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A new family of tetranuclear Ni complexes [Ni4(ROH)4L4] (H2L ) salicylidene-2-ethanolamine; R ) Me (1) or Et
(2)) has been synthesized and studied. Complexes 1 and 2 possess a [Ni4O4] core comprising a distorted cubane
arrangement. Magnetic susceptibility and inelastic neutron scattering studies indicate a combination of ferromagnetic
and antiferromagnetic pairwise exchange interactions between the four NiII centers, resulting in an S ) 4 spin
ground state. Magnetization measurements reveal an easy-axis-type magnetic anisotropy with D ≈ −0.93 cm-1 for
both complexes. Despite the large magnetic anisotropy, no slow relaxation of the magnetization is observed down
to 40 mK. To determine the origin of the low-temperature magnetic behavior, the magnetic anisotropy of complex
1 was probed in detail using inelastic neutron scattering and frequency domain magnetic resonance spectroscopy.
The spectroscopic studies confirm the easy-axis-type anisotropy and indicate strong transverse interactions. These
lead to rapid quantum tunneling of the magnetization, explaining the unexpected absence of slow magnetization
relaxation for complex 1.

Introduction

Single-molecule magnets (SMMs) are clusters that contain
a finite number of exchange coupled magnetic centers. An
easy-axis-type (Ising) magnetic anisotropy of the spin ground
state S splits its MS components into degenerate(MS

sublevels, withMS ) (S lowest in energy. This leads to a

preferred orientation of the molecular spinSalong the easy-
axis with an energy barrier between the “up” (MS ) +S)
and “down” (MS ) -S) orientation. For spin reorientation,
the spin has to overcome the barrier. This process is no longer
possible by thermal activation when the thermal energy is
much lower than the barrier. The spin is frozen, and slow
relaxation of the magnetization is observed. Furthermore,
quantum tunneling of the magnetization through the energy
barrier is typically observed in SMMs.1 SMMs are therefore
very interesting candidates for fundamental research into
quantum phenomena2 as well as for potential applications
in nanomagnetic devices or quantum computing.3 The most
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important objective of research in the field of SMMs is the
development of an understanding of the relationship between
structure, magnetic anisotropy, and observed magnetic
behavior.4-6 Exploitation of these insights will ultimately
allow the synthesis of new SMMs that can function at higher
temperatures and therefore fulfill their potential in practical
applications.

For integer spin systems, the energy barrier between the
“up” and “down” spin orientation is∆E ) |D|S2, whereD
is the axial zero-field splitting (ZFS) parameter (D < 0). To
observe slow relaxation phenomena at relatively high tem-
peratures, the cluster should have a large ground-state spin
Sand a large negativeD. The anisotropy of the cluster arises
mainly from the anisotropy of the constituent metal centers
but depends on their relative orientations.4,7,8 Thus metals
that have a large single-ion anisotropy like MnIII or NiII are
promising candidates for the construction of new SMMs.
Most known SMMs contain MnIII , among them is Mn12-
acetate for which SMM behavior was first observed.9 A
handful of NiII-containing SMMs have been reported, includ-
ing Ni12

10 and Ni21
11 complexes in addition to several Ni4

complexes with structures based on distorted cubanes.8,12-14

In all of these clusters, slow magnetic relaxation is only
observed at temperatures below 1 K.

The coordination chemistry of the Schiff base proligand
H2L (Scheme 1) has a venerable history, dating back to the
days prior to the routine availability of X-ray crystallography

for the structural characterization of new complexes.15 As
part of an ongoing investigation of metal complexes pos-
sessing derivatives of the Schiff base proligand H2L (Scheme
1),16 we have previously communicated the species [Ni4-
(MeOH)4L4] (1), which has a structure based on a distorted
cubane.17,18 Preliminary magnetic measurements have re-
vealed anS ) 4 ground state and a significant easy-axis-
type magnetic anisotropy. Thus the slow magnetization
relaxation and quantum tunneling characteristic of SMMs
were anticipated for this species. Herein we report the
investigation of possible SMM behavior for1, together with
detailed spectroscopic studies using inelastic neutron scat-
tering and frequency domain magnetic resonance spectros-
copy, which were performed in order to elucidate the
observed magnetic behavior.

Magnetic inelastic neutron scattering (INS) is a powerful
spectroscopic technique for obtaining information about the
magnetic anisotropy and the exchange interactions in mo-
lecular clusters.18 The electromagnetic interactions between
the magnetic moments of the incident neutrons and those of
the sample lead to a transfer of energy and momentum
between the neutron and the sample. The observed transitions
obey well-defined selection rules and contain information
about the magnetic nature of the sample. For INS the
selection rules are∆MS ) 0, (1 and ∆S ) 0, (1. The
selection rule∆MS ) (1 allows transitions within anS
multiplet (∆S) 0), probing the anisotropy splitting, whereas
the selection rule∆S ) (1 induces transitions between
different S states, allowing an exploration of the magnetic
exchange interactions. INS has been increasingly used in
SMM research, where studies of Mn12-acetate19, Mn4,4,5 Fe4,20

and Fe821 SMMs have provided detailed insights into the
anisotropy of these species, while the exchange interactions
in a Ni12 SMM10 and Mn12-acetate22 were elucidated by INS.
In a number of other spin clusters such as V15,23 Cr8, 24 and
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CsFe825 the exchange as well as the anisotropy interactions
were elucidated by INS.

Frequency domain magnetic resonance spectroscopy (FD-
MRS) is the frequency domain equivalent of high-frequency
EPR; the oscillating magnetic field of the microwave
radiation induces magnetic dipole transitions within a spin
multiplet (∆MS ) (1, ∆S) 0) by interaction with the spin
angular momentum of the molecule. Because the spectra are
recorded in the frequency domain, the experiments can be
performed in zero applied field. The observed magnetic
dipole transitions give a detailed insight into the anisotropy
of the molecule under study.26 Compared to INS, less
information is obtained since∆S ) (1 transitions are not
allowed; however, the quantity of sample required for
FDMRS is an order of magnitude less than that for INS. In
contrast to the standard EPR technique, absolute values of
the magnetic susceptibility due to the resonance transitions
are straightforwardly obtained. Previous studies have been
performed on mononuclear complexes containing integer spin
ions with large ZFS27 as well as on spin clusters such as
V15

28 and the SMMs Mn12-acetate29 and Fe8.30

Experimental Section

Syntheses.All manipulations were performed under aerobic
conditions, using materials as received. Salicylidene-2-ethanolamine
(H2L) was prepared as described.17

[Ni 4(MeOH)4L4] (1). Ni(OAc)2‚4H2O (0.72 g, 2.9 mmol) was
added to a solution of H2L (0.48 g, 2.9 mmol) and NaOH (0.23 g,
5.8 mmol) in MeOH (50 cm3), affording a green precipitate almost
immediately. The precipitate was recrystallized by layering a
solution in EtOAc with 2 vol of MeOH; yield 90%. Generally a
monoclinic crystal form was isolated (1a); however, employment
of a very concentrated EtOAc solution resulted in more rapid
formation of crystals that were identified as a triclinic crystal form
(1b). Anal. Calcd for C40H52N4Ni4O12: C, 47.30; H, 5.16; N, 5.52%.
Found: C, 47.15; H, 5.12; N, 5.27%. Selected IR data (cm-1): 1645
(s), 1600 (s), 1539 (m), 1467 (s), 1449 (s), 1393 (m), 1339 (s),
1308 (m), 1226 (w), 1187 (m), 1150 (m), 1127 (m), 1060 (s), 1035
(m), 973 (w), 926 (w), 888 (w), 758 (s), 739 (m), 643 (m), 617
(m), 555 (m), 510 (m), 469 (w), 420 (m).

[Ni 4(EtOH)4L4] (2). Complex2 was synthesized from the same
reaction employed for1, with the precipitate recrystallized from
CH2Cl2/EtOH. A sample for crystallography was maintained in
contact with mother liquor to prevent the loss of interstitial solvent,
and this species was crystallographically identified as2‚CH2Cl2.
Drying the crystals under vacuum afforded a fully desolvated
species that thermogravimetric analysis confirmed was hygroscopic.
Anal. Calcd for2‚H2O C44H68N4Ni4O16: C, 46.20; H, 5.99; N,
4.90%. Found: C, 46.14; H, 5.34; N, 4.69%. Selected IR data
(cm-1): 1645 (s), 1601 (s), 1537 (m), 1466 (s), 1449 (s), 1388
(m), 1360 (w), 1338 (s), 1308 (m), 1269 (w), 1226 (w), 1185 (m),
1147 (m), 1127 (m), 1092 (m), 1059 (s), 1033 (m), 967 (w), 924
(m), 887 (m), 845 (w), 958 (s), 736 (m), 643 (m), 615 (m), 555
(m), 511 (w), 468 (w), 420 (m).

X-ray Crystallography. The intensity data for single crystals
of compounds1a, 1b, and2‚CH2Cl2 were collected at 153 K on a
Stoe Image Plate Diffraction System31 using Mo KR graphite
monochromated radiation. Complex1a employed: image plate
distance 80 mm,φ oscillation scans 0-150°, step∆φ ) 1°, θ range
2.00-23.99°, dmax-dmin ) 14.23-0.87 Å. Complex1b employed:
image plate distance 70 mm,φ oscillation scans 0-200°, step∆φ

) 1.5°, θ range 2.15-25.08°, dmax-dmin ) 12.45-0.81 Å.
Compound2 employed: image plate distance 70 mm,φ oscillation
scans 0-200°, step ∆φ ) 1°, θ range 2.15-25.08°, dmax-dmin

)12.45-0.81 Å. The structures of all three compounds were solved
by direct methods using the program SHELXS-9732 and refined
using weighted full-matrix least-squares techniques onF2. The
refinement and all further calculations were carried out using
SHELXL-97.33 Crystallographic data for1a, 1b, and2‚CH2Cl2 are
given in Table 1.

For all three complexes the OH hydrogen atoms were located
from difference Fourier maps and refined isotropically. The
remaining H atoms were included in calculated positions and treated
as riding atoms using SHELXL-97 default parameters, and the
non-H atoms were refined anisotropically. For1b and2‚CH2Cl2,
an empirical absorption correction was applied using DIFABS in
PLATON99. Compound2 crystallizes with two independent
molecules of the tetranuclear Ni complex and two CH2Cl2 molecules
per asymmetric unit. The two coordinated EtOH molecules are
disordered, having occupancies of 0.5 for atoms C39, C39a, C40,
C40a, C81, and C81a. Both CH2Cl2 molecules are disordered over
two positions with half occupancy for all atoms.

Magnetic Measurements.Variable temperature magnetic sus-
ceptibility measurements down to 1.8 K were performed with a
Quantum Design MPMS-XL susceptometer equipped with a 5 T
magnet. Data were collected on powdered crystals, restrained in
eicosane to prevent torquing and to retard solvent loss from the
intact crystals. Pascal’s constants were used to estimate the
diamagnetic correction for each complex. Low-temperature mag-
netic measurements were performed on single crystals using an array
of micro-SQUIDS.34 Measurements were performed on this mag-
netometer in the temperature range 0.04-7.0 K, with fields up to
1.4 T. The experimental susceptibility data were fit using the
Levenberg-Marquardt least-squares fitting algorithm, in combina-
tion with MAGPACK.35

Inelastic Neutron Scattering Measurements.INS experiments
were performed on IN5 at the Institut Laue-Langevin (ILL) in

(24) (a) Carretta, S.; van Slageren, J.; Guidi, T.; Liviotti, E.; Mondelli, C.;
Rovai, D.; Cornia, A.; Dearden, A. L.; Carsughi, F.; Affronte, M.;
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R. Phys. ReV. B 2003, 67, 094405/1-8. (b) Waldmann, O.; Guidi, T.;
Carretta, S.; Mondelli, C.; Dearden, A. L.Phys. ReV. Lett. 2003, 91,
237202/1-4.
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Grenoble, France, and on FOCUS at the Paul Scherrer Institut (PSI)
in Villigen, Switzerland. Spectra were acquired in the temperature
range 1.5-22 K on 3 g of anundeuterated, microcrystalline sample
of 1a sealed in a slab-shaped aluminum container with dimensions
3 × 30 × 50 mm3. On IN5 the spectra were recorded with an
incident wavelengthλi ) 8 Å (fwhm ) 0.2 cm-1) in the energy
transfer range from-7.5 to 7.5 cm-1. The accessibleQ range is
0.15-1.4 Å-1. The time-of-flight to energy conversion and the data
reduction was done with the standard program INX (ILL). The
FOCUS data were measured with an incident wavelengthλi ) 4.75
Å and inelastic focusing at 9.7 cm-1 corresponding to a fwhm)
0.8 cm-1. The energy transfer range is from-25 to 25 cm-1 with
an accessibleQ range from 0.23 to 2.4 Å-1. The time-of-flight to
energy conversion and the data reduction employed the standard
program IDA (TU Munich and PSI). In both experiments the data
were corrected for detector efficiency by means of a spectrum of
vanadium metal. The data correspond to the sum of all available
detectors. Further data treatment included subtraction of the
background (approximated by polynomials) and fitting of the
observed transitions using Gaussians to extract relative intensities
and peak positions.

Frequency Domain Magnetic Resonance Measurements.
FDMRS spectra were recorded on a microcrystalline powder pellet
(0.314 g; 0.279 cm thick and 1 cm in diameter) of1ausing linearly
polarized radiation. Spectra were acquired in the energy range
between 2 and 8 cm-1 at 1.8, 5, 10, 20, and 30 K in zero applied
magnetic field. The setup of the experiment has been described
elsewhere.26,36

Other Measurements.Infrared spectra (KBr disk) were recorded
on a Perkin-Elmer Spectrum One FTIR spectrometer. Elemental
analyses were performed at the Ecole d’Inge´nieurs et d’Architectes
de Fribourg, Switzerland.

Results

Synthesis.Treatment of a methanolic solution of Na2L
with 1 equiv of Ni(OAc)2 leads to the rapid precipitation of
a dark green solid in high yield. This can be recrystallized
from EtOAc/MeOH to afford large green crystals of [Ni4-

(MeOH)4L4] (1). Complex1 crystallizes without solvent of
crystallization and can be obtained in either a monoclinic or
a triclinic crystallographic form. The nature of the material
that is obtained apparently depends on the speed of crystal-
lization. Rapid crystallization affords the triclinic species,
suggesting that this is the kinetically favored form, while
slower crystallization affords the monoclinic product, which
is apparently the thermodynamically favored form. These
are indistinguishable by IR spectroscopy but readily distin-
guished on the basis of their powder X-ray diffraction
patterns. Alternatively, recrystallization of the crude product
from CH2Cl2/EtOH affords large green crystals of [Ni4-
(EtOH)4L4] (2). Once formed, the crystals of both1 and2
are completely insoluble and cannot be recrystallized further.

Structure Description. Labeled ORTEP plots of1a, 1b,
and2 are shown in Figure 1, and tables of pertinent structural
parameters are available in Supporting Information. A
comparison of selected interatomic distances and angles is
provided in Table 2.

The structures of1 and2 each incorporate a distorted [Ni4-
(µ3-O)4] cubane core, where theµ3-O bridges involve the
ethoxo-type O atoms of L2-. The L2- ligands coordinate in
the typical bis-chelating fashion. The peripheral ligation is
completed by four terminal MeOH or EtOH ligands for1
and 2, respectively, which participate in intramolecular
hydrogen-bonding interactions (O‚‚‚O distances: 2.62-2.74
Å) with the phenoxo-type O atoms of the L2- ligands, across
four of the six faces of the cubane. As a result, these four
faces exhibit shorter Ni‚‚‚Ni separations, smaller Ni-O-
Ni angles, and smaller Ni-O-O-Ni dihedral angles (Table
2). In addition,1 and2 appear to possess a slight tetragonal
elongation of the Ni coordination, which occurs along the
O-Ni-O vector involving the ROH and trans alkoxo
ligands, with Ni-O (L2--ethoxo) bonds on this vector of
2.11-2.15 Å versus 2.02-2.05 Å for the “equatorial” Ni-O
(L2--ethoxo) bonds. Thus, the complexes display approxi-
mateS4 point symmetry, while the exact crystallographic

(36) Kozlov, G. V.; Volkov, A. A.Coherent Source Submillimeter WaVe
Spectroscopy; Springer: Berlin, 1998.

Table 1. Crystallographic Data for1a, 1b, and2‚CH2Cl2

1a 1b 2‚CH2Cl2

formula C40H52N4Ni4O12 C40H52N4Ni4O12 C45H62Cl2N4Ni4O12

fw 1015.70 1015.70 1156.73
space group P21/n P1h P1h
cryst class monoclinic triclinic triclinic
a, Å 13.0750(9) 13.1852(13) 14.5644(12)
b, Å 18.2933(10) 13.6138(13) 14.5954(11)
c, Å 18.7624(13) 14.2325(15) 24.772(2)
R, deg 90 65.582(11) 86.900(10)
â, deg 110.260(7) 75.087(11) 86.347(10)
γ, deg 90 70.346(11) 70.041(9)
V, Å3 4210.0(5) 2169.8(4) 4936.7(7)
Z 4 2 4
T, K 153(2) 153(2) 153(2)
λ, Å 0.71073 0.71073 0.71073
Fcalc, g cm-3 1.602 1.555 1.556
µ, mm-1 1.828 1.774 1.674
obsd data [I > 2σ(I)] 5200 5786 14205
R1wa 0.0305 0.0455 0.0415
wR2 0.0736b 0.1077c 0.1035d

a R1 ) ∑||Fo| - |Fc||/∑|Fo|. b wR2 ) [∑w(Fo
2 - Fc

2)2/∑wFo
4]1/2; w ) 1/[σ2(Fo

2) + (0.0455P)2], where P ) (Fo
2 + 2Fc

2)/3. c wR2 ) [∑w(Fo
2 -

Fc
2)2/∑wFo

4]1/2; w ) 1/[σ2(Fo
2) + (0.0693P)2], whereP ) (Fo

2 + 2Fc
2)/3. d wR2 ) [∑w(Fo

2 - Fc
2)2/∑wFo

4]1/2; w ) 1/[σ2(Fo
2) + (0.0563P)2 + 3.8362P],

whereP ) (Fo
2 + 2Fc

2)/3.
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point symmetry isC1. No significant differences are observed
between the two crystallographically independent molecules
present in2‚CH2Cl2. Moreover, it is noteworthy that in the
solid-state structures for each of the three compounds, the
Ni4 molecules are canted with respect to each other, affording
two different orientations of the cubane units. The ap-
proximateS4 axes are canted by about 50°. In each structure,
the individual Ni4 molecules can be considered to be well
isolated with closest intermolecular Ni‚‚‚Ni separations of
6.9, 6.9, and 8.0 Å for1a, 1b, and2‚CH2Cl2, respectively.

In addition, there are no obvious intermolecular hydrogen
bonds.

Several NiII4 complexes with similar cubane structures
have been reported previously, including examples with
equivalent intramolecular hydrogen-bonding interactions;
although, a tetragonal elongation is not evident in these
complexes.12,37However, Oshio and co-workers38 have also
reported a tetragonal elongation of the Ni coordination in
the structure of complex1a, in addition to the complex [Fe4-
(MeOH)4L4], which possesses a similar tetragonal elongation
of the FeII coordination.39 An equivalent distortion is also
evident in the structurally related species [Cu4L4].40 This
suggests that, within the cubane arrangement that is observed
for divalent transition metal ions with the ligand L2-, the
steric requirements of the ligand induce a distortion of the
metal coordination.

Magnetic Studies.Variable temperature DC susceptibility
measurements were performed at 0.1 T on a collection of
intact small crystals of1a, 1b, and2‚H2O, in the temperature
range 1.8-300 K. The data are plotted in Figure 2 asøMT
andøM versusT. For each of the samples, the value oføMT
increases progressively from a value of≈5.1 cm3 mol-1 K
at 300 K to≈11.4 cm3 mol-1 K at ≈7.5 K before rapidly
decreasing to≈9.4 cm3 mol-1 K at 1.8 K. The spin-only
value oføMT for four noninteracting NiII centers is 4.4 cm3

mol-1 K (g ) 2.2) and the behavior is consistent with overall
ferromagnetic intramolecular interactions. The data for the
three samples were fit to the exchange Hamiltonian

above 20 K, whereJA characterizes exchange across the two

(37) (a) Murray, K. S.AdV. Inorg. Chem.1995, 43, 261-358. (b) Halcrow,
M. A.; Sun, J. S.; Huffman, J. C.; Christou, G.Inorg. Chem.1995,
34, 4167-4177. (c) ElFallah, M. S.; Rentschler, E.; Caneschi, A.;
Gatteschi, D.Inorg. Chim. Acta1996, 247, 231-235. (d) Escuer, A.;
Font-Bardia, M.; Kumar, S. B.; Solans, X.; Vicente, R.Polyhedron
1999, 18, 909-914. (e) Mukherjee, S.; Weyhermu¨ller, T.; Bothe, E.;
Wieghardt, K.; Chaudhuri, P.Eur. J. Inorg. Chem.2003, 863-875.
(f) Clemente-Juan, J. M.; Chansou, B.; Donnadieu, B.; Tuchagues, J.
P. Inorg. Chem.2000, 39, 5515-5519.

(38) Nihei, M.; Hoshino, N.; Ito, T.; Oshio, H.Polyhedron2003, 22, 2359-
2362.

(39) (a) Oshio, H.; Hoshino, N.; Ito, T.J. Am. Chem. Soc.2000, 122, 12602-
12603. (b) Oshio, H.; Hoshino, N.; Ito, T.; Nakano, M.J. Am. Chem.
Soc.2004, 126, 8805-8812.

Figure 1. Ortep representations at the 50% probability level of (a) complex
1a, (b) complex1b, and (c) one of the independent molecules of complex
2 in 2‚CH2Cl2.

Table 2. Selected Interatomic Distances (Å) and Angles (deg) for1a,
1b, and2‚CH2Cl2

parameter 1a 1b 2‚CH2Cl2

Ni‚‚‚Nia 3.03-3.04 3.03-3.04 3.03-3.05
Ni‚‚‚Nib 3.18-3.20 3.20-3.21 3.20-3.21
Ni-Oc 2.02-2.05 2.02-2.05 2.02-2.05
Ni-Od 2.11-2.14 2.11-2.13 2.11-2.15
O‚‚‚Oe 2.62-2.72 2.67-2.74 2.66-2.74
Ni-O-Nia 93.1-97.4 93.3-97.4 92.7-97.2
Ni-O-Nib 100.1-101.2 100.5-101.8 100.5-101.6
Ni-O-O-Nia 165-166 164-166 164-166
Ni-O-O-Nib 178-180 178-180 179-180

a Across the four hydrogen-bonded faces.b Across the two non-hydro-
gen-bonded faces.c “Equatorial” L2--ethoxo.d “Elongated” L2--ethoxo.
e O-H‚‚‚O.

Ĥex ) -2JA(Ŝ1‚Ŝ4 + Ŝ2‚Ŝ3) - 2JB(Ŝ1‚Ŝ2 + Ŝ1‚Ŝ3 + Ŝ2‚Ŝ4 +
Ŝ3‚Ŝ4) (1)
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faces of the Ni4 cubane that are not bridged by hydrogen
bonds, whileJB characterizes the remaining four pairwise
interactions (Scheme 2). This yielded two sets of parameters
for each compound (Table 3), which gave equally good fits
to the experimental data. The data below 20 K were excluded
from the fit, with the sharp decrease inøMT at low
temperatures consistent with the effects of ZFS and/or
antiferromagnetic intermolecular interactions. Theg values
of ≈2.2 are consistent with those typically observed for NiII.
The average values for the three compounds were as

follows: JA ) -3(1) cm-1, JB ) 8(1) cm-1, g ) 2.22(5)
andJA ) 8(1) cm-1, JB ) 1.5(4) cm-1, g ) 2.23(7). From
magnetization measurements, theS ) 4 ground state was
derived (vide infra). As both parameter sets result in a spin
ground state ofS ) 4, the maximum possible for a NiII

4

species, they cannot be distinguished by this criterion. The
first set of fitting parameters is preferred as it is in better
agreement with the previously reported correlation between
coupling constants and structural parameters. The study of
a number of Ni4 complexes with distorted cubane structures
and bridging O atoms has revealed that the observed
exchange interactions between Ni centers make a transition
from ferromagnetic to antiferromagnetic as the Ni-O-Ni
bridging angles increase above≈98° and the Ni-O-O-Ni
dihedral angles increase above≈170°.37 Thus for the pres-
ent complexes, the four hydrogen-bonded faces of the
cubane (characterized byJB) display angles typical for
ferromagnetic interactions (Table 2), while the remaining two
faces (characterized byJA) possess angles consistent with
antiferromagnetic exchange interactions. This favors the first
set of exchange coupling constants (see Table 3).

Variable temperature magnetization measurements were
performed on the three compounds in the temperature range
1.8-8 K, with fields up to 5 T. The data are presented in
Figure 3 as plots ofM/NµB versusH/T. For all three species
M/NµB values of≈7.6 were obtained at 5 T and 1.8 K and
clearly indicateS ) 4 ground states. It was possible to
simulate the data for the three compounds using the ZFS
Hamiltonian

assuming axial anisotropy and a well-isolatedS) 4 ground
state. The simulations for all three compounds reproduce the
data very well over the full field and temperature range used.
The simulation parameters are given in Table 3. It should
be noted that it was not possible to obtain a good simulation
of the data withD > 0.

TheS) 4 andD ≈ -1 cm-1 values suggest that1 and2
should have an anisotropy barrier to magnetization reversal
of |D|S2 ≈ 16 cm-1 (23 K). This is potentially large enough
for the manifestation of slow relaxation of the magnetization
at low temperature, and thus low-temperature magnetization
measurements were performed on single crystals of1adown
to 0.04 K using a micro-SQUID apparatus. Figure 4 shows
magnetization versus field measurements at a sweep rate of
0.07 T s-1 and different temperatures in the range 0.04-7.0
K, with the magnetization normalized to the saturation value
Msat. The magnetic field is applied at an angle of 25° with

(40) Chumakov, Y. M.; Biyushkin, V. N.; Malinovskii, T. I.; Kulemu, S.;
Tsapkov, V. I.; Popov, M. S.; Samus, N. M.Koord. Khim.1990, 16,
945-949.

Table 3. Derived Spin Hamiltonian Parameters for1a, 1b, and2‚H2O

measurea 1a 1b 2‚H2O

susceptibility g 2.18(2) 2.19(3) 2.23(4) 2.25(5) 2.20(2) 2.20(2)
JA (cm-1) -3.5(8) 8.7(8) -3(1) 8(1) -2.9(3) 8.1(3)
JB (cm-1) 8.8(6) 1.6(3) 8(1) 1.5(4) 7.8(3) 1.5(1)

magnetization g 2.19(5) 2.19(3) 2.25(6)
D (cm-1) -0.94(7) -0.93(6) -1.0(1)

a Simulations or fits performed as described in the text.

Figure 2. Plot of øM andøMT vs T measured in a 0.1 T field for (a)1a,
(b) 1b, and (c)2‚H2O. The solid lines represent the best fits of the data
between 300 and 20 K to eq 1 as described in the text.

Scheme 2

ĤZFS ) D[Ŝz
2 - 1

3
S(S+ 1)] (3)
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respect to the cluster anisotropy axis (approximateS4 axis).
This is due to the fact, that the cubane units have two
different orientations within the unit cell. A slight butterfly-
like hysteresis is seen in the data, which is characteristic of
a phonon-bottleneck, whereby the phonon exchange (thermal
coupling) between the crystal and its environment is retarded,
hampering the spin relaxation. Such a phenomenon has been
previously observed in V15

41 and NaFe6.42 However, for1a
no true hysteresis arising from the molecular anisotropy-
induced energy barrier of the molecule was observed.

Inelastic Neutron Scattering. Despite the fact that the
INS experiments were performed on an undeuterated sample
of 1a, excellent spectra were obtained, showing a large
number of well-resolved peaks. Figure 5 shows the INS

spectra of a polycrystalline sample of1a at three different
temperatures measured on FOCUS. At 1.5 K one cold
transition (I) at 7.4 cm-1 on the neutron energy loss side is
observed. At elevated temperatures its intensity decreases
and the corresponding transition (I′) is observed on the gain
side. Furthermore, some hot intensity is found in the energy
region below transition I. No peaks are observed between
10 and 22 cm-1. The low energy region was studied in detail
with higher resolution on IN5. Figure 6 shows the data at
2.2 and 22 K. No inelastic peaks are observed at 2.2 K. At
22 K seven peaks on the loss side and eight peaks on the
gain side are observed. The solid line in Figure 6 represents
the experimental background as derived from the 2 K data,
which does not exhibit magnetic excitations, and the data
after background subtraction are given in Figure 7. The

(41) Chiorescu, I.; Wernsdorfer, W.; Mu¨ller, A.; Bogge, H.; Barbara, B.
Phys. ReV. Lett. 2000, 84, 3454-3457.

(42) Waldmann, O.; Koch, R.; Schromm, S.; Mu¨ller, P.; Bernt, I.; Saalfrank,
R. W. Phys. ReV. Lett. 2002, 89, 246401/1-4.

Figure 3. Plot of Μ/ΝµΒ vs H/T for (a) 1a, (b) 1b, and (c)2‚H2O. The
solid lines represent the simulations as described in the text.

Figure 4. Plot of magnetization (M) (normalized to its saturation value
Msat) vs applied field for a single crystal of1a.

Figure 5. INS spectra at 1.5, 6, and 18 K of a polycrystalline sample of
1a recorded on FOCUS with an incident wavelengthλi ) 4.75 Å. The
spectra correspond to the sum of all the scattering angles. The labeling of
the peaks corresponds to Figure 10 and Table 4.

Figure 6. INS spectra at 2.2 and 22 K of a polycrystalline sample of1a
recorded on IN5 with an incident wavelengthλi ) 8 Å. The spectra
correspond to the sum of all the scattering angles. The solid line represents
the background.
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energy positions and the relative intensities of the transitions
were extracted from the data using Gaussians and are listed
in Table 4. The peaks are about a factor of 2 broader than
the instrumental resolution. Transition I′, for example, has a
fwhm ) 0.47 cm-1, whereas the instrumental resolution at
this energy transfer is 0.28 cm-1.

Frequency Domain Magnetic Resonance Spectroscopy.
Figure 8a shows the FDMRS spectra obtained at 1.8, 5, 10,
and 20 K on a polycrystalline sample of1a after normaliza-
tion involving division by the 30 K data; and Figure 8b shows
the raw 5 K FDMRS data. In the raw FDMRS data, an
oscillating and temperature-independent baseline caused by
the interference of the radiation between the parallel surfaces
of the sample is present. After normalization by the 30 K
data, which removes this baseline, three narrow, temperature-
dependent absorption lines are visible, which are associated
with allowed∆MS ) (1 magnetic dipole transitions within

the ground-state multiplet (∆S ) 0). At 1.8 K a strong
transition (I) is observed at 7.3 cm-1. At elevated temperature
its intensity decreases and two less intense transitions II and
III appear at 4.8 and 4.0 cm-1. The positions of the transitions
are determined by a high degree polynomial fit and are given
in Table 4. The temperature dependence of the resonance
intensities of transitions I-III is given in Figure 9. Note that
these are absolute intensities.

Table 4. Calculated and Experimental FDMRS and INS Transitions for Compound1a

FDMRS INS relative intensity at 22 K

energy (cm-1) energy (cm-1) loss side gain side

label transitiona exp calcdb exp calcdb expc calcdb expc calcdb

I |4〉A,ST |3〉A,S 7.33(2) 7.35 7.37(4) 7.35 0.81 1.01
II |3〉A,ST |2〉A 4.80(8) 4.80 4.77(8) 4.80 0.71 0.79 0.59 0.59
III |3〉A,ST |2〉S 4.00(8) 4.01 4.01(8) 4.01 0.94 0.98 0.80 0.76
IV |2〉ST |1〉S 2.92(8) 2.90 0.15 0.32 0.29 0.28
V |2〉ST |1〉A 2.50(8) 2.49 0.45 0.51 0.35 0.45
VI |2〉A T |1〉S 2.18(8) 2.11 0.26 0.46 0.31 0.41
VII |2〉A T |1〉A 1.67(8) 1.70 0.73 0.50 0.62 0.45
VIII |1〉A T |0〉 0.82(8) 0.91 1.00 0.80 1.00 0.77

a Labeling of the transitions is given in Figure 10.b Calculations were performed as described in the text using eqs 3-5 and the parameter values in Table
5. c Intensities were normalized to 1 for transition VIII for both the loss and gain side.

Figure 7. INS spectra at 22 K of a polycrystalline sample of1a recorded
on IN5 with an incident wavelengthλi ) 8 Å after background subtrac-
tion: (a) energy loss side, (b) energy gain side. The labeling of the peaks
corresponds to Figure 10 and Table 4. The solid line represents the calculated
spectra using the parameters given in Table 5. Different scaling factors
were used for the loss and gain side.

Figure 8. (a) Normalized FDMRS spectra of1a at 1.8, 5, 10, and 20 K.
The data are divided by the spectra taken at 30 K. The labeling of the
peaks corresponds to Figure 6 and Table 4. The inset shows an enlargement
of transitions II and III. (b) Raw FDMRS data and calculated spectra of
transition I atT ) 5 K using Lorentzian (solid line) and Gaussian (dotted
line) line shapes.

Figure 9. Temperature dependence of the absolute resonance intensities
of the FDMRS transitions I-III of 1a. The lines represent the calculated
intensities using eq 5b and the parameter values given in Table 5.
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Analysis of INS and FDMRS Spectra.The anisotropy
splitting of theS ) 4 ground state of1a can be expressed
using the following Hamiltonian:

As a result of the axialD andB4
0 terms, theS) 4 ground-

state splits in zero field into five degenerate(MS sublevels,
with MS ) (4 lowest in energy (Figure 10a). TheE term
represents the rhombic anisotropy, and as seen is Figure 10b,
its main effect is to remove the degeneracy of theMS ) (1
sublevels (in principle theE term connects states with∆MS

) (2 but in first-order of perturbation theory only a splitting
of the MS ) (1 is induced). TheE term in 1a arises from
distortions of strictS4 cluster symmetry. Since NiII (S ) 1)
cannot afford a fourth or higher order single-ion anisotropy
contribution, the cluster anisotropyB4

4 term is caused by
the mixing of higher lyingS ) 3 andS ) 2 states into the
S ) 4 ground state.43 The B4

4 term mixesMS functions
differing by(4; its main effect is to split theMS ) (2 levels
(in first-order of perturbation theory), see Figure 10c. With
respect to the wave functions, these observations imply that
the new eigenstates are well approximated by the symmetric
and antisymmetric linear combinations of the respectiveMS

functions, labeled in Figure 10c as|MS〉S and|MS〉A, respec-
tively. On the basis of the∆MS ) (1 selection rule, nine
transition are expected within theS) 4 ground state in the

INS as well as in the FDMRS spectra. Eight of these are
observed in the INS experiments and three are observed in
the FDMRS experiment. The agreement between INS and
FDMRS data is excellent. From the observed transitions an
energy level diagram can be constructed as shown in Figure
10c. The observed transitions are displayed as double arrows.
Transitions I to III are assigned considering their temper-
ature dependence (Figure 9), whereas the others are assigned
on the basis of their energy differences. The anisotropy
parameters are determined from the data by fitting the
eigenvalues of eq 3 to the observed energies. The result of
the fitting and the parameter values are given in Tables 4
and 5, respectively. The agreement ofD ) -0.93(2) cm-1

with the valueD ) -0.94(7) cm-1 derived from magnetiza-
tion measurements (Table 3) is excellent. It was found that
all the higher order terms are essential to fully interpret the
data (i.e., inclusion of each of them significantly improves
the fit).

For an isolatedS ) 4 state the magnetic INS intensity
between an initial state|i〉 and a final state|f〉 is proportional
to |〈f|Ŝ⊥|i〉|2, whereŜ⊥ is the spin component perpendicular
to the scattering vectorQ ) ki - kf (ki andkf are the initial
and final wavevectors). The scattering intensity is propor-
tional to the correlation functionS(Q, pω), which after
averaging over all orientations ofQ (polycrystalline sample),
is given by eq 4:44

pi is the Boltzmann factor of the leveli, and the delta function
is convoluted by the experimental resolution function.f (Q)
is the magnetic form factor. The experimental and calculated
transition energies as well as their normalized intensities are
given in Table 4. The calculated INS spectra are shown as
solid lines in Figure 7. Different scaling factors were used
for the loss and gain side. The overall agreement between
experiment and calculation is very good.

The FDMRS spectra can be calculated using the frequency
dispersion of the complex dielectric permittivity (ε) and the
magnetic permeability (µ) together with the Fresnel formulas
for the transmission of a plane parallel layer. The baseline
oscillations are governed by the temperature independent
complex dielectric permittivity; they are fitted at high
temperatures where no resonance lines are observable. The
imaginary part of the magnetic permeability describes the
power absorbed during the induced magnetic dipole transi-(43) (a) Stevens, K. W. H. Spin Hamiltonians. InMagnetism; Rado, G. T.,

Suhl, H., Eds.; Academic Press: New York, 1963; Vol. I. (b) Carretta,
S.; Liviotti, E.; Magnani, N.; Amoretti, G.J. Appl. Phys.2003, 93,
7822-7824. (44) Birgenau, R. J.J. Phys. Chem. Solids1972, 33, 59-68.

Figure 10. Zero-field splitting of theS) 4 ground state of1a using the
parameters given in Table 5. (a) First two terms of eq 3. (b) Including the
E term in eq 3. (c) IncludingB4

4 in eq 3. The double arrows show the
observed transitions.

Ĥaniso) D[Ŝz
2 - 1

3
S(S+ 1)] + B4

0Ô4
0 + E(Ŝx

2 - Ŝy
2) +

B4
4Ô4

4 (4)

Ô4
0 ) 35Ŝz

4 - 30S(S+ 1)Ŝz
2 + 25Ŝz

2 - 6S(S+ 1) +

3S2(S+ 1)2 andÔ4
4 ) 1

3
(Ŝ+

4 + Ŝ-
4)

Table 5. ZFS Parameter for1a Derived from INS and FDMRS Data

D -0.93(2) cm-1

B4
0 -0.00043(16) cm-1

|E| 0.023(8) cm-1

B4
4 -0.0021(4) cm-1

S(Q, pω) ) f 2(Q) × ∑
i,f

pi

1

3
(2|〈 f |Ŝz|i〉|2 + |〈 f |Ŝ+|i〉|2 +

|〈 f |Ŝ-|i〉|2)δ(pω - (Ef - Ei)) (4)

pi ) exp(-Ei/kBT)/∑
i

exp(-Ei/kBT)
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tions and therefore the intensity of the experimentally
observed absorption lines. The frequency dispersion of the
magnetic permeability is expressed as follows:

whereR(ω) is the line shape function (Gaussian or Lorent-
zian) and∆µif denotes the absolute resonance intensity of
the transition between|i〉 and |f 〉 state as given by eq 5b
within the single-spin approximation:

with the Boltzmann factorpi and pf defined as in eq 4.
F(NA/Mr) is the concentration of paramagnetic ions withF
being the density of the sample,NA is the Avogadro constant,
andMr is the molecular weight. Finally,pωfi is the resonance
energy.

The spectra were calculated with the parameters given in
Table 5 andg ) 2.19. A Lorentzian line shape with a
temperature independent fwhm) 0.33 cm-1 was used. It is
not possible to simulate the data using a Gaussian line shape
(see Figure 8b). The agreement with the experiment is very
good, especially when taking into consideration that no
scaling is involved, and only the line width is taken as a fit
parameter.

In addition to information about the magnetic anisotropy,
information about the magnetic exchange interactions can
also be obtained from the INS spectra, as the INS selection
rule ∆S ) (1 allows transitions between differentS
multiplets. For molecule1a two sets of coupling parameters
are derived from the magnetic susceptibility data (vide supra).
For the first set of parameters (JA ) -3.5(8) cm-1, JB )
8.8(6) cm-1) all the ∆S ) (1 transitions are expected at
energies greater than 22 cm-1, whereas for the second set
of parameters (JA ) 8.7(8) cm-1, JB ) 1.6(3) cm-1) a cold
transition at≈19 cm-1 and a hot transition at≈13 cm-1 are
expected. No magnetic INS intensity is observed in the region
between 10 and 22 cm-1 (Figure 5), verifying the first set
of parameters.

Discussion

From the parameters given in Table 5 an energy difference
between theMS ) 0 andMS ) (4 levels of 14.8(4) cm-1 is
calculated for molecule1a. This barrier is larger than the 7
cm-1 12 and 10-11 cm-1 13 barriers calculated for the
structurally similar Ni4 complexes [Ni4(thme)4(MeCN)4]-
(NO3)4 (H3thme ) 1,1,1-tris(hydroxymethyl)ethane) and
[Ni4(hmp)4(ROH)4Cl4] (Hhmp ) 2-hydroxymethylpyridine;
R ) Me, Et, or tBuEt), respectively (calculated as∆E )
|D|S2). These other complexes are all SMMs; thus, SMM
behavior may be anticipated for1a, based on its larger Ising-
type magnetic anisotropy and resulting energy barrier.
Nevertheless no slow magnetic relaxation is observed for
1adown to 40 mK. Notably, the other Ni4 SMMs show large
relaxation steps in their hysteresis at zero field. This is due

to fast quantum tunneling of the magnetization and indicates
higher-order terms, which lead to some mixing of theMS

basis functions.12,13 In 1a we find that both theE and B4
4

terms in the anisotropy Hamiltonian are substantial and
evidently larger than in the other Ni4 cluster. As a conse-
quence, the tunneling rates become large enough to preclude
the observation of hysteresis even at 40 mK (Figure 4). The
applied transverse field in the micro-SQUID experiments,
arising from the different orientation of the applied magnetic
field with respect to the cluster anisotropy axis (approximate
S4 axis), is much too small to significantly influence the
tunneling at zero field.

The magnetic anisotropy of a cluster arises mainly from
the single-ion anisotropy and the dipole-dipole interactions
between the magnetic centers. In the strong-exchange limit,
the cluster anisotropy tensorĎ is related to the single-ion
anisotropy tensorsĎi of the individual NiII ions by eq 6:45

wheredi are the vector coupling coefficients andĎij are the
contributions arising from dipole-dipole interaction. In the
present case the latter are about an order of magnitude weaker
than the single-ion contributions4 and can be neglected.1
and2 possess a slight tetragonal elongation of the four Ni
coordinations (Figure 1 and Table 2). In octahedral NiII

mononuclear complexes, a positiveD parameter is often
associated with a weakening of the axial bonds (elongated
octahedron), increasing in magnitude with increasing axial
elongation.46 Thus a positive single-ionD with the hard axis
along the elongated O-Ni-O bonds can be assumed for all
the NiII centers in1 and2. These single-ion hard axes are
approximately perpendicular to the pseudo-S4 axis of the
cluster, and they are pairwise perpendicular to each other
(Figure 11). Under the assumption ofS4 cluster point
symmetry, eq 6 is transformed into eq 7

(45) Bencini, A.; Gatteschi, D.EPR of Exchange Coupled Systems;
Springer-Verlag: Berlin, 1990.

µ ) 1 + ∑
i,f

∆µifR(ω) (5a)

∆µif )
8π

3

NA

Mr

F

g2µB
2 ∑
R)x,y,z

|〈 f |ŜR|i〉|2

pωfi

(pi - pf) (5b) Figure 11. Arrangement of the elongated O-Ni-O bonds (thick lines)
of molecules1 and2 with respect to the approximate S4 cluster anisotropy
axis. NiII: dark gray; N: medium gray; O: light gray.

Ď ) ∑
i

diĎi + ∑
i<j

dijĎij (6)

D ) - 1
14

DNiII (7)
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whereD is the axial anisotropy parameter of the cluster and
DNiII is the single-ion anisotropy parameter of the NiII ions.
Thus, the particular arrangement of the hard axes of the NiII

ions (positiveDNiII) results in an easy-axis-type magnetic
anisotropy (negativeD) of the molecules of1 and 2, as
observed experimentally. Negative molecularD values have
also been observed for other NiII

4 clusters with similar
cubane-based structures.8 Using eq 7 and theD ) -0.93
cm-1 value determined in this study, aDNiII ) 13 cm-1 value
can be calculated, which is at the upper limit of the known
values for six-coordinate NiII ions.46

In the FDMRS experiment, the highest frequency reso-
nance has a Lorentzian line shape, whereas in the INS
experiment Gaussian lines are observed. The observed line
shape in the INS experiment is a convolution of the
instrumental resolution (Gaussian line shape) and the Lorent-
zian line shape of the observed transition. Thus, when the
Lorentzian width is about the same as the Gaussian width,
a Voigt line shape will result. Indeed, transition I′ can be
equally well-described using a Voigt function with a Gauss-
ian fwhm) 0.28 cm-1 (resolution of IN5) and a Lorentzian
fwhm ) 0.30 cm-1 instead of a Gaussian with a fwhm)
0.47 cm-1. This shows that the FDMRS and INS data are
consistent, and it explains why the INS transitions appear
broader than expected from the instrumental resolution. The
observation of a Lorentzian line shape with a fwhm) 0.33
cm-1 in the FDMRS experiment is remarkable. Usually
Gaussian line shapes with smaller widths are observed in
spin clusters. For example in Mn12-acetate, transitions with

a fwhm of about 0.2 cm-1 47 are observed, which is two-
thirds of that for1a. In cases such as Mn12-acetate, the line
width is determined by the distribution inD associated with
the distribution in molecular structures. The Lorentzian line
shape of1a is lifetime limited. Apparently in1a an intrinsic
mechanism is present, which is much faster than in the other
SMMs. It is tempting to associate this with the fact that no
slow relaxation was observed. This issue is currently under
further investigation.

Conclusions

A new family of tetranuclear Ni complexes has been
synthesized and studied. All complexes have anS) 4 ground
state and an easy-axis-type magnetic anisotropy. Despite the
large magnetic anisotropy, no slow relaxation of the mag-
netization was observed down to 40 mK. Detailed INS and
FDMRS studies on molecule1a reveal significant transverse
interactions. This opens a pathway for quantum tunneling
leading to rapid relaxation of the magnetization.
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