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Molecule-based magnetic materials, such as those that display
magnetic ordering or spin crossover (SCO), are attractive
candidates for components in the data storage and electronics
industries.'!’ Miniaturization of next-generation advanced
magnetic materials to the nanometer scale is required for
their anticipated incorporation into electronic devices. While
the application of supramolecular self-assembly (that is, the
“bottom-up” approach) has been used to great effect in the
production of large single molecular magnets,! recent efforts
to produce nanoscale spin-switching systems have been
focused on “top-down” approaches and alternative methods
to the “bottom-up” approach, such as nanoparticle growth.”!

It has also been realized that advanced, multifunctional
magnetic materials may be generated through the incorpo-
ration of SCO properties into materials that have, for
example, nanoporous natures.** In particular, it has been
shown that guest removal and/or exchange in nanoporous
polymeric framework materials can lead to remarkable
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changes in SCO behavior such that magnetism-based molec-
ular sensing materials can be attained.

Herein we report the assembly, by using a “bottom-up”
approach, of a nanoscale molecular metal-organic discrete
switching nanoball, which shows a magnetic response to a
range of external stimuli, including temperature, light, and
solvent molecules. Of particular interest is its potential
application as a light-sensitive magnetic device in which an
“on” or “off” magnetic state can be readily selected by
wavelength variation. This work also highlights the scope for
manipulating the electronic state of discrete nanometer-sized
inorganic molecules through solid-state guest exchange and
removal.

The approach used to construct the metal-organic nano-
ball is outlined in Figure 1. The organic ligand employed,
[tris{3-(4-pyridyl)-pyrazol-1-yl}hydroborate] ((Tp* ™)) con-
tains primary and secondary binding sites that are targeted in
two distinct steps (Figure 1a). Firstly, the central tris(pyrazo-
lyl)hydroborate core is utilized in an in situ, preorganizational
step to form the neutral metalloligand [Cu'(Tp*™)(CH,;CN)]
(Figure 1b). This building block conformationally stabilizes

a) ligand (Tp*®™)~ b) metalloligand: [Cu'(Tp*™)(CH,CN)]
|
S
l+ Fe'(NCS),
d) solid-state packing c) supramolecular nanoball

adado

crystalllzatlon

Figure 1. a) The bifunctional ligand, [Tp*™™]" is used to form b) the
rigid building block [Cu'(Tp* ™) (CH;CN)]. When Fe" ions (and a
thiocyanate salt) are added c) the supramolecular nanoball forms (the
sphere is included to highlight the nanoball shape), which d) crystallize
to form large pores of 3.5 nm diameter (larger central sphere).
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an otherwise flexible organic ligand and directs the
secondary binding sites (that is, the peripheral 4-pyridyl
groups) for further reaction with an octahedral metal ion. In
the second step, crystallization of the discrete nanoball
species  [{Cu'(Tp"™)(CH;CN)}{Fe" (NCS),},5{Fe"(NCS)-
(CH;CN)}g]-(ClO,)g5(CH;CN),,  occurs by  self-assembly
upon addition of Fe" ions (and a thiocyanate salt; Figure 1c).
This efficient one-pot, two-step synthesis affords near-quan-
titative yields of yellow cube-shaped crystals of the nanoball
within 24 hours. Initial complexation with Cu' ions to form the
rigid, preorganized metalloligand appears to greatly favor its
self-assembly and, furthermore, provides an added chemical
functionality, that is, through possible variation of the metal
and/or replacement of the bound solvent in the interior of the
sphere. Overall, this two-step synthetic process provides a
distinct contrast to other reported [M¢Lg]"*-type supramolec-
ular cages, which commonly utilize purely organic three-
connecting ligands.”)

Structural investigation of the individual nanoball species
revealed a rigid [Fe"¢{Cu'(Tp*™))s] shell with an approxi-
mate diameter of 3 nm in which the octahedral arrangement
of Fe" ions and cubic arrangement of Cu' ions forms a
distorted rhombic dodecahedron.”! In contrast to other
similar discrete species,””! the nanoballs pack inefficiently in
the crystal lattice to form solvent-filled interstitial cubocta-
hedral cavities with an approximate diameter of 3.5 nm that
account for about 30 % of the crystal volume (Figure 1d).['"
While guest-accessible volumes in excess of 90 % have been
achieved in framework materials'!l reports of porosity in
metallo-supramolecular cages, other than the internal cage
volume, are very uncommon.

Our motivation for the use of Fe" ions to link [Cu-
(Tp*™™)(CH,CN)] units derives from the known potential
magnetic switching capability of the [Fe"N4] coordination
environment.'” Structurally, the nanoball incorporates [Fe'l-
(NCS)s(py)] (Fe-A) and [Fe"(NCS)(CH,CN)(py)] (Fe-B)
coordination environments (py refers to the [Tp* ] coordi-
nation sites) in an approximate distribution of 56:44.0%1 Each
nanoball is thus cationic and the charge is balanced by clusters
of perchlorate ions that lie in cavities created by their packing
(which is different from the aforementioned solvent-filled
regions, see the Supporting Information). While the Fe-A
environment is most typically associated with SCO, the less
well studied Fe-B environment can also be conducive to spin
transitions.'"¥! Magnetic susceptibility studies over the temper-
ature range 2504 K reveal a spin transition of about 50 % of
the total Fe" sites per nanoball from high spin (HS) to low
spin (LS), such that the y7 values between 200 and 80 K
decrease from 3.4 to 1.8 cm*mol ' K (Figure 2a). Below 10 K,
the y\T values decrease more rapidly because of zero field
splitting of the HS states. We note that the largest discrete
systems that exhibit SCO thus far are the Fe," grids reported
by Lehn and co-workers,l'” which are significantly smaller
than the nanoball presented here.

To identify which of the Fe" environments switch
magnetically, Mdssbauer spectroscopy measurements were
undertaken at 4.2 K, (see inset in Figure 4a) which reveal
three distinct quadrupole doublets (LS: 0 =0.45 mms™;
AE,=020mms™', area=43%; HS 0 =1.19mms'; AE,=
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Figure 2. a) Plot of y,,T versus temperature per Fe' ion (0) and the
light-induced excited metastable HS state with subsequent thermal
relaxation (). The inset shows a plot of optical reflectivity signal
versus temperature (A=2830 nm) in the presence of white light.

b) Cycling of the green- (e) and red- (o) light-induced switching
between “on” (HS) and “off” (LS).
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Figure 3. a) Powder X-ray diffraction peak position evolution (240-80-
240 K). b) Plot of lattice parameter evolution versus temperature
(240-80 K).

1.37mms™!, area=36% and O=130mms!; AE,=
2.5mms™', area=21%) comprising two HS sites (57 %) and
one LS site (43 % ).There are two crystallographically distinct
Fe-A environments and a single Fe-B environment, which
suggests that it is the latter rather than the former that is
involved in the spin transition. This may be reasonably
expected as acetonitrile has a stronger ligand field than
thiocyanate."

The structural consequence of electronic switching was
followed by refining the cubic lattice parameter from
synchrotron-based powder X-ray diffraction data over the
temperature range 240 —80—240 K. Qualitative examination
of the patterns indicated a near-linear contraction and
subsequent expansion of the cubic lattice over the temper-
ature cycle (Figure3a). The refined lattice parameters
revealed an expansion of about 5.3 % in lattice volume over
this range (1.7 % linear change; Figure 3b), which is attrib-
uted predominantly to geometric changes to the Fe-B
coordination environment with crossover from LS to HS
(that is, involving depopulation of #,, orbitals and population
of e, orbitals with transformation from the ! A, ground state to
Ty).

Beyond thermal switching, the nanoball undergoes light-
induced switching by the light-induced excited spin state
trapping (LIESST) effect. Photomagnetic measurements,
undertaken by using SQUID magnetometry coupled with a
green argon/krypton laser (4 =514.5 nm) at 10 K, revealed a
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Figure 4. a) Plot of y,,T versus T per Fe" ion for the CH;CN-sorbed (o)
and desorbed species (®). The inset shows Méssbauer spectra (4 K)
of the sorbed (top) and desorbed (bottom) materials. b) Plot of y,, T
versus temperature per Fe' ion for sorbed solvents: CH;CN (o),
acetone (O), ethanol (2), and methanol (¢).

rapid increase in the magnetic signal from 1.6 to
3.4 cm®mol ' K this result was indicative of complete photo-
excitation of the LS species to a “metastable” HS state
(Figure 2a). This photoinduced “stored” information can be
subsequently “erased” upon heating to approximately 55 K,
or through irradiation using a red diode laser (4 =830 nm) at
10 K by the reverse-LIESST effect. Repetitive cycling of the
switching “on” (metastable HS state, “stored”) and “off” (LS
state, “erased”) of the LIESST effect shows a completely
reversible process that does not diminish with cycling
(Figure 2b). Complementary temperature-dependent (10—
270—10 K) and wavelength-dependent (450-950 nm) optical
reflectivity measurements under white light showed changes
in the d-d* (830nm) and metal-ligand charge-transfer
(550 nm) bands, which is consistent with the magnetic
susceptibility of both the temperature and light-induced
spin transition. In particular, between 270 and 70 K there is
a decrease in the 830 nm band associated with the thermal
spin transition, followed by an increase in this band between
70 and 10K indicative of LIESST activity (see inset in
Figure 2a).

The existence of large guest-filled cavities in the lattice
between the nanoballs provides a further means to influence
the SCO behavior through harnessing the interplay between
guest inclusion and electronic groundstate.**! Thermogravi-
metric analyses showed that the guest molecules located in
the interstitial voids are removed upon heating to 75°C, and
that acetonitrile, methanol, ethanol, and acetone guests can
be introduced both quantitatively and reversibly. Magnetic
susceptibility data collected for a desorbed sample revealed a
complete loss of SCO behavior, a common observance in
nanoporous SCO systems (Figure 4a).") Mossbauer spectros-
copy data collected at 4.2 K on this desorbed sample show a
single quadrupole doublet (6=1.15mms™’; AE,=
1.82 mms™, area=100%), which is consistent with all HS
Fe' sites (see inset in Figure 4a). Upon immersion of the
desorbed sample in acetonitrile, the SCO character of the
sample returned and was found to be indistinguishable in
behavior to that of the as-synthesized material. The guest-
dependent SCO properties were further examined for sam-
ples where the acetonitrile guest molecules had been
exchanged with methanol, ethanol, and acetone. The mag-
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netic behaviors vary predominantly through a broadening of
the spin transition over this series, with a complete loss of
SCO being observed in the acetone-sorbed phase (Figure 4b).
In summary, this new molecular material—the switching
nanoball—shows temperature-, light-, and guest-induced
magnetic switching properties hitherto unexplored for large
discrete metallo-supramolecular systems. The reversible light-
induced switching between HS and LS states provides a
possible path for selectively switching individual molecules
“on” and “off”. These 3 nm molecules could potentially, for
example, be coated monodisperse on a solid surface in a
display device or electronic switch. We also envisage the
further adaptability of this highly versatile discrete system to
a wide range of other industrially and environmentally
important functions, such as gas storage and catalysis.

Experimental Section

A solution of [Cu'(Tp*™)(CH;CN)] was prepared by adding Cu'-
(ClO,)-4CH,CN (15mg, 0.05mmol) to a solution of [TITp*™]
(30 mg, 0.05 mmol)"*! in CH,Cl,/CH;CN (1:1, 5 mL). The nanoball
was then prepared by adding a solution of Fe(ClO,),:6 H,O (8.8 mg,
0.03 mmol) and NaNCS (5.6 mg, 0.06 mmol) in CH;CN (2 mL) to the
solution of [Cu'(Tp*™)(CH;CN)]. The resulting bright yellow
solution was immediately filtered and, after slow evaporation over a
period of 24 h, yellow crystals were obtained (yield: 44 mg, 95%). IR
(attenuated total reflection): # =2251(m), 2051(s), 1616(s), 1487(w),
1464(w), 1428(m), 1367(s), 1189(s), 1100(sh), 1048(m), 1016(sh),
841(m), 734(s) cm ™.

Single-crystal X-ray diffraction data were collected on the high-
throughput protein crystallography beamline (15.5keV, 3BM-1,
Australian Synchrotron). Powder X-ray diffraction measurements
were carried out at the Advanced Photon Source (20.02keV,
0.61915 A, 12-BM). Magnetic susceptibility data were collected
using a Quantum Design MPMS-5 SQUID magnetometer (1T).
Optical reflectivity measurements were collected using a custom-built
set-up equipped with a SM240 spectrometer (Opton Laser Interna-
tional). Magnetic susceptibility data (light-induced) were collected
using a MPMS-55 Quantum design SQUID magnetometer (2 T) with
a Kr" laser coupled through an optical fiber. Mossbauer spectroscopy
was carried out by using a conventional constant acceleration drive
with a symmetrical sawtooth waveform at liquid nitrogen (77 K) and
liquid helium (4.2 K) temperatures.
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