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Treatment of [NEt][(pzTp)Fe"(CN)s] (1) with Ni'"(OTf), (OTf = tri-
fluoromethanesulfonate) and 1,5,8,12-tetraazadodecane (L) affords
{[(pzTp)Fe"(CN)3][Ni"L]} +%/,MeOH (2), while 2,2'-bipyridine (bipy)
affords {[(pzTp)Fe"(CN)3]2[Ni"(bipy).]} -2H,0 (3). Magnetic mea-
surements indicate that 2 and 3 have S = 2 ground states and
that 3 exhibits slow relaxation of the magnetization above 2 K.

have recently described that such complexes can also be
prepared fromfac-L™M"(CN);]™ ™2 units? The preparation
of these cyanometalate complexes utilizes a building-block
synthetic approach, where discrete molecular precursors are
allowed to self-assemble into a common structural archetype,
allowing for detailed structureproperty relationships to be
described. As part of a continuing effort to develop structur-
ally related cyanometalate SMMs, we recently developed a
The burgeoning field of single-molecule magnet (SMM) series of poly(pyrazolylborate) cyanometalate building blocks
materials has seen extensive activity over the past decadeand have systematically investigated the controlled aggrega-
These inorganic complexes exhibit superparamagnetic-liketion of these units into complexes and netwotkderein,
behavior owing to the large spin ground steBegnd Ising- we report on the synthesis, structures, and spectroscopic and
type anisotropy @ < O and smallE) derived from the  magnetic properties of two trinuclear "E&Ni" complexes,

transition-metal centers used in their constructiorhese
characteristics create an energy barrigy jetween the two
thermodynamically equivalentns = +S configurations.
Hence, belowTg, the so-called blocking temperature, the
thermal energy is insufficient to overcomeand the spin is
trapped in one of the two configurations. Application of large
magnetic fields iy saturates the magnetizatiod) of the
sample, and removal of this field{. = 0) will induce a

{[(pzTp)F&" (CN)s]2[Ni"(L)]}-¥,MeOH (2; L = 1,5,8,12-
tetraazadodecane) afi@pzTp)Fe' (CN)s]o[Ni" (bipy)]} -2H.O
(3; bipy = 2,2-bipyridine), of which the latter exhibits slow
relaxation of the magnetization above 2 K.

Treatment of [NEf[(pzTp)Fe" (CN);] (1) with nickel(ll)
trifluoromethanesulfonate and 1,5,8,12-tetraazododecane (L)
or 2,2-bipyridine (bipy) in methanol cleanly affords re&
and orange8 as crystalline solid&*° The infrared spectra

slow decay oM toward zero with a characteristic relaxation  exhibit intensevcy stretching absorptions at 2137 and 2122
time (r). The relaxation time usually exhibits thermally cm for 2 and at 2162 and 2119 crhfor 3 that are
activated behavior and can be measured using the timetentatively assigned as bridging and terminal cyanides,
dependence oM or, more commonly, the frequency)( respectively?

dependence of the ac susceptibility. At very low tempera-  compound? crystallizes in the triclinid1 space groups
tures, quantum tunneling of the magnetization (QTM) often The neutral complex consists of a central octahedral-[Ni
relaxes the magnetization at rates faster than thermally(l_)] 2+ ynit that is linked to two [(pzTp)P&CN)s]~ anions
activated pathways. Experimentally, a crossover OCCUTS (Figure 1), via bridging cyanides, that are axial to the
between these two regimes, and in this intermediate tem- .o dinated 1.5.8.12-tetraazadodecane ligand. TheNNi

perature range, the thermal barrié) (is circumvented by
guantum tunneling, affording an effective barri®g."
While the vast majority of SMMs are derived from metal

centers linked by oxo and carboxylate ligands, several groups
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bond distances for th#anscyanides are 2.109(6) (Nl
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Figure 1. X-ray structure o (top) and one structural isomer ®&{bottom).

Thermal ellipsoids are at the 50% level, and all H atoms and lattice water

2.048(4) A] is slightly smaller than that i, while those
for the coordinated bipy ligands range from 2.02(2) to 2.16(2)
A. For 3, the terminal cyanide FeiC distances are essen-
tially equivalent [1.913(5) and 1.916(5) A], while a slightly
longer bond length [1.920(5) A] is found for the bridging
cyanide (FetC13). The FexC=N bond angles for the
terminal cyanides range from 179.2{4p 179.3(4}, while
the bridging cyanide [FeiN9—C13, 176.4(4)] is more
acute; the Nit-N=C (Ni1l—N9—C13) bond angle is 169.8(4)
and is more linear than those B The intracomplex
Fel--Nil and Fel--FelA contacts are 5.080(1) and 7.747(1)
A, respectively. The closest intercomplex contacts between
bipy and pyrazole rings are 3.507(5) A, while those for the
Fe' (Fel--FelB) centers are 8.536(1) A.

The C-bound cyanides are expected to afford low-spth Fe
(S = Y,) centers that exhibit orbital contributions to the

are eliminated for clarity. Selected bond distances (A) and angles (deg) for magnetic moment and afforgl values that deviate signifi-

2: Fel-C13, 1.913(8); Fe2C28, 1.923(8); C28N20, 1.14(1); Nit-N9,
2.082(6); Nit-N20, 2.109(6); Nit-N9—C13, 150.7(6); Ni+-N20—C28,
149.2(6); N9-Ni1—N20, 179.2(3). FoB8: Fel-C13, 1.920(5); Ni+ N9,
2.049(4); Nit-N9—C13, 169.8(4); N9-Ni1—N9A, 90.8(2).

N20) and 2.082(6) (Ni+N9) A, while those for the amine
range from 2.077(9) (NitN24) to 2.098(9) (Nit-N25) A,
respectively. The terminal cyanide FeC bond lengths are
nearly equivalent [1.933(8) and 1.932(7) A], with the smallest
value [1.913(8) A] found for the bringing cyanide (Fel
C13). The terminal FeC=N bond angles range from
174.9(8y (Fe2-C30-N22) to 177.9(7 (Fel-C14—N10),
while nonlinear bridging cyanide bond angles [F&113—

N9, 170.4(6); Fe2-C28-N20, 170.4(7] are found; the
Ni—N=C bond angles are also highly bent, ranging from
149.2(6) (Ni1—N20—C28) to 150.7(6) (Ni1l—N9—C13),
respectively. The intracomplex FedFe2, Fei--Nil, and
Fe2--Nil contacts are 9.806(2), 4.900(2), and 4.910(2) A,

respectively, while the closest intercomplex contacts between

the pyrazole rings and lgFel--FelB) centers are 6.707(2)
and 12.881(2) A, respectively.

Compound3 crystallizes as a neutral trinuclear complex
in the monoclinid?2;/m space groufp® The complex consists
of a central [Ni(bipy)2]?" unit located on a crystallographic
mirror plane that is linked to two [(pzTp)Fe(CHl) anions
via cis-cyano rather tharans-cyano linkages (Figure 1).

Symmetry considerations dictate that two structural isomers

are found in a 1:1 ratio (Figure S3 in the Supporting
Information) for the nonplanarC;-symmetric, trinuclear
complex (Figure S4 in the Supporting Informatiénjhe
Ni1l—N bond distance for the bridging cyanide [NilN9,

(4) Crystal data fol: CasHzBFeNiz, P2i/n, Z = 4, a = 10.2580(2) A,
b= 15.2386(3) Ac = 16.9913(4) A5 = 96.1396(79, V = 2640.8-
(1) A3, R1=0.0426, wR2= 0.0851. Crystal data fd: CzggHssB2-
FeNeNiOgs, P1, Z = 2, a = 8.6821(8) A,b = 16.683(2) A,c =
18.355(2) Ao = 76.425(59, § = 76.377(5), y = 87.918(59, V =
2511.1(4) R, R1 = 0.0905, wR2= 0.2453. Crystal data fo8:
CsoH44BzFQN26Ni02, P21/m, Z= 2, a= 8.7275(2) A,b = 22.6306-
(6) A, c =15.3268(4) A = 105.060(19, V = 2923.2(1) B, R1=
0.0691, wR2= 0.0854. Data were collected at 90.0(2) K on a Nonius
Kappa CCD diffractometer1j using Mo Ko (A = 0.710 73 A)
radiation, while2 and3 utilized a Bruker Proteum X8 rotating-anode
diffractometer with graphite-monochromatized Co K = 1.541 78
A) radiation. Structures were solved by direct methods and refined
against all data usinGHELXL97

(5) See the Supporting Information.
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cantly from 2.0 (ca. 2.7; see Figure S11 in the Supporting
Information)?*36° The 4T vs T data suggest that the 'fF'e
and Ni' (S= 1) centers ir2 are ferromagnetically coupled
(Figure S5 in the Supporting Information) because jfie
product gradually increases from 2.75 T mol~! (300

K), reaching a maximum value of 3.20 éid mol* at 5 K;
below 5 K, T decreases toward a minimum value of 2.80
cm® K mol™! at 1.82 K. On the basis of the trinuclear
structure of2, the magnetic data have been modeled using
an isotropic Heisenberg model in the weak field approxima-
tion.® Thus, the theoretical susceptibility has been deduced
from the van Vleck equation considering the following
Hamiltonian: H = —23[S«(S + S)], where J; is the
isotropic exchange interaction between"Fand Ni' sites
and S is the spin operator for each metal centgr € 1,
Ni'"; § = 1/,, Fé"; with i = 2 and 3). When the data below
15 K are neglected to avoid the effects of intercomplex
interactions and/or magnetic anisotropy, the best set of
parameters obtained &/kg = +1.3(1) K andgiso = 2.50
(Figure S5 in the Supporting Informatioh)® The magnitude

of the magnetic exchange through the cyanide bridges is
lower than those obtained for other tri- and tetranuclear
complexes derived from tricyanoferrate(lll) and -nickel(ll)
centers’®70n the basis of thé, value, the first excited state
(S=1)is ca. 2.6 K above th& = 2 ground state foR
(Figure S5 in the Supporting Information). Confirmation of
this ground state is obtained in tivevs Hy data at 1.85 K
because the magnetization is nearly saturated at 7 T, ap-
proaching a maximum value of 44 (Figure S6 in the
Supporting Informationj.ac susceptibility measurements are
frequency-independent (Figure S7 in the Supporting Infor-

(6) (a) Wang, S.; Zuo, J.-L.; Zhou, H.-C.; Song, Y.; You, X.{Aorg.
Chim. Acta2005 358 2101-2106. (b) Wang, S.; Zuo, J.-L.; Zhou,
H.-C.; Song, Y.; Gao, S.; You, X.-Zur. J. Inorg. Chem2004 3681
3687.

(7) Yang, J. Y.; Shores, M. P.; Sokol, J. J.; Long, J.likorg. Chem.
2003 42, 1403-1419.

(8) Lescoligec, R.; Vaissermann, J.; Lloret, F.; Julve, M.; Verdaguer,
M. Inorg. Chem.2002 41, 5943-5945.

(9) Kim, J.; Han, S.; Cho, I.-K.; Choi, K. Y.; Heu, M.; Yoon, S.; Suh, B.
J. Polyhedron2004 23, 1333-1339.

(10) Note that consideration of the intercomplex interactions in the frame
of the mean-field approximation did not lead to a better fit of the
experimental data.
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Figure 2. Temperature dependence 0f at 1000 Oe (left) and energy
level diagram (right) foi3. Red line: least-squares fitting of the data.
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Figure 3. Temperature dependence of the regd) @nd imaginary ')
components of the ac susceptibility f8r(Hqc = 0 Oe andH,c = 3 Oe)
between 1 and 1500 Hz. Inset:vs T~ plot atHqc = 0 and 2000 Oe. The

solid lines represent an Arrhenius fit of the data.
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mation)® suggesting tha is not a SMM in the temperature
range measured.
TheyT vs T data for3 suggest that the Feand Ni' centers
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Figure 4. y'" vsv plot at 1.85 K under various appligdy for 3. Inset:
field dependence of the characteristic frequency at 1.85 K.

levels decrease and increase respectively in energy, prevent-
ing quantum tunneling between tHams states.

To investigate the activated behaviorfwe performed
ac susceptibility measurements under several applied dc
magnetic fields (Figures 4 and S9 and S10 in the Supporting
Information)® At 1.85 K, the characteristic frequency (max-
imum of they" vsv plot) decreases rapidly from 600 Hz at
0 Oe and approaches a nearly constant value of 100 Hz
between 2000 and 5000 Oe (inset of Figure 4). As shown
by this result, the QTM relaxation pathway remains efficient
at 1.85 K.z was thus estimated using the ac data under 2000
Oe (Figure S10 in the Supporting Information). As expected,
the relaxation time still follows an Arrhenius law withh =
2 x 10°® s and an energy gap of 20.6 K is found (inset of
Figure 3). It is also worth noting that this energy gap allows

are also ferromagnetically coupled (Figure 2) because thefor an estimation of the uniaxial anisotropyks ~ —5.2 K.

% T product gradually increases from 2.34%imol~* (300

K), reaching a maximum value of 6.01 i mol~! at 4 K;
below 4 K, T decreases toward a minimum value of 3.60
cm® K mol~! at 1.84 K. Fitting of the magnetic data f8r
givesJi/ks = +7.0(2) K andgiso = 2.31 (solid line, Figure

Finally, the increase of the characteristic frequency (inset
of Figure 4) for fields higher than 5000 Oe is expected
because resonant QTM should occur Fbr~ D/gus ~ 4

In summary, we have described the syntheses, structures,

2).10 The magnitude of the magnetic exchange through the @d magnetic properties of two cyanide-bridged trinuclear

cyanide bridges is comparable to those reported for relatedF€"2Ni" (S= 2) complexes. Magnetic studies suggest that
complexe$5° For 3, the magnitude ofl; is much larger ~ the magnitude of the magnetic exchange between the Fe

than that in2, suggesting that the linear cyanide bridges and NI' centers can be controlled via ancillary ligand choice,

afford more efficient superexchange pathwé$s Scaling
with the value ofJ;, the S = 1 first excited state foB is
much higher than that fa2, being ca. 14 K above th& =
2 ground state (Figure 2). Once again Mevs Hyc data at

and ac susceptibility measurements in a nonzero dc field
indicate that3 is a SMM.
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