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ABSTRACT: A new family of tetranuclear nickel cube
complexes [Ni,L,(solv),] (1, solv = MeOH; 2, solv = H,0;
H,L = pyrazole-based tridentate {ONO} ligand) has been
studied in detail, in particular by X-ray diffraction and
superconducting quantum interference device (SQUID) mag-
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netometry. Different solvates 1-H,0, 2:4C;H40, 2:CH,Cl,, and
2'H,0 were obtained in crystalline form. Only small structural
variations were found for the Ni—O—Ni angles of the [Ni,O,] $=0 (2)

cores of those compounds, but these slight variations have
dramatic consequences for the magnetic properties.
[Ni,L,(MeOH),]-H,0 (1-H,0) and [Ni,L,(H,0),]-H,0
(2'H,0) can be reversibly interconverted in the solid state by
exposure to the respective solvent, MeOH or H,O, and this goes
along with a switching of the spin ground state from magnetic (St = 4) to diamagnetic (Sy = 0). Likewise the (irreversible) loss
of lattice solvent in [Ni,L,(H,0),]-4C;HO (2-4C3H4O) to give 2-2C3H4O changes the ground state from S = 4 to S; = 0. In
view of these dramatic solvatomagnetic effects for the present [Ni,L,(solv),] complexes, which occur upon extrusion of lattice
solvent or facile exchange of coordinated solvent molecules while keeping the robust [Ni,O,] core intact, a note of care is issued:
whenever magnetic data are obtained for powdered material or for crystals that easily loose lattice solvent molecules, the
magnetic properties may not necessarily reflect the situation observed in the corresponding single crystal diffraction study.
Finally, a thorough analysis of the present series of complexes as well as other {Ni,(u5-OR),} cubes reported in the literature
confirms that a correlation between the (Ni—O—Ni),, bond angle and J in [Ni,O,] cubane complexes does indeed exist.
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Bl INTRODUCTION frameworks (MOFs), or their structural dimensionality
changes, for example, from initial zero-dimensional (0D) to

Combining magnetic responses with some other chemical or p
three-dimensional (3D) upon solvent influence.® In fact, the

physicochemical properties of materials is one of the most

fascinating aspects in the field of molecular magnetism. In 1999 switching of magnetic properties by sorption/desorption of
Kahn introduced the term molecular magnetic sponges (MMS) solvent guest molecules in MOFs is an active field of research
for a class of molecule-based materials that reversibly switch with interesting prospects.” However, there are only few
from a nonmagnetic to a magnetically ordered state through a examples of SMEs where the systems are truly molecular, such
simple chemical process such as dehydration—rehydration.' as (i) a dinuclear Dy"-based single molecule magnet (SMM),*
Ochkoshi, Hashimoto et al. in 2003 coined the term (i) a dinuclear fluorous Cu"' carboxylate complex,” and (iii) a
solvatomagnetic effect (SME) to denote the solvent modulation tetranuclear Ni'' azido-bridged complex from our lab.'® The
of magnetic properties of cobalt hexacyanochromate-based latter two compounds show irreversible'® or only partially
magnets that result from the exchange of coordinated water reversible®® SME. Furthermore, the dehydration step of the

molecules by ethanol molecules.” Actually both terms are often
used synonymously for characterizing magnetic sponge-like
behavior,® while the term SME is also used in a more general
sense to describe the effect of exchange” or release® of solvent
molecules on magnetic properties. However, for crystalline
material some authors are not using any of these terms but
prefer to describe magnetic sponge-like behavior as reversible
sorption—desorption single-crystal-to-single-crystal transforma-
tions (SCSC).>

While compounds showing SME are molecule-based, most of Received: March 12, 2012
them are either coordination polymers or even metal organic Published: July 23, 2012

SME usually requires heating to high temperatures and/or the
presence of a drying agent, for example, the above-mentioned
Dy"-SMM has to be heated to 433 K under reduced pressure
to obtain the dehydrated phase.® It should be noted here that
closely related approaches deal with the investigation of
solvent-dependent spin-crossover systems,'' which are not
included in the present discussion.
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In this work we report a tetranuclear cube-like complex
[Ni,L,(MeOH),]-H,0 (1-H,0) that shows a pronounced
solvatomagnetic effect, namely, a switching of the spin ground
state at ambient temperature induced by the exchange of
coordinated solvent molecules (MeOH versus H,0). Several
solvates of this new type of Ni, cubane have been characterized
crystallographically and thoroughly investigated to rationalize
the findings. Transition metal complexes with a cubane {M,X,}
core are quite prominent in modern coordination chemistry.
Sulfido-bridged Fe-cubes have been extensively studied as
models for Fe/S protein cofactors,'> and {Mn,O,} as well as
{Co0,0,} cubane clusters are attracting much attention as
bioinspired water oxidation catalysts."> Since {M,X,} cubes
may have high-spin ground states because of accidental
orthogonality of magnetic orbitals, they have also become an
important class of oligonuclear complexes in the field of
molecular magnetism.'* Specifically, the search for tetranuclear
nickel(II) complexes with a cubane-type {Ni,O,} core has been
fired by the discovery that this motif can give rise to SMM
behavior."> ™"’

B RESULTS AND DISCUSSION

Synthesis and Structural Characterization of Com-
plexes. The pyrazole based tridentate diol ligand H,L (Scheme
1) has been chosen as a flexible and potentially bridging ligand

Scheme 1. Overview of the Synthesis and Topology of 1 and
2ﬂ
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[NigLg(H,0)4]4C3HO  2-4C3HgO
[NisLa(Hy0)4'CH,Cl,  2:CH,Cl,

“For clarity only one ligand and its coordination mode (bold) at the
{Ni,(u3-O),} core are shown.

for this work. We recently used H,L for the synthesis of a
family of heterometallic {Mn"™,Ni";} SMMs that have an S; =
7 ground state. H,L, in its singly deprotonated form, was shown
to mediate ferromagnetic exchange between the metal ions of
those quasi-linear {Mn"™,Ni";} SMMs because of accidental
orthogonality of the magnetic orbitals.'® We now employed this
ligand in combination with only one of the metal ions used for
the above heterometallic SMMs, namely, with nickel(II), to
obtain a new series of {Ni,(#3-O),} cubane core structures
(Scheme 1).

Treatment of a methanolic solution of H,L with 1 equiv of
Ni(OAc),-4H,0 and 2 equiv of NaOH lead to rapid
precipitation of a dark green solid, which could be recrystallized
by layering a CH,Cl, solution of the crude material with n-
hexane, affording large green crystals of 1-H,0. Following the
same procedure, but using moist solvents, crystals of 2:CH,Cl,
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and 2°H,0 were obtained. When the dark green precipitate was
dissolved in acetone instead of CH,Cl, and the solution left for
slow evaporation, crystals of 2:4C;H4O gradually formed.
Since thorough investigation and interpretation of the
magnetic properties of any material requires high purity
samples and preferably some structural information, crystalline
material was used for all further studies. The molecular
structures of [Ni,L,(MeOH),]-H,O0 (1-H,0) and
[Ni,L,(H,0),]-4C;HO (2:4C3HO), determined by X-ray
crystallography, are shown in Figure 1 (see Supporting

Figure 1. ORTEP plots (30% probability thermal ellipsoids) of the
molecular structures of [Ni,L,(MeOH),] (1-H,0) (a) and
[Ni,L,(H,0),] (2-4C;H,O) (b). Most hydrogen atoms and all
solvent molecules have been omitted. Symmetry operations used to
generate equivalent atoms of 1-H,0: (") 1.25—y, 0.25+x, 1.25—z; (")
—0.25+y, 1.25—x, 1.25—z ('") 1—x, 1.5—y, z. Symmetry operation
used to generate equivalent atoms of 2:4C;HO: () 1—x, y, 0.5—z.

Information, Figure Sla, for the structure of 2-CH,CL,).
Selected interatomic distances and angles are given in the
Supporting Information. Eight alternately arranged oxygen and
metal atoms form a distorted {Ni,O,} cube with local S,-
symmetry. In case of 1'H,O this point group is also reflected in
the space group I4,/a. In 2:4C;H4O the symmetry is reduced
to C, and 2'CH,CIl, has no crystallographically imposed
molecular symmetry. The asymmetric unit of 1'H,O contains
one-fourth of the molecular structure, one-half is present in
2:4C;H¢O, and 2:CH,Cl, contains two crystallographically
independent molecules. Every metal atom is further coordi-
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nated by a methanol ligand in case of 1 or a water ligand in case
of 2. The coordination number for all metal atoms is six, which
results in a distorted octahedral coordination polyhedron.
Three corners of the octahedron are occupied by the O-atoms
from the ethoxy arms of three ligands L*~, which act as bridges
to the remaining metal atoms within the cubane core. Further
positions are occupied by an O-atom from the phenolate part
of the ligand, the pyrazole-N of the ligand and one O-atom of
the exogenous solvent molecule (MeOH in 1 or H,O in 2).
Several related complexes with a cube-like {Ni,O,} core have
been previously reported; most similar are nickel(II) complexes
containing tridentate 2-(salicylideneamino)ethanol ligands.19
An interesting feature of all present complexes is the
stabilization of the cubane core by hydrogen bonds between
the exogenous MeOH or H,O molecules, which act as
hydrogen bond donors, and the phenolate-O, which act as
hydrogen bond acceptors (Figure 1 and Supporting Informa-
tion, Figure S2, Table S7). Thereby four of the six faces (four
side faces, SF) of the {Ni,O,} cube are spanned by hydrogen
bonds, resulting in somewhat different bond lengths and angles
for the involved atoms (Table 1 and Supporting Information,

Figure 2. Emphasis of the cubane-like {Ni,O,} fragment. Gray faces
are not spanned by hydrogen bonds. 1‘H,0: M,= Nil, O, = 02, Mg
= Nil’, Oy = 02/, M = Nil”, O¢ = 02", Mp, = Nil’", Op = 02" ;
2:4C,H40: M, = Nil, O, = 02, My = Ni2, Oy = 012, M = Ni2/, O
= 012/, My, = Nil’, Op = 02’ ; 2*CH,Cl, (two crystallographically
independent molecules): M, = Nil/5, O, = 02/42, Mg = Ni2/6, Oy
= 012/52, M. = Ni3/7, O = 022/62, M, = Ni4/8, Op = 032/72.
Symmetry operations used to generate equivalent atoms of 1-H,0: (')
1.25—y, 0.25+x, 1.25—z; (") —0.25+y, 1.25—x, 1.25—z; (") 1—x, 1.5—
¥, z. Symmetry operation used to generate equivalent atoms of
2:4C;HO: (') 1—x, y, 0.5—z.

Table 1. Ni—O—Ni Angles (deg) for 1-H,0, 2-4C;H,O, and
2-CH,CL*

M—-0-M 1'-H,0 2:4C;H,0 2:CH,Cl,
Mu—O0,—Mjg 97.95(4) 97.27(6) 97.7(2)/96.9(2)
M,—Oc—M; 95.09(4) 94.97(3) 95.1(2)/94.6(2)
My—Oc—Mc¢ 97.95(4) 98.74(6) 98.6(2)/98.3(2)
M,—Op—Mc 95.09(4) 94.62(5) 94.4(2)/94.3(2)
M,—0,—Mp 100.22(4) 100.66(6) 100.3(2)/99.4(2)
M,—Op—Mp, 100.22(4) 100.66(6) 99.1(2)/99.4(2)
Mp—0p—Mc 100.22(4) 99.90(6) 100.3(2)/100.9(2)
Mp—Oc—M¢ 100.22(4) 99.90(6) 100.0(2)/99.6(2)
My—0,—Mp, 95.09(4) 94.62(5) 95.1(2)/94.8(2)
My—Op—M,, 97.95(4) 98.74(6) 96.8(2)/98.4(2)
Mc—O0—Mp 95.09(4) 94.97(5) 95.5(2)/96.4(2)
Mc—Op—Mp 97.95(4) 97.27(6) 97.0(2)/97.1(2)
av. M—O—M (SF) 96.52 96.40 96.3/96.4
av. M—O—M (OF) 100.22 100.28 99.9/99.8

“See Figure 2 for numbering scheme.

Table S7) compared to those at the two remaining faces at
opposite sides of the cube (OF). These differences, primarily in
the bridging Ni—O—Ni angles (Table 1), are crucial factors that
determine the sign of the magnetic exchange interactions
through O-atom bridges; their modulation has drastic effects on
the ground state of the complexes, as will be shown below.

The tetranuclear nature of 1 and 2 was also confirmed by
positive ion electrospray ionization mass spectrometry (ESI-
MS) in C;HO or MeCN solution (Supporting Information,
Figure S3), which in both cases showed a prominent peak at m/
z = 1043 characteristic for the singly charged [Ni,L, + H]* ion.
This suggests that the cubane-type complexes are stable in
solution, but readily loose their solvent ligands (MeOH or
H,0).

Magneto Structural Correlations for {Ni,(u3-0),]
Cubes. To better understand the magnetic properties of the
new complexes 1 and 2 and to put them into broader
perspective, we decided to undertake a thorough assessment of
known magneto structural correlations for such type of
compounds. Earlier studies of a number of complexes with
distorted {Ni,O,} cubane structures, whose exchange inter-
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actions are mediated only by y;-OR (R = H, Me) bridges, had
suggested a linear correlation between the exchange coupling
constant J and Ni—O—Ni,, bond angles: for Ni—O—Ni angles
a below 99° the interaction was suggested to be ferromagnetic,
and for a > 99° antiferromagnetic (Christou et al, 1995;
Tuchagues et al, 2000).2”*' However, in two more recent
papers from 2007, where magnetic properties of 40?* and 533
{Ni,(4;-OR),} cubane structures were evaluated, it was
concluded that a useful magnetostructural correlation is
unlikely to be established for this type of complexes, since
additional factors such as the identity of the capping ROH
ligand would also influence intracluster magnetic exchange.
Furthermore, the sign and magnitude of | were found to be
sensitive even to slight distortions of the cubane core away
from tetrahedral symmetry. To test these conclusions we
analyzed the magnetic and structural parameters of some
selected {Ni,(1;-OR),} cubes that were already listed in the
above-mentioned overviews, and also some more recent
examples. To avoid any interference caused by additional
magnetic exchange pathways, only complexes with exchange
interactions mediated solely by p5-OR bridges, that is, without
any secondary bridges like acetate spanning the nickel(II) ions,
were taken into account. The results are summarized in Table
2.

Figure 3 shows a plot of the coupling constant J vs the (Ni—
O—Ni),, angle « for the various complexes listed in Table 236
At first sight it seems that indeed some points strongly deviate
from the linear correlation. A more detailed inspection of the
individual cases reveals, however, that all those outliers
(reflected by open circles) feature particular situations that
can readily explain their abnormal ] values, without
compromising the general validity of the linear correlation
between ] and a. (i) The small coupling constant | = —5.14
cm™! for H despite its wide (Ni—O—Ni),, angle of 103.4° may
be attributed to the different nature of the pu;-OR bridge,
namely, phenoxido, compared to alkoxido or hydroxido bridges
in all other cases. (ii) Complex F was published twice, but with
differing sets of magnetic parameters; one of them (F1)** fits
well to the linear correlation, the other (F2)'® does not, thus
casting some doubt on the latter values. (iii) In the case of J the
structure reveals two sets of structural parameters, but only a
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Table 2. Literature Structural and Magnetic Data for
Complexes with a [Ni,(#;-OR),]*" Cubane Core

Ni—O—Ni,, J denotation” in

complex u3-OR [deg] [em™] g [ref]

A methoxido 97.73 7.46 2.15 24

B hydroxido 99.0 —-0.57 220 25

C methoxido 100.9 -9.1 2.00 26

D hydroxido 95.85 17.5 2.0 27
hydroxido 103.2 —22

E methoxido 96.7 12.2 2.05 1 in [20]
methoxido 99.6 -3.4

F1 alkoxido 97.87 5.28 2.11 1in [28]
alkoxido 99.4% 043

F2 alkoxido 97.8 2.75 2.06 1in [16]
alkoxido 99.4 9.24

G alkoxido 97.26 729 218 [29]
alkoxido 100.4 —2.08

H alkoxido 96.85 6.87 2.15 2 in [30]
alk./phen. 98.08 4.62
phenoxido 1034 -5.14

I alkoxido 96.3 102 21 1in [31]
alkoxido 98.15 2.4

J alkoxido 97.8 2.7 2.3 2 in [32]

K alkoxido 94.6 221 2.03 [33]
alkoxido 101.6 —-13.2

L alkoxido 96.1 715 214 [34]
alkoxido 98.5 —-0.34

M alkoxido 97.2 11.63 2.14 1in [35]
alkoxido 100.3 1.38

“If more than one compound. bStructural parameters taken from [16].

94 95 96 97 98 99 100 101 102 103 104
o/ deg

Figure 3. Effect of (Ni—O—Ni),, bond angle on J for [Ni,(u3-OR),I*"
cubanes. Solid circles: literature data A—I (except data for F2 and
phenoxido bridged derivative of H) used for the linear fit (solid line).
Open circles: data not included in the linear fit (see text).

single J in a simplified coupling scheme was used for magnetic
data analysis.*” (iv) Two coupling constants were used for
fitting the magnetic properties of complex K,** though the
structure clearly shows three distinct pathways. (v) In complex
L** the used model does not properly reflect the core
symmetry: similar faces of the cube are not opposite (as
assumed according to the author’s coupling scheme), but side
by side. (vi) Complex M was reported to feature
ferromagnetic coupling (positive J) despite a wide angle a of
100.3°. We reinvestigated this case: we took the reported
parameters (g, J;, J,), simulated the magnetic properties and

8144

then fitted the simulated curve. A fit of equal quality is also
possible using other parameter sets including ] = —5 cm™ for
the Ni—O—Ni fragment that has @ = 100.3°; the latter values
nicely falls onto the solid correlation line in Figure 3.

All other examples (solid circles in Figure 3) are in good
agreement with the linear correlation ] = —4.69a + 464.4 (R* =
0.951), which is comparable to the original correlation dating
from 1995%° with ] = —5.32a + 566.7 (R* = 0.998). Hence our
conclusion from this analysis is that the correlation between the
(Ni—O—Ni),, bond angle and ] does exist and is clearly
evident. Likely reasons for discrepancies in individual cases
have been discussed above. For the present new complexes 1
and 2 we will examine in the following some further factors like
the mutual dependence of the fit parameters J. Further the
effect of exchanging exogenous ROH ligands at the {Ni,(y;-
OR),} core or removing lattice solvent molecules will be
considered. It is shown that the identity of the exogenous ROH
ligand and the presence of lattice solvent molecules strongly
depend on experimental conditions (such as the time between
isolation of the sample from its mother liquor and the actual
measurement).

Magnetic Properties of [Ni,L,(MeOH),] and
[NigL4(H,0),]. Magnetic susceptibility data were collected for
complexes [Ni,L,(MeOH),]-H,O (1-H,0),
[Ni,L,(H,0),]-4CsH,O (2-4C,H,0), and
[Ni,L,(H,0),]-H,0 (2-H,0) in the temperature range from
295 to 2.0 K. No significant field dependence was observed
when data were measured at applied fields of 0.2 and 0.5 T.

The initial investigation of 1-H,O revealed an unexpected
aging effect, that is, the magnetic properties of freshly isolated
material and of samples that were stored in air for some days
were found to differ drastically. A series of additional magnetic
measurements combined with elemental analyses, thermog-
ravimetry, and meticulous synthetic work allowed explaining
the initial observation. The product yyT of pristine 1-H,O
increases gradually with decreasing temperature to reach a
maximum of 9.19 cm® K mol™" at 8 K (Figure 4, red circles).

10
9
3 1 [Ni,L(MeOH),]-H,O
. 7
9 b
- R [Py
= 5 == = SRR A
L=
- 4]
B~
53 5 [Ni,L,(H,0),]-H,0
2
1
0+ T T T T T 1
0 50 100 150 200 250 300
T/K

Figure 4. Plot of y T versus temperature for 1-H,O (red open circles)
and 2’-H,0 (blue open circles) at 0.5 T. The solid lines represent the
calculated curve fits.

Three days later, and after exposure to air, the same sample
showed a maximal yy, T value of only 5.67 cm® K mol ™ at 25 K
(Figure 4, blue circles). The elemental analysis of the aged
sample suggested that the exogenous MeOH ligands in
[Ni,L,(MeOH),]-H,0 (1-H,0) had been exchanged by H,0
molecules from aerial moisture to give [Ni,L,(H,0),]-H,0
(2-H,0).” Ligand exchange is fully reversible: 2"-H,O can be
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transformed back to 1'-H,O by exposing the crystals to MeOH
vapor in a flask®” This reversible process is conveniently
evidenced by repeated superconducting quantum interference
device (SQUID) measurements, since the original y T versus
T curve is fully restored after exposure to MeOH, that is,
1-H,O and 1’-H,0 have virtually identical magnetic properties.
Experimental magnetic data for all complexes were simulated
using a fitting procedure to the appropriate Heisenberg—
Dirac—van Vleck (HDvV) spin Hamiltonian for isotropic
exchange coupling, Zeeman splitting, and zero field splitting
(ZFS) (eq 1).38

A =-2](8S, + 88 + 8,5, + §5,) — 2,(5,8, + §8))

4 4
+guB Y S, +DY, <52 -85+ 1)/3)
i=1 i=1 (1)
Parameter ]| characterizes exchange across the four side faces
(SF) of the [Ni,O,] cube that are bridged by hydrogen bonds,

while J, characterizes the remaining two opposite (OF,
opposite faces) pair interactions (Scheme 2).

Scheme 2. Magnetic Coupling Scheme for All Complexes
Reported in This Work”

“Arrows indicate the distortion of the Ni, tetrahedron that results in S,
symmetry, not spin alignment.

Taking 1-H,O as an example, the 3D error surface for the
pairs J;—J, shows that both parameters, J; and J,, are almost
linearly dependent (Figure 5); therefore the fitting does not
lead to a unique solution.

For magnetic data analyses according to (eq 1) we thus
decided to fix J, at the value calculated from the above
magnetostructural correlation, using the angle a determined by
X-ray analysis. In the case of 1-H,O this results in J, = —5.63
cm™! for a = 100.22° (OF). The other coupling constant J; was
then determined as +8.90 cm™), in reasonable agreement with
the value of +11.72 cm™ predicted from the magnetostructural
correlation for a = 96.52° (SF). Parameters for 1-H,0, 2"-H,0,
and 1"*H,O are collected in Table 3. In view of the linear
dependence of ]| and J, the ratio IJ;/J,] appears to be most
significant. It is considerably higher for 1-H,O than for 2"-H,0
(1.58 versus 1.27, Table 3). Noteworthy, for all complexes the
best quality magnetic data simulation gave relatively large values
of the axial single ion anisotropy parameter IDI &~ 10 cm™.
Calculation of the 3D error surface for the pairs J,—D
(Supporting Information, Figure S4) revealed that these two
parameters are independent and provide only one unique
solution (if J, is fixed). Since the reliability of D values
calculated from such powder susceptibility measurements is
limited, magnetization measurements at variable temperature
and variable field (VTVH) were performed for 1-H,O as a
representative example (Supporting Information, Figure SS).
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Figure S. 3D error surface for the pairs J;(J;,)—,(J14) for 1-H,0.

Isofield lines are not superimposable, confirming significant
anisotropy of the ground state. Fit parameters for the VIVH
data are in good agreement with those obtained from powder
susceptibility measurements (see legend to Supporting
Information, Figure SS), which supports the presence of large
positive anisotropy values. It should be noted that the overall
(molecular) ZFS is the tensorial sum of the single ion ZFS, and
therefore the mutual compensation of single ion ZFS can lead
to much smaller overall ZFS; in fact, values <1 cm™ have
previously been derived from HF-EPR measurements on some
nickel cubane complexes.””*” The positive sign of D for 1-H,0
explains the absence of any alternating current (AC)
susceptibility signal that is typically observed for SMMs, since
a negative D is required for this phenomenon.

It turns out that the different ratios IJ;/J,| for 1-H,O and
2’*H,0 give rise to a dramatic change in the spin ground state,
St of the [Ni,O,] cube. Both, the energy level calculation (see
Supporting Information) and the simulation of yyT for given
sets of J; and J, lead to Sy = 4 for 1-H, O, but S; = 0 for 2"*H,0
(neglecting any zero field splitting; Figure 6). Magnetization
data of 1-H,O at 2 K (M versus H) give 7.9 Nug at S T, which
is close to saturation for St = 4 and confirms the ferromagnetic
ground state (Supporting Information, Figure S6). Interest-
ingly, when keeping J, constant at —5.63 cm™" a slight decrease
of J; from +8.90 cm™ to +8.30 cm™'—which corresponds to a
change of a of only 0.13°!—leads to switching of the ground
state, namely, from a high-spin (ferromagnetic) ground state for
IJ,/]5) > 1.5 to a low-spin (diamagnetic) ground state for IJ;/J,I<
1.5 (Figure 6). Such high sensitivity of the spin ground state
toward subtle structural perturbations suggests that the
switching of the spin ground state upon reversible inter-
conversion of 1-H,0 and 2/*H,O (see Figure 4) is caused by
some minor structural rearrangement of the [Ni,O,] core that
is induced by the MeOH < H,O ligand exchange.

Since 2-4C3;H4O has four coordinated H,O molecules, that
is, a [Ni,L4,(H,0),] core, one might expect that its magnetic
properties should be similar to those of (i) 2’*H,O if the nature
of coordinated solvent (H,O versus MeOH) plays the crucial
role or of (ii) 1-H,O if the geometrical parameters are more
important. A SQUID measurement after standard workup
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Table 3. Best Fit Parameters of Magnetic Data Analysis for Complexes Studied in This Work

IDI [em™] I1./7,) TIP [10™* cm®mol™!]
11.7 1.58 125
14.2 1.27 2.00 (fixed)
11.8 1.57 1.25 (fixed)
8.9 1.51 0.94 (fixed)
8.2 1.40 1.03 (fixed)
11.0 1.38 1.49
13.6 1.33 226

“Crystalline material measured in the range 2 K — 100 K. bSample after warming to 295 K inside the SQUID magnetometer, measured in the range

complex g Ji [em™] T, [em™]
1-H,0 222 +8.90 —5.63 (fixed)
2“H,0 214 +7.17 —5.63 (fixed)
1*H,0 222 +8.86 —5.63 (fixed)
2+4C,H,0° 217 +8.90 —5.91 (fixed)
2:4C,H,0" 218 +825 —5.91 (fixed)
2:2C,H(0 2.20 +8.15 —5.91 (fixed)
2H,0 2.19 +4.43 —3.32
295K —- 2 K
12+
- —— +8.90 /-5.63 (1-H,0)
+8.70/ -5.63
g — +8.50/-5.63
S g )
E +8.30/-5.63
2
§ 6
= 4 —+7.17/-5.63 (2"-H,0)
24
0 . . . e ] ——
0 5 10 15 20 25 30 35 40 45 50
T/K

Figure 6. . Simulated y T curves for [Ni,O,] cubes down to 0.1 K at

0.0001 T using g = 2.1S and different ], values at constant J, = —5.63
-1

cm™.

procedure, that is, isolation of the crystalline sample, drying in
air, powdering, weighting, and so forth, showed close similarity
to the data obtained for 2-H,O (Figure 7, blue circles).

[Ni,L(H,0),]-4C;H,O

~2 acetone

1.7/ em'Kmol

n
=

Figure 7. Plot of ), T versus temperature for 2:4C;HsO at 0.5 T (2 K
— 100 K; red open circles), the same sample at 0.2 T in cooling mode
after warming to 295 K (295 K — 2 K; green open circles), and a dried
powdered sample (2:2C3HgO) at 0.5 T (blue open circles). The solid
lines represent the calculated curve fits.

However, an elemental analysis and thermogravimetry
indicated that two of the four lattice acetone molecules had
already been lost during workup of 2-4C;H40, suggesting that
the resulting powder material is in fact 2-2C;H40. Interest-
ingly, crystals that have been dried for only few minutes in air
showed the same thermogravimetric properties as powdered
samples that had been dried overnight: in both cases two of the
four acetone molecules were rapidly lost already before the
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thermogravimetric measurement, while the remaining two
acetone molecules are released from the lattice only by heating
to above 370 K (Supporting Information, Figures S7 and S8);
Ni-bound water ligands are lost at even higher temperatures
above 400 K. This indicates that 2-2C;H4O is in fact the form
of this material that is investigated in all SQUID measurements
once the sample has been dried, even for a short period. Subtle
structural differences may well exist between the molecular
entities in the powder and the crystal, for example, upon loss of
lattice solvent such as the two acetone molecules from
2-4C;H¢O, which might have a substantial effect on the
magnetic properties.'’ We therefore tried to measure the intact
crystals of 2-4C;H4O by directly immersing freshly isolated
crystals together with some mother liquor in oil and rapidly
freezing the sample inside of the SQUID magnetometer. Data
measured from 2 to 100 K are shown as red circles in Figure 7.

Without removing the sample from the SQUID the same
sample was then warmed up to 295 K and subsequently
measured in cooling mode to 2 K (Figure 7, green circles). The
w7 curve in cooling mode (295 to 2 K, green circles) is very
similar to the curve for powdered 2-2C;H4O, indicating that
the reduced pressure in the sample space of the SQUID
magnetometer is sufficient to remove at least partially the lattice
solvent molecules from 2-4C;H4O at ambient temperature.
This evidently leads to significant changes of the magnetic
properties. The analysis of all three data sets (for crystalline
2-4C;H,O, for the same sample after warming to 295 K inside
the SQUID, and for powdered 2-2C;H(O) with ], fixed to
—5.91 em™" (according to a = 100.28° for OF, derived from the
crystallographic structure for 2-4C;HO) gave fit parameters
that are collected in Table 3.

The ratio IJ;/],| for pristine 2:4C;H4O is 1.51 and slightly
higher than the critical value of 1.5; thus, the ground state
should be ferromagnetic; this is confirmed by the energy level
calculation (see Supporting Information). However, the ground
state S = 4 is only about 0.3 cm™" lower than the first excited
state S = 0. For 2:2C;H4O the order of those energy levels
becomes inverted, that is, S = 0 now is the ground state, with
an energy separation of 5.7 cm™'. The finding that the
calculated ratio 1J;/J,] for 2:4C;H4O (1.51, which is a
borderline case between magnetic and nonmagnetic ground
states) is still lower than IJ;/J,| for 1-H,O (1.58) despite
structural similarity might be due to exiguous release of some
acetone molecules from the crystal before starting the SQUID
data collection, despite careful preparation of the sample.

Further attempts to crystallize the complex [Ni,L,(H,0),]
led to 2-CH,Cl, ([Ni,L,(H,0),]-CH,Cl,) and 2'H,0
([Ni,L4(H,0),]-H,0). The complex 2-CH,Cl, is structurally
similar to 2:4C;H¢O and again has a volatile solvent molecule
included in the crystal lattice that hampers SQUID measure-
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ments of a pristine sample. Crystals of 2-H,O have the same
composition as 2“H,O (which results from 1-H,O after
exchange of coordinated solvent MeOH — H,O), and
therefore this material is an excellent candidate for corroborat-
ing the ideas for the various transformations discussed above.
Indeed, the magnetic parameters for 2*H,O (Figure 8, Table 3)
are very similar to those of 2"“H,0O (Figure 8).

¥ T / em’Kmol™

150 200 250 300

T/ K

0 0 100

Figure 8. Plot of y\T versus temperature for 2°H,O at 0.5 T. The
solid line represents the calculated curve fit.

Unfortunately, the quality of the X-ray crystallographic
structure determination of 2-H,O (Supporting Information,
Figure S1b) is moderate and does not allow any detailed
magnetostructural analysis or discussion of atom distances and
bond angles. However, the fact that 2’*H,O and 2:H,0 have
very similar magnetic properties and the same composition
supports the conclusion that the geometrical parameters of
1-H,O undergo changes upon solvent exchange, which has a
critical influence on the ground state of the [Ni,O,] cubes.

B CONCLUSIONS

In this paper we have described a series of new alkoxo-bridged
tetranuclear Ni'" cube structures. The reversible exchange in the
solid state of the coordinated solvent between
[Ni,L,(MeOH),]-H,0 (1-H,0) and [Ni,L,(H,0),]-H,0
(2"“H,0) goes along with a switching of the spin ground
state from Sy = 4 to S = 0. Likewise the (irreversible) loss of
lattice solvent in [Ni,L,(H,0),]-4C;HO (2-4C;H40) to give
2-2C;H4O changes the ground state from magnetic (Sp = 4) to
diamagnetic (S = 0). Both processes — reversible exchange of
the coordinated solvent in 1-H,O and the loss of lattice solvent
in 2°4C;H4O — are accompanied by slight structural rearrange-
ments of the [Ni,O,] core, which results in drastic changes of
the magnetic properties. The conclusions from this work can be
summarized as follows.

(i) A correlation between the (Ni—O—Ni),, bond angle and
J in [Ni,O,] cubane complexes does indeed exist.

(ii) Minor structural perturbations (such as changes of Ni—
O—Ni angles) in such cubes can give rise to drastic differences
in the magnetic properties, namely a switching of the spin
ground state between St = 4 and St = 0.

(iii) The [Ni,O,] cube in the present complexes is a robust
core that allows facile and reversible exchange of exogenous
solvent ligands.

(iv) Great caution is advisable when interpreting magnetic
data obtained for powdered material or for crystals that easily
loose lattice solvent molecules under reduced pressure (such as
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in the sample chamber of the SQUID magnetometer), since
this may lead to minor structural rearrangements that yet cause
drastic changes in the magnetic properties. Since crystallo-
graphic analyses obtained for molecular compounds in most
cases show the presence of volatile solvent molecules in the
crystal lattice, any magnetic data interpretation and magneto-
structural correlation that relies on geometric parameters for
the pristine crystal requires careful evaluation of the effect of
sample treatment for magnetic measurements.

Studies on further cubane-type complexes with H,L and
related ligands, including metals such as Co" and Fel|, are
ongoing in our laboratory.

B EXPERIMENTAL SECTION

Materials and Methods. Solvents were purified by established
procedures.*® All other chemicals were purchased from commercial
sources and used as received. Microanalyses were performed by the
Analytical Laboratory of the Institute of Inorganic Chemistry at Georg-
August-University Gottingen using an Elementar Vario EL IIL. IR
spectra were recorded using a Digilab Excalibur Series FTS 3000
spectrometer at room temperature. Mass spectra were measured using
a Finnigan MAT LCQ mass spectrometer (ESI-MS). Thermogravi-
metric measurements were performed using a Netzsch STA409PC
LUXX, scan rate: 5 K/min. Magnetic data were measured with a
Quantum-Design MPMS-XL-S SQUID magnetometer equipped with
a 5 T magnet in the range from 2 to 295 K. Samples were treated as
described in the main section of this manuscript, then contained in a
gel bucket, and fixed in a nonmagnetic sample holder. Each raw data
file for the measured magnetic moment was corrected for the
diamagnetic contribution of the sample holder and the sample. A
Curie-behaved paramagnetic impurity (PI) with spin S = 1 (fixed to
0.1%) and temperature-independent paramagnetism (TIP) were
included according to y.. = (1 — PI)-y + Ply,on, + TIP. Before
simulation, the experimental data were corrected for TIP.

Synthesis of [Ni;(MeOH),(L),]‘H,O (1:H,0). Ni(OAc),-4H,0
(305 mg, 1.22 mmol) was added to a solution of H,L (250 mg, 1.22
mmol) in methanol (S0 mL), and then NaOH (98 mg, 2.44 mmol) in
methanol (10 mL) was added dropwise to the reaction mixture,
affording a green precipitate almost immediately. The green precipitate
was collected by filtration, washed with methanol, and dried in air. The
resulting green powder was then dissolved in CH,Cl, (50 mL) and
layered with n-hexane. Green crystals of 1‘H,O were separated after
several days. Yield: 80 mg (22%). MS (ESI, C;H(O): m/z (%), 1043
(30), [L,Niq+ H]*; 1064.9 (20), [L,Ni,+ Na]*. IR (KBr): 7 3340 (br),
3045 (w), 2926 (w), 2866 (w), 2766 (w), 1597 (s), 1556 (s), 1518
(m), 1498 (m), 1466 (s), 1441 (m), 1415 (w), 1371 (w), 1317 (s),
1352 (m), 1211 (w), 1191 (w), 1130 (s), 1110 (w), 1070 (s), 1035
(w), 955 (w), 886 (m), 847 (m), 770 (w), 747 (s), 690 (w), 611 (w)
cm™. Elemental analysis (%) calculated for C,gHssNi,N3O,; (1189.8):
C, 4845; H, 491; N, 9.42. Found: C, 48.05; H, 4.71; N, 9.57.

Synthesis of [Ni,L,(H,0),]-4C;H;O (2-4C;H¢O). The crude
material was synthesized as described above for 1-H,O. After filtration
the resulting green powder was dissolved in acetone (60 mL) and the
solution left for slow evaporation of the solvent. Green crystals of the
product 2-4C3;H4O formed within several days. After separation from
the mother liquor the crystals show rapid loss of solvent molecules; the
composition of the air-dried compound [Ni,L,(H,0),]-2C;HO was
determined by elemental and thermogravimetric analysis. Thermog-
ravimetry of powdered crystals of 2-4C3H4O dried overnight showed
the stepwise loss of solvent molecules: two acetone molecules were
already lost before the measurement, two acetone molecules are lost
until 405 K is reached (mass loss: exp. 9.9%, calc. 9.4%) and four water
molecules are finally lost in the range 405—500 K (mass loss: exp.
5.5%, calc. 5.8%). MS (ESI, MeCN): m/z (%), 1043 (62),
[L,Ni,+H]*, 522 (25), [L,Ni,#2H]?" . IR (KBr): 7 3570 (w), 3445
(br), 3044 (w), 3020 (w), 2934 (br), 2868 (w), 1695 (m), 1597 (s),
1555 (m), 1520 (s), 1499 (s), 1467 (s), 1441 (s), 1411 (w), 1368 (w),
1354 (w), 1323 (vs), 1258 (m), 1229 (w), 1206 (w), 1130 (m), 1092
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1-H,0
empirical formula C,sHs¢NgNi O3
formula weight 1187.85
crystal size [mm®] 0.42 X 0.21 X 0.07
crystal system tetragonal
space group 14,/a
a [A] 16.8120(7)
b [A] 16.8120(7)
¢ [A] 17.5449(9)
a [deg] 90.00
p [deg] 90.00
7 [deg] 90.00
Vv [A%] 4958.9(4)
VA 4
p lg/em’] 1.591
F(000) 2464
u [mm™] 1.569
Tonin/ Trmax 0.6923/0.8420
0 range [deg] 1.68—27.15
hkl range +21, +21, +22
measured refl. 44432
unique refl. [Ry,] 44432 [0]
observed refl. (I > 20(I)) 23704
data/restraints/param. 44432/418/229
goodness-of-fit (F?) 1.012

R1, wR2 (I > 20(1))

R1, wR2 (all data)

0.0622, 0.1373
0.1179, 0.1540

resid. el. dens. [e/A%] —0.422/0.705

Table 4. Crystal Data and Refinement Details for 1-H,0, 2:4C;H,O, and 2:CH,Cl,

2-4C;H,O 2:CH,Cl,
Cs6H7,NgNiyO 16 CooHgyCLN6NigO,4
1348.06 2385.21
0.37 X 0.26 X 0.23 0.50 X 0.13 X 0.0
monoclinic orthorhombic
P2/c Fdd2
9.2598(3) 45.9586(2)
11.9585(2) 96.6583(12)
26.1511(7) 8.463(2)
90.00 90.00
90.022(2) 90.00
90.00 90.00
2895.80(13) 37594(11)
2 16
1.546 1.686
1408 19520
1.357 1.764
0.6405/0.7673 0.5587/0.8657
1.70—25.63 1.22—-24.60

—11 to 9, +14, +31
29973
5462 [0.0407]

+53, —111 to 112, =9 to 8

56600
14003 [0.1076]

5388 10027
5462/4/392 14003/259/1335
1.085 1.006

0.0226, 0.0595
0.0231, 0.0597

0.0509, 0.0787
0.0792, 0.0842

—0.370/0.588 —0.518/0.488

(m), 1072 (m), 958 (w), 886 (m), 849 (m), 748 (s), 688 (w), 644
(w), 612 (w), 571 (m), 554 (m), 452 (m) cm™". Elemental analysis
(%) calculated for CyHgNi,NgO,, (1231.8): C, 48.75; H, 4.90; N,
9.10. Found: C, 48.03; H, 4.82; N, 9.01.

Synthesis of [Ni,L,(H,0),]-CH,Cl, (2-CH,Cl,) and Synthesis of
[NigL4(H,0)4]°H,0 (2:H,0). The crude material was synthesized as
described above for 1-H,0, but using slightly moist solvents. The
green precipitate was collected by filtration, washed with methanol,
and dried in air. Both compounds were crystallized simultaneously
upon dissolving the green powder in CH,Cl, (50 mL), followed by
layering with n-hexane. For 2:CH,Cl, the crystals were suitable for X-
ray diffraction; in case of 2-H,O a crystal structure determination
confirmed the proposed molecular structure, but was of moderate
quality. Magnetic susceptibility data were measured for some carefully
selected and separated crystals of 2:H,O, but no further character-
ization of both compounds was attempted because of the formation of
a mixture of both and low yields of crystalline material.

X-ray Crystallography. Crystal data and details of the data
collections are given in Table 4. X-ray data were collected on a STOE
IPDS 1I diffractometer (graphite monochromated Mo—Ka radiation, 1
= 0.71073 A) by use of @ scans at —140 °C. The structures were
solved by direct methods and refined on F? using all reflections with
SHELX-97.*" The non-hydrogen atoms were refined anisotropically.
Most hydrogen atoms were placed in calculated positions and assigned
to an isotropic displacement parameter of 1.2/1.5 U.,(C). The
positional parameters of the oxygen bound hydrogen atoms were
refined by using DFIX restraints (do_; = 0.82 A) in case of 2:4C;H,O
and without using a DFIX restraint in case of 1'H,0. A fixed isotropic
displacement parameter of 0.08 A* was assigned to those hydrogen
atoms. Hydrogen atoms of the disordered water molecule in 1 (fixed
occupancy factor 0.25) and all oxygen bound hydrogen atoms in
2-CH,Cl, could not be located. Parts of the ligands in 1-H,0 (C1A/
B—C9A/B) and 2:CH,Cl, (C57A/B, C58A/B, CS59A/B, C68A/B,
C69A/B, C70A/B) were found to be disordered about two positions
(occupancy factors 1-H,0: 0.475(11)/ 0.525(11); 2-CH,Cl,:
0.54(2)/0.46(2) and 0.48(2)/0.52(2)). SAME, SADI, SIMU, DELU,
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and ISOR restraints were used to model the disorder. Crystals under
investigation were found to be twinned in case of 2:4C;H¢O (twin
law: 1 00,0 —1 0, 0 0 —1; twin ratio 0.418(1): 0.582(1)) and 1-H,O
(twin law: 0 —1 0, 0.05 0 —0.96, 1.04 0 0.5; twin ratio 0.297(1):
0.703(1)). For the latter a HKLF S format file was used for the
refinement of the structure. The absolute structure parameter for
2:CH,Cl,, —0.002(13), was determined with SHELXL-97 according
to Flack.* Face-indexed absorption corrections were performed
numerically with the program X-RED.*

B ASSOCIATED CONTENT

© Supporting Information

Crystallographic data in CIF format. Further details are given in
Figures S1—S14 and Tables S1—S7. This material is available
free of charge via the Internet at http://pubs.acs.org.
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