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Complex [Nis{pyCOpyC(O)(OMe)py}(O-CMe)4(N3)s(MeOH),] - 2MeOH - 2.6H.0 (1 -2MeOH - 2.6H.0) was synthesized
by the reaction of Ni(O,CMe), - 4H,0 with pyCOpyCOpy and NaNs in refluxing MeOH. It crystallizes in the monoclinic
C2/c space group and consists of five Ni'" atoms in a helical arrangement. Direct current magnetic susceptibility
studies reveal ferromagnetic interactions between the Ni' (S = 1) ions, stabilizing an S = 5 ground state. Alternating
current susceptibility experiments revealed the existence of out-of-phase signals indicative of slow magnetic relaxation.
Analysis of the signals showed that they are composite, suggesting more than one relaxation process, while analysis
of their magnitudes suggests not all molecules undergo slow magnetic relaxation. Magnetization field-sweep
experiments revealed hysteresis at 1.8 K, and magnetization decay experiments clearly verified the appearance of

slow magnetic relaxation at that temperature.

Introduction

Recent years have witnessed an impressive growth in the
study of molecular magnetic materials. These materials
exhibit interesting new magnetic phenomena, such as single-
molecule magnetism (SMM)' and quantum tunneling of the
magnetization (QTM),” which test the limits of current
models for magnetism of condensed matter. Besides their
theoretical interest, they have been proposed as potential
candidates for various technological applications such as
qubits for quantum computing,® coolants for magnetic
refrigeration,* and MRI contrast agents.’

Because the structure—property relations for molecular
magnetic materials are still very elusive, there is a constant
need for new structures, belonging to the same structural
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type, and for new structural types for us to study. Given the
nature of this chemistry, which is based on the interaction
of metal ions with organic or inorganic ligands, the proper
choice of such ligands may provide us with the new structural
types desired. Our previous studies on the chemistry of the
ligand (py).CO (di-2-pyridyl ketone, dpk) showed that its
carbonyl function can undergo metal-assisted solvolysis to
yield its hemiacetal form in the case of alcoholic solvents
or its gem-diol form in the case of nonalcoholic solvents.
Subsequent deprotonations of these forms give rise to a rich
coordination chemistry,® which has yielded polynuclear
complexes with interesting properties.” Inspired by the
chemistry of this ligand, we have previously started exploring
the coordination chemistry of the ligand pyCOpyCOpy® [2,6-
di-(2-pyridylcarbonyl)-pyridine, dpcp] shown in Scheme 1.
Our synthetic endeavors, which have already afforded a Co™y

(4) Evangelisti, M.; Luis, F.; de Jongh, L. J.; Affronte, M. J. Mater. Chem.
2006, 16, 2534.
(5) Cage, B.; Russek, S. E.; Shoemaker, R.; Barker, A. J.; Stoldt, C.;
Ramachandaran, V.; Dalal, N. S. Polyhedron 2007, 26, 2413.
(6) Papaefstathiou, G. S.; Perlepes, S. P. Comments Inorg. Chem. 2002,
23, 249.
(7) Boudalis, A. K.; Sanakis, Y.; Clemente-Juan, J. M.; Donnadieu, B.;
Nastopoulos, V.; Mari, A.; Coppel, Y.; Tuchagues, J.-P.; Perlepes,
S. P. Chem.—Eur. J. 2008, 14, 2514.
(8) Abarca, B.; Ballesteros, R.; Elmasnaouy, M. Tetrahedron 1998, 54,
15287.
10.1021/ic801441d CCC: $40.75 © 2008 American Chemical Society
Published on Web 10/17/2008



Slow Magnetic Relaxation of a Ferromagnetic Ni''s Cluster

Scheme 1. Ligands dpk [(py)>CO] and dpcp (pyCOpyCOpy)
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cluster showing slow magnetic relaxation,” a Cu"s'” cluster,
and two ferromagnetic Cu'; and Co',; clusters,'' have
confirmed this ligand’s potential for interesting new structures
and spin topologies. Following our studies with this ligand,
we present our first studies of its Ni"! chemistry. Herein, we
report on the synthesis and magnetic properties of the
ferromagnetic [Nis{pyCOpyC(O)(OMe)py }2(0.CMe)4(N3)4-
(MeOH),] (1) cluster. Direct current (dc) and alternating
current (ac) magnetic susceptibility studies, along with field-
sweep and magnetization decay experiments, have been used
to probe the static and dynamic magnetic properties of 1.

Experimental Section

Materials. All materials were commercially available and used
as received except dpcp, which was described according to a
literature procedure.® Caution! Azide salts are potentially explosive
and should be handled with care and in small quantities.

Synthesis. Solid dpcp (50.0 mg, 0.173 mmol) was added to a
solution of Ni(O,CMe),*4H,0 (172 mg, 0.691 mmol) in MeOH
(30 mL). The solution changed from light green to a darker green-
brown color. Solid NaN; (45.0 mg, 0.691 mmol) was then added
to the solution, which was heated to reflux for ~30 min. After
cooling, the solution was layered with double the volume of Et,O/
n-hexane (1:1, v/v). Green-brown crystals of 1:2MeOH-2.6H,0
formed after 2 days. These were collected by decantation of the
mother liquor, washed with 4 x 5 mL of Et,0O, and dried in vacuo
over silica gel. The yield was 0.097 g (~80% with respect to dpcp).
The dried complex was analyzed as solvent free. Elemental analysis
(%) calcd for C46HagNsNisOy6: C 39.39, H 3.45, N 17.98. Found:
C 39.27, H 3.57, N 17.75. IR (KBr disk): v = 2065 (vs) [vas(N3)],
1672 (m) [(C=Ogpep)], 1563 (vs) [14(COO)], 1428 (vs) [v5(COO)],
1321 (m), 1060 (m), 757 (w) [6(C—H,y)], 682 (m) [(C—H),y]
cm™l

X-ray Crystallography. A green-brown dichroic crystal of 1
with approximate dimensions of 0.20 x 0.30 x 0.65 mm was
mounted in a capillary. Diffraction measurements were made on a
Rigaku R-AXIS SPIDER Image Plate diffractometer using graphite
monochromated Mo Ka radiation. Data collection (w-scans) and
processing (cell refinement, data reduction, and empirical absorption
correction) were performed using the CrystalClear program pack-
age.'? Important crystal data and parameters for data collection are

Table 1. Crystallographic Data for Complex 1+2MeOH+2.6H,O
1:2MeOH+2.6H,O

formula CagHe12N18NisO20.6
fw 1513.50

cryst syst monoclinic

space group C2lc

T, K 298

A A Mo Ka (0.71073 A)
a, A 15.9095(6)

b, A 21.7322(8)

¢, A 22.3558(7)

B, deg 108.2480(10)

Vv, A3 7340.8(4)

Z 4

Pealeds g €M 3 1.369

u, mm~! 1.333

R1¢ 0.0391*

wR2“ 0.1039”

@y = 1/[0X(F,2) + (aP)* + bP] and P = (max)(F,2,0) + (2F2)/3; R1
= S(F) — IF/S(F) and WR2 = {S[w(Fo2 — F2RIZIw(FH?) 2. » For
5194 reflections with I > 20([).
reported in Table 1. The structure was solved by direct methods
using SHELXS-97'* and refined by full-matrix least-squares
techniques on F2 with SHELXL-97."* Further experimental crystal-
lographic details for 1 are as follows: 26, = 50°; reflections
collected/unique/used, 21011/6394 (Ri,x = 0.0439)/6394; 431
parameters refined; (A/0)max = 0.004; (AP)max/(AP)min = 0.546/
—0.327 e/A3 and R1/wR2 (for all data), 0.0507/0.1124. All
hydrogen atoms were introduced at calculated positions as riding
on bonded atoms. All non-hydrogen atoms were refined anisotro-
pically except those of the solvate molecules, which were refined
isotropically.

Physical Measurements. Elemental analysis for carbon, hydro-
gen, and nitrogen was performed on a PerkinElmer 2400/11
automatic analyzer. Infrared spectra were recorded as KBr pellets
in the range of 4000—400 cm™! on a Bruker Equinox 55/S FT-IR
spectrophotometer. Variable temperature magnetic susceptibility
measurements were carried out on a powdered sample of 1 in the
2—300 K temperature range using a QuantumDesign MPMS
SQUID susceptometer operating under magnetic fields of 1, 5, 10,
25, and 50 kG. Magnetization isotherms between 0 and 5.5 T were
collected at 2 K, and magnetic hysteresis experiments between +5
T were carried out at 1.8 K. Alternating current susceptibility
measurements were carried out on a QuantumDesign PPMS with
ac magnetic field frequencies between 11 and 8111 Hz under a
zero static magnetic field. Diamagnetic corrections for the com-
plexes were estimated from Pascal’s constants. The magnetic
susceptibility for 1 has been computed by exact calculation of the
energy levels associated with the spin Hamiltonian through diago-
nalization of the full matrix with a general program for axial
symmetry.'> Least-squares fittings were accomplished with an
adapted version of the function-minimization program MINUIT.'®
The error factor R is defined as R = X(Yexp — Jcale)/Nyexp’, Where
N is the number of experimental points.

Results and Discussion

Synthesis. The reaction of dpcp with 4 equiv of
Ni(O,CMe),*4H,0 and 4 equiv of NaN3 in refluxing MeOH
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Figure 1. Partially labeled POV-Ray plot of 1 with thermal ellipsoids at
the 30% probability level. Symmetry operation to generate equivalent atoms:
1—xy 15—z

Figure 2. Helical arrangement of the five Ni'l atoms.

led to a green-brown solution, from which layering with
Et,0O/n-hexane afforded green-brown crystals of [Nis(L)x(u-
0,CMe)x(u3-0.CMe)>(N3)4(MeOH),] < 2.6MeO+2.6H,O (1+2Me-
OH-2.6H,0), where L~ = pyCOpyC(O~)(OMe)py. The reac-
tion leading to the complex is summarized in eq 1.

MeOH

5Ni(0,CMe), - 4H,0 + 2pyCOpyCOpy + 4NaN, + 4MeOH
A

[Nis {pyCOpyC(O)(OMe)py },(0,CMe),(N;),(MeOH), | +
1
20H,0 + 2MeCO,H + 4NaO,CMe (1)

It is noteworthy that despite the heating of the reaction
mixture only one of the carbonyl functions of the dpcp ligand
was alcoholyzed to yield the hemiacetal form of the ligand.
Thus, the ligand is present in its carbonyl-hemiacetal form.

Description of the Structure. Complex 1 (Figure 1) is
the first Ni'! complex with the dpcp ligand. It crystallizes in
the monoclinic C2/c space group, and it contains five
hexacoordinate Ni" ions arranged in a helical fashion (Figure
2). Selected interatomic bond distances (A) and angles (deg)
are shown in Table S1 of the Supporting Information. To
the best of our knowledge, this is the first Nis cluster in which
the Ni atoms are found in a helical arrangement.

Ni(1) sits on a 2-fold axis through which the two halves
of the molecule are related. Bridging between each pair of
nickel atoms is achieved through end-on azides: Ni(1)—Ni(2)

10676 Inorganic Chemistry, Vol. 47, No. 22, 2008
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Scheme 2. Crystallographically Established Coordination Mode of the
dpcp Ligand in 1

through atom N(11) and Ni(2)—Ni(3) through atom N(21).
Additional bridging is achieved through the acetato and the
dpcp ligands. In particular, Ni(1) and Ni(2) are bridged by
one syn-syn ux:':n' acetate and by the O(11) carboxylate
oxygen of a syn-syn-anti uz:n':np?> carboxylate, which acts
as a monatomic bridge. This latter carboxylate also acts as
a u3 bridge between Ni(1), Ni(2), and Ni(3). Finally, Ni(2)
and Ni(3) are bridged by the {pyCOpyC(O)(OMe)py}~
ligand, which offers a monatomic alkoxo bridge through
atom O(1).

It is noteworthy that only one carbonyl function of the
ligand has been alcoholyzed to the hemiacetal form, C(6),
while the other has retained its carbonyl character, C(12),
leading to the carbonyl-hemiacetal form of the ligand
(Scheme 2). This form has only occurred in mononuclear
complexes,'” and this is its first occurrence as a bridge in a
polynuclear complex.

The molecules of 1 are well separated from each other
with the closest intramolecular Ni-++Ni distance being
~8.0 A between Ni(3) (x, y, z) and Ni(3) (1.5 — x, 0.5 —
y, 1 —2).

Static Magnetic Properties. The yu7 product of 1 (1 T
at 300 K) is 7.34 cm® mol™! K (Figure 3) above the value
predicted for five noninteracting S = 1 ions (6.05 cm?® mol ™!
K, g = 2.2), suggesting ferromagnetic interactions. This is
corroborated by the increase of the ym7 value upon cooling
to a maximum of 15.86 cm® mol~! K at 16 K. This maximum
is field dependent and shifts to higher temperatures at higher
magnetic fields, while its value decreases. Data collected at
various fields, from zero magnetic field (ac data) to 5 T,
converge to the same values above ~75 K. For the
interpretation of these data, a simple model accounting for
nearest-neighbor interactions was used, while terms to
account for the single-ion axial zero-field splittings of the
Ni ions and the Zeeman splittings inside the magnetic field
were also introduced. Because of the symmetry of the
molecule as revealed by X-ray crystallography, it was
assumed that J»3 = Jy3 = J; and J1» = Jy»» = Jo; in order to
avoid overparametrization of our problem, a global single-
ion zero-field splitting (zfs) parameter, D, was used for all
Ni' ions. The respective spin Hamiltonian is given in eq 2.

(17) Chen, X.-D.; Du, M.; He, F.; Chen, X.-M.; Mak, T. C. W. Polyhedron
2005, 24, 1047-1053.
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DY S} +gusHY S, (2)
i=1 i=1

Initial fitting attempts were carried out on data collected
at low fields, which gave poor results. In the high-temperature
region, the experimental data were well reproduced, but at
low temperatures they seriously underestimated the ym7T
values. It was found that this problem was less pronounced
for the 1 T data set, where the quality of fit was marginally
acceptable. For the data collected at 2.5 T and above, the
results were of significantly higher quality. Thus, the 2.5 and
5 T data were simultaneously fitted to the Hamiltonian. Two
solutions were derived, one for D < 0 and one for D > 0,
with best-fit parameters: J; = 19.7 cm™!, J, = 10.7 cm™!, D
= —32cm™ !, and g = 2.22 (solution A, R = 2.7 x 107%)
and J; =197 cm™, , =107 cm™, D=35cm™!, and g
= 2.22 (solution B, R = 3.0 x 107%) both suggesting an S
= 5 ground state. To verify the uniqueness of each solution
for D < 0 or D > 0, error-contour plots were constructed in
Figures S1 and S2, respectively, of the Supporting Informa-
tion. These verified each of the solutions as the global
minima, revealing another set of local minima (solution C:
Ji=74cm ™, L, =219cm™, D= —-32cm™}, g = 2.23,
and R = 3.1 x 107% solution D: J; =74 cm ™!, J, =21.8
cm™,D=36cm !, g =223, and R = 3.4 x 107%), which
were of lower quality. Solutions A and B are of relatively
higher quality than C and D, although the sign of D does
not greatly influence the quality of the fits. However, its
magnitude is consistently in the 3.2—3.6 cm™! region. It is
also noteworthy that all solutions, A—D, suggest an § = 4
excited state at 11.5—13.5 cm™! (i.e., relatively close to the
ground state).

As a general observation, we may say that the spin
Hamiltonian does not seem to be a valid approach for the
low-field data of complex 1, while it does becomes valid
for data collected at higher fields. We suggest the origin of
this behavior is the orbital contributions in Ni' ions, which
are significant. At low fields, the coupling between L and S
may be strong enough for the Zeeman term to be considered
as a perturbation. In this case, the coupled representation is
more accurate; therefore, the spin-Hamiltonian approach is
not valid. However, at sufficiently high fields the Zeeman
term is more important and causes the system to revert to
the uncoupled representation (Paschen—Back limit). In such
a case, S and Ms become good quantum numbers, and the
spin Hamiltonian is a valid approach.

The ferromagnetic interactions suggested by the fits are
in line with the presence of end-on bridging azides between
the Ni" ions [Ni(1)—N(11)—Ni(2), 98.2°; Ni(2)—N(21)—Ni(3),
91.3°], which are known to promote ferromagnetic couplings.
In addition, the Ni—O—Ni angles of the monatomic bridges
provided by the carboxylato [Ni(1)—O(11)—Ni(2), 95.6°] and
alkoxo [Ni(2)—O(1)—Ni(3), 95.0°] ligands are not too large
to promote strong antiferromagnetic couplings.

The nature of the ground state was verified by isothermal
magnetization studies at 2 K (Figure 4). The M versus H
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Figure 3. ym7 versus T data for 1 under various applied fields, along with
fits to the 2.5 and 5 T data (lines). The ac zero-field data were recorded
under a magnetic field oscillating at 1111 Hz.
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Figure 4. M versus H data for complex 1 at 2 K.
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data indicate partial saturation near 5.5 T with a magnetiza-
tion value of ~11.10 Naug. This agrees very well with the
saturation magnetization of an S = 5 system (11.06 Nausg, g
= 2.22). M versus HT! data at low temperatures (2—8 K,
Figure S2 of the Supporting Information) could not be fitted
by assuming a well-isolated ground state, probably because
of the presence of low-lying excited states (vide supra).
However, from all of the possibilities examined, only an
assumption of an § = 5 ground state yielded reasonable
results. A small step that appears around 1 T is tentatively
attributed to level crossings within the cluster, although the
complexity of the spin system impedes us from performing
reliable calculations to reproduce this behavior. A similar
behavior had been observed in two enneanuclear SMMs
previously reported by us.’

Dynamic Magnetic Properties. (i) Alternating Current
Susceptibility Studies. Complex 1 was found to exhibit a
high-spin ground state, along with a significant anisotropy
of its Ni" ions. These attributes are regarded as favorable
for the observation of single-molecule magnetism, so mag-
netization relaxation experiments were undertaken to test this
possibility. Indicative ac susceptibility experiments are shown
in Figure 5. The magnetic susceptibility of 1 (2—13 K) was
measured under a 10 G alternating magnetic field, oscillating

Inorganic Chemistry, Vol. 47, No. 22, 2008 10677
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Figure 5. In-phase and out-of-phase ac susceptibility data for 1 at eight characteristic frequencies. Data are shown as ym'7 versus T and yv” versus T plots

(left) and as ynm'/ym versus T and yn"/ym versus T plots (right).
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Figure 6. Cole—Cole plot for 1 between 2.6 and 3.6 K.

28 32

at frequencies between 11 and 8111 Hz. Clear, frequency-
dependent, out-of-phase signals were detected for all fre-
quencies. These signals were manifested as clearly visible
peaks well above 2 K (3.3 K at 11 Hz). It is noteworthy that
to date, for all Ni!! clusters described as SMMs,'® out-of-
phase signals have not exhibited peaks above 2 K. The only
other Ni" cluster for which slow magnetic relaxation has been
observed at higher temperatures (~18 K) is a Nijy com-
plex,'® which relaxes through a fundamentally different
mechanism than that of SMMs.
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Rusanov, E.; Stoeckli-Evans, H.; Sekine, C.; Guidel, H. U. Inorg. Chem.
2002, 41, 5133. (c) Young, E.-C.; Wernsdorfer, W.; Hill, S.; Edwards,
R. S.; Nakano, M.; Maccagnano, S.; Zakharov, L. N.; Rheingold, A. L.;
Christou, G.; Hendrickson, D. N. Polyhedron 2003, 22, 1727. (d) Yang,
E.-C.; Wernsdorfer, W.; Zakharov, L. N.; Karaki, Y.; Yamaguchi, A.;
Isidro, R. M.; Lu, G.-D.; Wilson, S. A.; Rheingold, A. L.; Ishimoto,
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G.; Parsons, S.; Wernsdorfer, W.; Brechin, E. K.; Mclnnes, E. J. L.
Chem. Commun. (Cambridge, U.K.) 2005, 5038.
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Figure 7. yum” versus f plots for 1 at various temperatures.

In order to use the out-of-phase data to determine the
relaxation parameters of 1, we tried to fit the ac signals to
Lorentzians in order to determine the peak maxima. How-
ever, a single Lorentzian could not reproduce the shape of
the curves with two Lorentzians always being required. This
asymmetry of the signals prompted us to examine if
relaxation occurred through more than one relaxation time.
Cole—Cole plots at various temperatures revealed the pres-
ence of a composite curve departing from the expected
semicircle. This was clear evidence that at least two
relaxation times govern the slow relaxation of 1.

The same conclusion may be drawn from plots of ym”
versus f at several different temperatures. Whereas one single
peak would be expected for a system relaxing through a
single relaxation time, these plots revealed the presence of
two broad and overlapping peaks (Figure 7). From inspection
of these plots, characteristic time scales of ~10? and ~10*
s are derived for the two relaxation processes.

Finally, another point should be made concerning the
magnitude of the out-of-phase signals, ym. In the majority of
the studies on SMMs, comments on the magnitudes of these
signals are absent with the discussion being focused on the
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Figure 8. y'/yo and y”/yo ratios of the in-phase, %’, and out-of-phase, 3",
magnetic susceptibilities compared to the total magnetic susceptibility, o,
of a slowly relaxing system following Arrhenius kinetics. Curves corre-
sponding to a system undergoing slow relaxation with 100% (top) or with
smaller fractions (bottom) of the molecules are given for the in-phase and
out-of-phase susceptibilities.

temperatures where these magnitudes arise and whether or not
clear maxima are visible (see the discussion below for an
indicative list of such SMM studies). The conclusions derived
from these studies concern the dynamics of slow magnetic
relaxation for the slowly relaxing molecules. However, the lack
of a quantitative discussion on the magnitudes of these signals
conceals the fact that often the condition of slow magnetic
relaxation may not be fulfilled for all molecules.

For a slowly relaxing system moving through a single
Arrhenius process with a time constant, 7, the magnetization
will satisfy the relation  dM/dt + M = 0. It may be shown
that the magnetic susceptibility of the system, yp, is related
to its in-phase and out-of-phase components, y’and y”,
through the relations

Y__ 1

b ——— 3

Yo 1+ (wr) ©
and

__ ot 4

o 1+ (wr) @

with w = 2mf, where f is the frequency of the oscillating
magnetic field. As shown in Figure 8 (top), x” acquires its
maximum value at wt = 1, which is equal to half of the total
magnetic susceptibility. However, if only a fraction, p, under-
goes slow relaxation, then the relations would transform to

1 _ 1
E=-pto—— 5)
Xo P p1+(wr)2
and
X”_ T
=g (6)
Xo p1+(m)2

This would induce a decrease in the maximum yn""/ym value
(Figure 8, bottom).

As we see, the yum”/ywm ratio is an indicator of (i) whether
a system undergoes relaxation through one or more processes
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Figure 9. 1.8 K hysteresis loop of 1 between +5 T (top) and between
+0.5 T (bottom).
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Figure 10. Magnetization decay of 1 at 1.8 K and zero magnetic field.

The solid line is a fit to the data according to a process involving two
relaxation times as described in the text.

(a single maximum indicating a single relaxation time, t,
and (ii) whether the whole sample undergoes relaxation or
a fraction of it (maximum value of 0.5 when the whole
sample undergoes relaxation). Behavior close to that expected
for a single relaxation process and relaxation of the whole
sample has been observed generally for the Mn;, family of
SMMs and for {[FesO,(OH);,(tacn)g]Br;* H,O }Br+H,0 (tacn
= triazacyclononane),?’[Fe,(OMe)s(dpm)s] (Hdpm = dipiv-
aloy]methane),21 [CuL!'Tb(hfac),], [Hhfac = hexafluoroacetylac-
etone, H3L.! = 1-(2-hydroxybenzamido)-2-(2-hydroxy-3-methoxy-
benzylideneamino)-ethane],* [ { Dy(hfac)s }»{Cu(dpko), }] (Hdpko

(19) Carretta, S.; Santini, P.; Amoretti, G.; Affronte, M.; Candini, A.; Ghirri,
A.; Tidmarsh, 1. S.; Laye, R. H.; Shaw, R.; Mclnnes, E. J. L. Phys.
Rev. Lett. 2006, 97, 207201.

(20) (a) Delfs, C.; Gatteschi, D.; Pardi, L.; Sessoli, R.; Wieghardt, K.;
Hanke, D. Inorg. Chem. 1993, 32, 3099. (b) Barra, A.-L.; Debrunner,
P.; Gatteschi, D.; Schulz, C. E.; Sessoli, R. Europhys. Lett. 1996, 35,
133.

(21) Barra, A. L.; Caneschi, A.; Cornia, A.; de Biani, F. F.; Gatteschi, D.;
Sangregorio, C.; Sessoli, R.; Sorace, L. J. Am. Chem. Soc. 1999, 121,
5302.

(22) Osa, S.; Kido, T.; Matsumoto, N.; Re, N.; Pochaba, A.; Mrozinski, J.
J. Am. Chem. Soc. 2004, 126, 420.
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= di-2-pyridylketonoxime),”® [{CuL!Tb(o-van)(O,CMe)(Me-
OH)},] (Ho-van = 3-methoxysalicylaldehyde),>* and [Dy(hfac)s-
{NITpPy}], (NITpPy = 2-(4-pyridyl)-4,4,5,5-tetramethyl-4,5-
dihydro-1H-imidazolyl-3-oxide)*> to mention a few SMMs.
However, we could not find any explicit references to the ym"/ym
ratio of each sample. Our estimates have been based on visual
comparison of the yn” versus T curves with the ymT, ym', or ym’T
versus 7T curves, depending on which curves were reported. Thus,
they are bound to be somewhat inaccurate, although still relevant.
In one case, ym”/ym versus T curves were reported for the
("BusN)[Ln(Pc),] SMMs (Ln!! = Tb', Dy!l, H,Pc = phthalo-
cyanine)*® for which the authors reported maxima of 0.35—0.40
(i.e., close to the ideal behavior). We estimated values close to
~04 for [Fe(bpca)(u-bpca)Dy(NO;)4] [Hbpca = bis(2-pyridyl-
carbonylamine)],27 [(RTp)Fe(CN);Ni(tren)]»(ClOs), [RTp = alkyl-
trispyrazolylborate, R = Ph, 'Bu, tren = tris(2-amino)ethylamine] 28
and {[(pzTp)Fe™(CN)sL[Ni(bipy)a1}.2* For {[(Tp*)Fel(CN)]:-
[Ni"(bipy),],[OTf],} (OTf~ = trifluoromethanesulfonate),* [Mn;,-
O5Cly(O,CPh)g(hmp)s] [Hhmp = 2—(hydroxymethyl)pyn'dine],31
and [Mn;3014(OCMe)yg(hep)s(Hhep),(H,0),](ClO,), [Hhep =
2-(hydroxyethyl)pyridine],** we estimate the corresponding values
at ~0.3.

Intermediate cases include [Co(NCS)sz;],33 [MneO,(Et-
salox)e{ 0,CPh(4-Me) }»(EtOH)e],** [MnsL¢] [HsL = N-(2-
hydroxy-5-nitrobenzyl)-iminodiethanol],*> and [MngO,(O,CMe); -
(thme)(py)3(H,0),] [Hzthme = 1,1,1-tris(hydroxymethyl)ethane]*®
(~0.2—0.3).

On the other hand, SMMs with very low respective values
have been reported. For [Feo(O,CMe)s{ (py)CO; }4(NCO),],
a value of ~0.15 was derived from the raw data available to us,’
while values between 0.09 and 0.1 have been estimated for
[Co(NCO),(4NOPy)4],*” [Et;NHL[MnO;2(OH),(OsPCH,Ph), -
(O:CCMes)io(py)l,” [ENH][Cos(chp) o(OsPPh),(NOs)s(Hehp), ]

(23) Mori, F.; Nyui, T.; Ishida, T.; Nogami, T.; Choi, K.-Y.; Nojiri, H.
J. Am. Chem. Soc. 2006, 128, 1440.
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(Hchp = 6-chloro-2-hydroxypyridine),” (Hpy)s[Fei3F2s(OMe),-
0,4,% and [L'CuTb(hfac),],.*' Even lower values have been
estimated for [(PY5Me;)sMnsRe(CN),]|(PFs) [PY5Me, = 2,6-
bis{1,1-bis(2-pyridyl)ethyl }pyridine] (~0.07),** [Feo(O,CMe)s-
{(py2CO2}4(Ns)] (~0.04, data available),” and [Ni{Ni(bipy)(H,0) -
{W(CN)s}6]* (~0.01). We should note that we only report SMMs
where the out-of-phase peaks were clearly observed; therefore, the
maximum yy” values are known.

In one study, van Slageren et al.*° discussed the low yy”
value observed for (Hpy)s[Fei3F24(OMe),04], attributing it
to a slowly relaxing fraction of the molecules undergoing
over-the-barrier relaxation with the rest undergoing fast
under-the-barrier relaxation. Shortly thereafter, we reached
similar conclusions, concerning the diferrous SMM
[Fe,(NCO)s(acpypentO)] (HacpypentO = 1,5-bis{[2-py-
ridyl(1-ethyl)imino] }pentane-3-ol),** based on Mossbauer,
EPR, and ac magnetic susceptibility data. In the case of
complex 1, the ym”/ym value does not overcome 0.036 (at
4.8 K for a 4097 Hz oscillating field). This would suggest
that approximately 7.2% of the molecules undergo slow
magnetic relaxation, assuming a single relaxation time.

(i) Magnetization Hysteresis and Magnetization Decay
Experiments. In order to better probe the slow magnetic
relaxation properties, we conducted magnetization field-
sweep experiments as well as magnetization decay experi-
ments on our powdered sample. These experiments were
conducted at 1.8 K, which is the lower limit of our
instrument. In particular, field sweeps between =1 T revealed
a small but non-negligible hysteresis with a coercive field
on the order of 350 G.

Magnetization decay was also indicative of slow magnetic
relaxation. The sample was saturated at a 1 T field, while
decay was monitored at a zero field. After saturation, the
field was rapidly reduced to its final value (typically within
~150 s), and the magnetization was measured at constant
time intervals. The magnetization could not be fitted to a
single relaxation time, and two relaxation times were required
to satisfactorily fit the data:

M)/ My=Ae™"" + (1 —A)e™™ (7

where 7; and 7, are the relaxation times of the two processes
and A is the fraction for the process with relaxation time 7.
Fitting of the data yielded values A = 0.1, 7; = 1.8 x 10?
s, and 7, = 1.5 x 10° s. Small discrepancies between the
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Slow Magnetic Relaxation of a Ferromagnetic Ni''s Cluster

experimental and calculated behavior indicate that the
relaxation process might be even more complex.

Conclusions

The ligand dpcp, employed in Ni'/N;~ chemistry, has
fulfilled its promise to yield new complexes with new
structural types and interesting properties. However in
complex 1, despite the heating used to induce methanolysis
of the carbonyl function of the ligand, it is present in its
carbonyl-hemiacetal form (i.e., only one carbonyl function
underwent methanolysis). Direct current magnetic suscep-
tibility studies showed the Ni" ions are ferromagnetically
coupled, yielding an S = 5 ground state. This finding is in
agreement with the presence of end-on azide bridges, which
promote ferromagnetic couplings. In addition, the cluster
shows significant anisotropy of its ground state, which is a
precondition for the emergence of single-molecule magne-
tism. Alternating current magnetic susceptibility experiments
revealed clear out-of-phase signals, typical of SMMs, while
field-sweep experiments showed a small but discernible
hysteresis at 1.8 K. These results were also corroborated by
the slow decay of the magnetization of 1 at 1.8 K, which
was monitored in real time.

However, a careful inspection of the ac data revealed that
(1) there seem to be at least two operative relaxation pathways
and (ii) not all molecules exhibit slow magnetic relaxation.
Conclusion (i) is inferred by the shape of the Cole—Cole
plots between the real and imaginary parts of the ac
susceptibility and by the shape of the yy" versus f curves at

various temperatures, which showed two broad and overlap-
ping peaks. Conclusion (ii) is inferred by the values of the
v~ maxima, which do not exceed 7.2% of the value
expected (0.5xm) of a sample in which all molecules exhibit
slow magnetic relaxation.

In light of the trends in the literature of the field, a question
will predictably arise: Is complex 1 an SMM? If an SMM is
defined as a molecule that undergoes slow magnetic relax-
ation in the absence of long-range interactions, then a fraction
of the molecules of 1 can be characterized as SMMs. But is
1 an SMM per se?

We would prefer to be cautious with the use of this term,
which has been employed to describe a highly versatile
phenomenon observed in a diverse variety of molecules. For
this reason, we choose to simply describe 1 as a cluster with
a high-spin (S = 5) ground state, of which a fraction of the
molecules undergoes slow magnetic relaxation through at
least two relaxation processes.
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