4), Nil-N2 2.038(4), Nil-N3A 2.132(4), C1-Fel-C2
86.2(2), Nil-N3-C3 158.7(4), Nil-N2-C2 170.6(3), N2-Nil-N3
89.9(4).
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crystallographically independent Fe'™ (Fel and Fe2) and Ni'!
(Nil and Ni2) ions that are linked via cyanide bridges to form
a central {Fe"",Ni',} square linked to two adjacent bimetallic
{Fe"™Ni"} units (Fig. 1 and Fig. S2, ESI+). The transition
metal centers adopt distorted octahedral geometries and
exhibit Fe-C [1.919(4) to 1.935(4) A] and Ni-N [2.038(4)
and 2.132(4) A] bond lengths that are within the typical
ranges. The bridging cyanides range from nearly linear
[179.4(4)° for Fel-C1-N1] to bent [158.7(4)° for Nil-N3-C3]
indicating that the complex has low overall symmetry. Nearly
parallel orientation of the pseudo-C; rotation axes for the Fe'™
sites (Fig. 1) suggests that a favorable (i.e. for SMM properties)
alignment of the anisotropy tensors is likely present in 2.4-3%
To probe this hypothesis a series of magnetic measurements
were conducted.q The temperature dependence of the yT
product for 2 indicates that the Fe'" and Ni" centers interact
in ferromagnetic manner. Consistent with this assumption, the
« T values increase from 8.7 cm® K mol™! at 300 K, towards a
maximum value of ca. 25.5 cm® K mol ™" at 5 K; below 5 K, 1T
decreases to 21.1 cm® K mol~' at 1.8 K (Fig. 2 and Fig. S6,
ESI¥). From the structure of 2, the magnetic data were
simulated with MAGPACK using an isotropic Heisenberg
Hamiltonian H = —2J[Sni2(Spe2 + Ske1) + (Sker T Skeia)-
(Snit + Snita) + Sni2a(Sre2a + Sre1a)], where J represents
the average exchange between Fe'll; ¢ (S = ») and Ni''(s = 1)
spins over the four different Fe-CN-Ni magnetic pathways
present (by symmetry) within the {Fe"",Ni'"",} core, and S; is
the spin operator of each metal ion. An adequate simulation of
the data was obtained between 300 and 15 K and J/kg and
Zave. are found to be +9.5(1) K and 2.4(1), respectively,
suggesting an St = 6 spin ground state for 2; these values
compare favorably to a variety of other tri-, tetra-, and octa-
nuclear {Fe™,Ni",} complexes containing anisotropic
[(Tp®)Fe™(CN);]~ anions (2.7 < gp. < 3.1; see ESIt).*%
We note that within our model, consideration of two different
(or more) magnetic interactions, different g factors for Fe'™
and Ni', or local magnetic anisotropy on the Fe™ and
Ni'" metal ions does not improve the quality of the simulation
or enable magnetic data incorporation below ca. 15 K.
We infer that a combination of some or all of the above
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Fig.2 yTvs. T data for 2 at Hy. = 0.1 T (with y defined as the molar
magnetic susceptibility equal to M/H). Inset: magnetization vs. H/T
between 1.9 and 6 K. Solid lines represent least-squares fitting of the
data to an anisotropic St = 6 macro-spin model (see text).

factors are likely responsible for the magnetic behavior seen
below ca. 15 K.

The field dependences of the magnetization below 6 K
(Fig. 2 inset and Fig. S7, ESIY) indicate that 2 adopts an
St = 6 spin ground state. The magnetization of 2 does not
saturate (at 7 T and 1.8 K) and reaches a maximum value of
12.6 up that is consistent with an St = 6 spin ground state
(with g > 2) consisting of a 4 : 4 ratio of ferromagnetically
coupled Ni" and Fe'| g ions. Further assuming that uniaxial
magnetic anisotropy is present in 2, the M vs. H/T data below
6 K were fitted well using an H = DSTJ2 Hamiltonian (inset,
Fig. 2) and considering an St = 6 ground state. The D/kg
and g values are estimated to be —1.29(2) K and 2.60(5),
respectively, and differ markedly from those seen for St = 6
cubic {Fe™,Ni';} complexes [-0.33 K and 2.2].%* This
macro-spin model confirms unambiguously the St = 6 spin
ground state for 2 and also its large observed uniaxial
anisotropy. It is also worth mentioning that no hysteresis
was observed in the M vs. H data above 1.8 K (Fig. S7, ESI¥).

Remarkably, the ac susceptibility above 1.8 K is frequency-
dependent in both in-phase (') and out-of-phase (") components
(Fig. 3 and Fig. S8-S10, ESIf) for 2. The relaxation time,
deduced from the temperature and frequency dependence of
the ac susceptibility, follows thermally activated behavior
(inset, Fig. 3). The barrier to magnetization reversal is estimated
to be about 33 K and is significantly lower than the theoretical
value anticipated from |D|St> = 46 K. Under the assumption
that quantum tunneling of the magnetization (QTM) might
be responsible for this difference, the ac susceptibility was
measured under small dc fields to lift the energy level degeneracy
and thus minimize the QTM pathways for relaxation. As
expected the application of a dc magnetic field (up to 800 Oe,
Fig. S11, ESI¥) reduces the characteristic frequency at 1.9 K
from 2.4 to 1.3 Hz, confirming that QTM is operative.**

In summary, we have described that the magnetic anisotropy
and relaxation dynamics are critically sensitive to the overall
structure in {Fe'",Ni'"y} complexes. As far as we know, the
energy barrier for magnetization reversal in 2 is the highest
seen for any first-row cyanometalate SMM and is the second
largest for any cyanide-based complex.?“>*> Future efforts
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Fig. 3 y” vs. T data for 2 below 6 K at various ac frequencies
(Hge = 00e; H,. = 3 Oe). Inset: semi-logarithmic 7 vs. 7! plot for 2.
Red solid line is best simulation of data using an Arrhenius law
(with T = 2.5 x 1077 s).
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will explore incorporation of 4d and 5d ions into this and
other cyano-based systems.
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Notes and references

T Synthesis of 1: drop wise addition of aqueous 30% H,O, (20 mL)
into a 4 : 1 CH,CL/PrOH (v/v, 50 mL) solution of
[NEtL[(Tp*M®)Fe'(CN);]-H,O (3.05 g, 4.06 mmol, see ESIt) over
30 min afforded a red mixture. After 3 h, the aqueous phase was
decanted and the organic phase dried over anhydrous MgSO,. The
red-brown mixture was filtered and the filtrate concentrated under
vacuum to ca. 10 mL. Addition of Et,O (60 mL) afforded a red
powder. Yield: 1.75 g (69.3%). Red tablets are obtained via slow
evaporation of 2 : 1 MeOH/H,O solutions of 1. Anal. calcd for
CyoHs5oBFeN;(O: C, 56.05; H, 8.11; N, 22.54%. Found: C, 56.05; H,
7.90; N, 22.46%. IR (Nujol, cm™'): 2544 (¥, m), 2119 (N, m), 2115
(Ucn, m). Synthesis of 2: under an argon atmosphere, treatment of
[Ni(OH,)6)[ClO4]> (73.0 mg, 0.200 mmol) with tren (30.5 mg,
0.209 mmol) in 1 : 1 (v/v) MeCN/MeOH (10 mL) afforded a purple
mixture that was stirred for 10 min. A solution of 1 (124.5 mg,
0.200 mmol) in methanol (10 mL) was added and the resulting
dark red mixture was filtered and allowed to stand for one week.
Dark red tablets were isolated via suction filtration, washed with
Et;O (2 x 5 mL), and dried under vacuum for 2 min at
room temperature. Yield: 84.0 mg (49.4%). Anal. caled for
{[(Tp*M)Fe'(CN);]4[Ni (tren)]4[ClO4]4} - 7THO-MeCN:
C112Cl4H504N54043B4FeyNiy: C, 40.31; H, 6.18; N, 22.65%. Found: C,
40.30; H, 6.35; N, 22.56%. IR (Nujol, cm™"): 3383 (m), 3351 (m), 3304
(m), 2740 (w), 2541 (m), 2251 (w), 2156 (s), 2141 (m), 2130 (s), 2114
(m), 1604 (m), 1562 (w), 1516 (m), 1365 (s), 1243 (vs), 1173 (m), 1098
(vs), 1049 (s), 1027 (s), 998 (s), 979 (s), 930 (w), 883 (m), 874 (m), 834
(m), 736 (m), 690 (w), 667 (w), 651 (w), 625 (s), 606 (W), 561 (w), 540
(m).

§ Crystallographic data for 1 and 2 were collected on a Bruker Apex I1
diffractometer using graphite-monochromated MoKa radiation. All
structures were solved by direct methods and refined against all data
using SHELX-97.% Crystal data for 1: CooHsoBFeN;,O, M = 621.45,
monoclinic space group, P2,/n, Z = 4,a = 9.9051(6) A, b = 16.122(1) A,
¢ =20.399(1) A, o = 90°, f = 93.661(2)°, 7 = 90°, ¥ = 3250.8(4) A>,
D. = 1270 gem™, p = 0.503 mm~', R, = 0.0447, wR, = 0.1414.
Crystal data for 2: C58H105B2C12F62N28Ni%011.5, M = 1700;4, Pi,
Z = 1,a = 14.058(1) A, b = 14.568(1) A, ¢ = 23.4122) A, o =
75.052(3)°, p = 77.373(3)°, y = 62.117(3)°, V = 4067.5(5) A®, D, =
1338 gem 3, = 0.941 mm~', R, = 0.0622, wR, = 0.1598. CCDC
768189 (1) and 768190 (2).

9 Magnetic measurements were conducted on a Quantum Design
MPMS-XL SQUID magnetometer equipped with a 7 T magnet.
The magnetic data were corrected for the sample holder and the
diamagnetic contributions. For additional magnetic data see ESI.{
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