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combination with different metal ions that favor tetrahedral or

ABSTRACT: A dodecanuclear 3 X [2 X 2] nickel(II) octahedral coordination geometry, and they are usually formed
complex has been obtained via the self-association of three via controlled self-assembly processes.2 In most cases, the
tetranuclear [2 X 2] molecular grids. X-ray diffraction molecular grids use to be “closed entities” and thus do not have
shows a “propeller-like” structure of the [Ni,]; scaffold the possibility of aggregation via intergrid linkages because (a)
with a central p;-hydroxide. The dodecanuclear species metal ions in the grids do not have vacant sites or labile ligands
remains stable in solution and can be deposited without (H,O, etc.) and (b) the complexes do not contain any
decomposition on highly ordered pyrolytic graphite noncoordinated (and potentially bridging) donor groups or
surfaces. atoms at the grid rim. Therefore, previous examples of the

formation of aggregates from such “grid bricks” relied on the
presence of additional donor groups at the ligand periphery to

In recent years, efforts of reducing the dimensions of generate solid-state polymeric architectures (“grids of grids”)

electronic devices to the nanoscale level have led to the upon the addition of further metal ions (such as Ag*).*

development of increasingly complex molecule-based materials This Communication now describes the synthesis and

with promising switching, logic, and data-storage functions." In investigation of a novel 3 X [2 X 2] Ni;, complex composed

the case of metal-containing molecule-based compounds, two of three [2 X 2] molecular squares as building units. Previous

alternative synthetic strategies are usually followed: one of them studies on the easy-to-prepare polydentate strand-type ligand 2-

is based on the principles of molecular design, which allows (hydroxyimino)-N'-[1-(2-pyridyl)ethylidene]-

strict control of the topology and nuclearity of new complexes. propanohydrazone (Hpop; Scheme 1), which features a flexible

The main disadvantage of this method is associated with often

complicated and multistage ligand syntheses. A different Scheme 1. Structure of Hpop

approach relies on spontaneous self-assembly processes, —

which usually take place upon the combination of relatively e

simple ligand molecules and metal ions and may lead to the N N-NH 4

formation of high-nuclearity species; however, it often is O N-OH

difficult to predict the exact topology and nuclearity of the

products. A rational alternative that amalgamates both hydrazone backbone, have shown that pop readily forms robust

strategies is aggregation by the controlled self-assembly of homo- and heterometallic Cu,, Ni,, and Cu,Mn, [2 X 2]

well-defined supramolecular synthons with intermediate molecular grids.” The u-O™™% group in those grids spans

nuclearity, prepared in a first step. The subsequent self- adjacent metal ions and was shown to efficiently mediate

association process of those synthons requires that the magnetic coupling, either ferromagnetic or antiferromagnetic

oligonuclear complexes are properly designed and feature depending on the metal-ion combination.’” Two structural

functional groups that allow them to serve as building blocks features in the previous pop-based [2 X 2] grids are

for the final nanoscale frameworks. noteworthy, namely, the presence of monodentate terminal
Among the variety of metallosupramolecular arrays, grid-type HCOO™/HCOOH, CH,COO", or water ligands and the

metal-ion structures attract a lot of attention in this context.” A presence of noncoordinating O™™ atoms of the pop strands,

large number of square [n X n] and rectangular [n X m] both located at the grid periphery. Because it is well-known that

molecular grids (1, m = 2—4) have meanwhile been reported.”?

They are usually based on strand-type ligands that provide Received: May 3, 2012

linear sequences of bidentate and/or tridentate binding sites in Published: July S, 2012

W ACS Publications  © 2012 American Chemical Society 7445 dx.doi.org/10.1021/ic300902z | Inorg. Chem. 2012, 51, 7445—7447


pubs.acs.org/IC

Inorganic Chemistry

Communication

oxime groups may bridge metal ions,® we reasoned that
intergrid connections may be formed under suitable reaction
conditions upon substitution of the monodentate terminal
ligands by O™ donors. This should result in high-nuclearity
species from the parent “[2 X 2] grid bricks”.

In accordance with these considerations, the reaction
between Hpop and Ni(NO;),-6H,0 in a MeOH/H,O solution
with the addition of an excess of alkali (pH ~ 8—9) resulted in
the formation of a dark-brown solution, from which brown
crystals of [Ni,(pop-H)s(pop),(OH)(H,0),](NO;)-
(OH),-nH,0 (1) were obtained in 68% yield. A single-crystal
diffraction study shows that 1 consists of an assembly of three
[2 X 2] molecular grids, each composed of four ligand strands
and four Ni" ions. The molecular structure of the
dodecanuclear cation is shown in Figure 1; a core structure

Figure 1. ORTEP-3 projection of the cation of 1 (blue, Nj; red, O,
gray, C). H atoms are omitted for clarity (40% probability thermal
ellipsoids).

representation showing only the metal ions and the immediate
ligand donor atoms is depicted in Figure S2 (Supporting
Information, SI). The Ni;, array of 1 can be described as a
“threefold propeller”, where each “blade” is formed by an
individual [2 X 2] Ni, unit. The grids are connected via
deprotonated p-(N,0O) oxime groups from two orthogonal
pop-H ligand strands of each Ni, subunit, hence by a total of six
u-(N,O) oxime bridges, and by a central yi;-hydroxide. The
hydroxide is located on a (noncrystallographic) pseudo-C; axis
at the propeller hub. Each Ni" ion per Ni, subunit has a distinct
distorted octahedral coordination sphere: a {N,O,} donor
environment for Nil, Ni7, and Nil1, {N,0,} for Ni3, NiS, and
Ni9, and {N;0,} for Ni2, Ni6, and Nil2 as well as for Ni4, Ni8,
and Nil0. Ni--Ni' separations within the Ni, squares are close
to 4 A, and the Ni—O—-NY’ angles fall in the range 136—142°
(Table S1 in the SI). All Ni—O and Ni—N bond lengths as well
as angles N—Ni—N’, O—Ni—N, and O—Ni—O’ are in common
ranges for octahedral Ni" with amide, pyridine, and oxime
donors.” Ni—O and Ni—N bond lengths are quite similar for
Ni'! ions of the hydroxide-centered Ni; core (Ni3, NiS, and
Ni9) and peripheral Ni"' ions. All amide groups are
deprotonated. The presence of eight deprotonated and four
protonated oxime groups of the ligand strands (pop-H vs pop)
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is evident from the X-ray data (Table S1 in the SI); all
protonated oxime groups form hydrogen bonds with
coordinated water molecules.

The magnetic properties of 1 (Figure 2) reveal a decrease of
xmT upon a lowering of the temperature, suggesting dominant
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Figure 2. Magnetic data for 1 as a plot of yT vs T. The solid line
represents the best curve fit. The inset shows a schematic drawing of
proposed magnetic exchange pathways in 1.

antiferromagnetic interactions within the dodecanuclear
aggregate. The room temperature value of yyT (10.8 cm® K
mol™; 0.9 cm® K mol™ per ion) is less than what is expected
for an uncoupled Ni'';, system. Field-dependent magnetization
studies at 2 K showed that M does not reach saturation (but a
value of 1.54 Nf3) at S T (Figure S3 in the SI). Thus, the field-
and temperature-dependent magnetic data suggest global
antiferromagnetic coupling and an S; = 0 ground state.

It was shown previously that u-O*™ bridges mediate weak
antiferromagnetic coupling (J = =5 to —8 cm™") in [2 X 2]
Ni", grids, »7 while single p-(N,0)°™ bridges give rise to
moderate antiferromagnetic coupling (~—15 cm™) between
Ni"" ions.® Because simulations for the complete Ni;, core
exceed common computational capabilities, we provisionally
consider a hexanuclear fragment as a simplified model for
magnetic data analysis (bold lines in the inset of Figure 2). It
comprises three exchange parameters ] that describe the
different coupling pathways (assuming that the coupling along
all four edges of [2 X 2] Ni, subunits is equivalent, for
simplicity): coupling via g-O*™ (J,), via u-(N,0)*™ (J,), and
via 41;-OH and p-(N,0)*™ bridges (J;). While this will not
provide exact values for the individual linkages, it gives an
estimate of the magntidue of the exchange coupling for the Ni,,
cation.” Similar simplifications have been previously applied for
analyzing the susceptibility data of some polynuclear complex-
es.* In view of the magnetostructural correlations mentioned
above, we thus anticipated two antiferromagnetic (J; and J,)
and one ferromagnetic (J;) components for 1.

The appropriate spin Hamiltonian for isotropic exchange and
Zeeman splitting in the simplified scheme is

A= =2] (88, + $,:8; + 88, + §,:S, + §5:8)

- 2]2§2'§5 - 2]3'§3'§5 + Z giﬂBBgiz
i=1

with §; = S, = S5 =8, = S = S = 1. Simulation of the
experimental data® gave g,, = 2.11, J; = —4.9 cm™}, J, = —6.1
em™, J3 =52 cm™, TIP = 0.2 X 107* ecm® K mol ™, p = 7.7%
(§=1),2=—41 cm™ mol, and R = 62 X 10~ (TIP =

temperature-independent paramagnetism, p = Curie-behaved
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paramagnetic monomer impurities, 4 = molecular-field
parameter, and R = {X[(rmTobs = (mT)carcl’/
> (rmT)ops’}'/?); we assume that A includes contributions
from all three coupling constants. The best fit using those
parameters is illustrated as the red solid line in Figure 2. ] values
are in reasonable agreement with the above considerations (J;
and J, reflecting antiferromagnetic coupling and J; reflecting the
ferromagnetic interaction at the u;-hydroxide-centered core).
The negative sign of 4 indicates predominant antiferromagnetic
coupling between the two hexanuclear fragments of the
dodecanuclear cation.

The behavior of 1 in a MeOH/H,O solution was
investigated by electrospray ionization mass spectrometry
(ESI-MS). A characteristic signal for a doubly charged ion at
m/z 1670.5 is assigned to the species [Nij,(pop-
H)y(pop);(OH)]* (M. = 3340.88), based on a reasonable
agreement of the isotopic distribution pattern (see Figure S1 in
the SI). This suggests that the integrity of the 3 X [2 X 2]
dodecanuclear complex is retained in solution. In order to
visualize individual nanoscale Ni;, molecules, a dilute solution
of 1 was deposited onto a freshly cleaved surface of highly
ordered pyrolytic graphite (HOPG) and investigated by
scanning tunneling microscopy (STM).lo The Ni;, cations
self-organize into well-ordered strands along defects of the
HOPG surface (Figure 3, left). A high magnification (Figure 3,

Figure 3. STM images of 1 deposited on HOPG. Left: Strand of
molecules attached to a monatomic step of the HOPG. There are four
molecules in parallel. Right: Magnification of the strand. The black
triangle is the approximate shape of the Nij, cation (Figure 1).

right) shows blobs with a size that is roughly consistent with
the molecular dimensions determined by single-crystal X-ray
crystallography. The black triangle in Figure 3 is the
approximate shape of the Nij, cation with a side length of
2.1 nm.

In summary, the formation of 1 represents the first example
of the assembly of [2 X 2] grids into a triangular “propeller-
like” dodecanuclear aggregate. The association process occurs
because of the presence of accessible donor groups and labile
ligands in the periphery of the individual Ni, squares. This
demonstrates a promising strategy for the controlled synthesis
of nanoscale objects from grid-type molecular components.
The new Ni;, complex 1 can be nondestructively deposited on
HOPG surfaces. While 1 shows dominant antiferromagnetic
coupling and an St = 0 ground state, the self-assembly of
related Hpop-based (heterometallic) square building blocks
with high-spin ground states, perhaps giving similar dodeca-
nuclear complexes, may provide access to new-molecule-based
materials with interesting properties. Work in that direction is
in progress.
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Synthetic procedures, crystallographic details, and details of
SQUID and ESI-MS measurements. This material is available
free of charge via the Internet at http://pubs.acs.org.
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