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Spin-Crossover Behavior
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Abstract: A series of novel supramolecular octanuclear cages has
been synthesized and characterized. Employing the subcomponent
self-assembly approach utilizing 5,10,15,20-tetrakis-(4-amino-
phenyl)porphyrin  or 5,10,15,20-tetrakis-(4-aminophenyl)-porphyrin
zinc(ll), 1H-4-imidazole carbaldehyde and either zinc(Il) or iron(ll)
salts, we were able to prepare O-symmetric cages having a confined
volume of ca. 1300 A%, The use of iron(ll) salts yielded coordination
cages in the high spin state at room temperature, manifesting spin-
crossover in solution at low temperatures, whereas corresponding
zinc(ll) salts yielded the corresponding diamagnetic analogues. The
new cages were characterized using synchrotron X-ray
crystallography, temperature dependent NMR as well as 2D NMR
experiments, high resolution mass spectrometry, Méssbauer, FT-IR,
and UV-Vis spectroscopy. The cage structures and UV-Vis spectra
were independently confirmed by state-of-the-art DFT calculations. A
remarkably high spin stabilizing effect through encapsulation of Cro
was observed. The spin transition temperature T4, is lowered by
20 K in the host-guest-complex as shown by variable temperature
NMR spectroscopy.

A major example for the interplay of structure and properties are
spin-crossover compounds. These materials, especially those
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based on iron(ll) ions, have been a focus of intense research.!"
While offering a bi-stability between two magnetically and often
optically distinguishable states — the diamagnetic low-spin and
the paramagnetic high-spin state — they offer the possibility of
being used as molecular switches.?

Following a bottom-up approach®™ towards new materials based
on monomeric and polymeric systems, progressively more
research groups have investigated the spin-crossover properties
of oligonuclear metal complexes.”! Supramolecular approaches
have become increasingly relevant within the field of spin-
crossover research over the last decade. This is due to the fact,
that these approaches offer the possibility of mechanically
linking several spin-crossover centers e.g. in dinuclear
complexes?®, helicates®, grids” and metallosupramolecular
tetrahedra®®, or connecting the spin-crossover centers to f-block
elements.”” Furthermore, it has also been demonstrated that
spin-crossover materials can be obtained by incorporation of the
active center in a supramolecular cage.' However, the
synthetic efforts that are necessary to establish suitable ligands
to achieve multi-nuclear assemblies with the desired magnetic
properties are often very demanding. An alternative means to
simplify synthetic and analytical efforts is to apply the
subcomponent self-assembly approach. This approach has
proven to be a versatile and reliable means to access
oligonuclear metallosupramolecular species.""! Despite recent
progress, however, it is still a challenge to design multi-
nuclear iron(ll) spin-crossover compounds because of the
inherent difficulties in matching the appropriate ligand
structure and coordination geometries to achieve the desired
magnetic properties.[12’13] Herein, we present a
supramolecular octanuclear cage exhibiting spin-crossover
behavior in solution. Furthermore, the spin-crossover
properties are affected by binding large neutral aromatic
guests.

Syntheses of the complexes presented herein followed an
established procedure to form the desired complexes using a
subcomponent self—assembly“‘” of 1H-4-imidazole
carbaldehyde, 5,10,15,20-tetra(aminophenyl)porphyrin for
[H2-11  (5,10,15,20-tetra(aminophenyl)porphyrin-Zn(ll)  for
[Zn-1]) and iron(ll) triflate hydrate or zinc(ll) triflate (Scheme
1). Whereas complexes derived from pyridylimines regularly
yield the corresponding iron(ll) low-spin complexes,
imidazolylimines offer a ligand field conducive to the
formation of spin-crossover complexes. We chose the larger
C4symmetric porphyrin backbone to establish a large cavity
and an overall O-symmetry connecting eight spin-crossover
centers in the resulting complex.
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Scheme 1. General scheme representing the synthesis of the octanuclear
complexes presented herein with M being either iron(ll) or zinc(ll) and X
representing either H, or Zn(ll).

In general, iron(ll) complexes are prone to oxidation. Accordingly,
all reactions were carried out in oven-dried Schlenk-tubes under
an argon atmosphere in carefully dried and degassed solvents.
Nonetheless, the cage complexes were found to be stable for
several weeks both in solution (under the synthesis conditions)
and in the solid state under ambient conditions. While the
observed O-symmetric cage was the major product, purification
was necessary, involving vapor diffusion precipitation of the
complex from the reaction solution, extraction with acetonitrile
and a further vapor diffusion step to yield a dark purple powder
in all cases. A small amount of iron(ll) triflate hexahydrate was
observed as an impurity by Méssbauer spectroscopy (see Sl).
The molecular composition of the cages was established by high
resolution mass spectrometry (SI) and both paramagnetic NMR-
spectra of the iron cages [Hz-1] and [Zn-1] as well as those of
the isostructural but diamagnetic zinc analogues [H>-2] and [Zn-
2] establish connectivity and point-symmetry O of the
metallosupramolecular assemblies (see Sl). The presence of all
functional groups and the expected chromophores was
furthermore supported by FT-IR spectroscopy and by comparing
experimental and simulated!"® UV/Vis spectra (see SI).

Finally, the cubic structure of [Zn-1] was solved by single-crystal
synchrotron X-ray diffraction (Figure 1). Suitable single crystals
were obtained after several weeks from a mixture of the
tetrafluoroborate analogue of [Zn-1] upon addition of excess
tetrabutylammonium. perrhenate in acetonitrile. The crystal
structure of the complex (space group P24) revealed a closed
cage of octahedral symmetry (for a more detailed description
see Sl). NMR spectroscopic data as well as XRD-data indicate
the self-assembly process to occur in a completely
diastereoselective fashion leading to homochiral cages.
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Figure 1. Molecular structure of the cationic part of [Zn-1] as solved by single
crystal synchrotron X-ray diffraction analysis, color code: grey — carbon, blue —
nitrogen, purple — zinc, orange — iron.

Figure 2: Top: Overlay of the cationic unit of [Zn-1] (cyan) as found by single
crystal XRD and the DFT (PBEh-3c!"®) optimized structure of the cationic units
of [Zn-2] (grey) A heavy atom RMSD of 0.31 A between the two structures is
found (counter-ions, solvent molecules, and hydrogen atoms are omitted; color
code: cyan/grey — carbon, blue — nitrogen, purple — zinc, orange — iron/zinc (in
[Zn-1]/[Zn-2]). Bottom: DFT optimized structure of the cationic unit of C7o@[Zn-
2] (hydrogen atoms are omitted color code: black, grey — carbon, blue —
nitrogen, purple — zinc).

The cubic structures of [Zn-2] and Cro@[Zn-2] were further
confirmed by density functional theory (DFT) calculations!"® (see
Figure 2 and SlI). Taking into account that the DFT calculations
were performed for [Zn-2] rather than [Zn-1] the optimization still
yields a structure in very good agreement with the experimental
one (see Figure 2 top, heavy atom RMSD of 0.31A).



Furthermore, it revealed that >80% of the positive charge (+16)
in [Zn-2] is located on the 14 zinc atoms (see Sl). Thus, in
solution and in the solid state, it is likely that the six Zn atoms in
the porphyrin groups are additionally coordinated by solvent
molecules or counter-ions some of which could be localized in
these positions by the XRD analysis.

The six porphyrins cap the faces of the cube shaped inner void,
in agreement with previously presented data.l'! The complex
hosts a well closed cavity of about 1300 A3."®l As anticipated,
the cavity within the complex can accommodate large aromatic
guests. To accomplish complexation within the cavity the guest
was added in threefold excess to the reaction mixture.!" NMR-
spectroscopy revealed that fullerene Cgo is only a moderately-
binding guest as only approx. 50% of the metallosupramolecular
cages’ voids were filled with Cgp; however, the larger Cyo
fullerene proved to be a good guest (see Sl). This difference can
be rationalized by comparing the Van-der-Waals volumes of Cg
and C7o and the size of the cavity within the complex. While Ceo
takes up only about 40% of the volume of the cavity (547 A®) Cro
takes up about 50% (646 A®)?% of the cavity. This is closer to the
optimum of 55+9% occupation in host-guest complexes.”?"! More
than 90% of the cages are thus filled with C7o as proven by NMR
specrtroscopy.

We furthermore investigated the association of Cy in [Zn-2] by
means of DFT calculations according to our standard
protocol.?*! Since these calculations are very challenging for
systems of this size, we made use of a newly developed tight-
binding method for structure optimizations and harmonic
frequency calculations.??*? With a computed free energy AG
of -26.2 kcal mol™ in solution, Cro is strongly bound, which is the
largest affinity that we computed for any supramolecular
complex (for details refer to the Sl). Even though this value
bears some uncertainty, due to the high charge and the
approximate treatment of the molecular environment (implicit
solvation, missing counter-ions), this strong affinity shows the
high potential of this host for binding large aromatic guests.

We determined the magnetic susceptibility of the iron complexes
employing both the original Evans’ method®® and the more
modern ideal solution model.***!' NMR-based methods are best
suited to examine magnetic properties of complex
supramolecular systems in the absence of packing effects!'® and
allow examination of mixtures of substrates based on their
chemical shifts as well as the bulk properties by observing
diamagnetic probe molecules (Figure 3 and SI)./?®

At 298 K the magnetic moment (xT) of [Zn-1] is 20.8 cm® K mol
(based on the ideal solution model) and 20.1 + 0.2 cm® K mol™
(based on Evan’s method),””! which translates to an equivalent
of 86% of uncoupled iron(ll) centers?® being in high-spin
configuration, matching chemical shifts of 143 ppm for the imine
protons.”® Although not being perfectly comparable this
proportion could furthermore be validated by Mdossbauer
spectroscopy in solid state. In a powdered sample of [Zn-1] the
amount of metal centers in the high-spin configuration was
measured to be 90% at 298 K (see Sl). For [Hz-1] similar values
of 18.8cm’®Kmol”’ (ideal soluton model) and 19.2+ 0.3
cm?® K mol” (Evans’ method) were obtained.?”)

Upon cooling a typical sigmoid transition curve of the chemical
shifts can be observed which is practically identical for both
[H2-1] and [Zn-1]. A similar behavior in solid state could again be
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observed by Mdssbauer spectroscopy in [Zn-1], revealing a
distribution of 35% high-spin to 65% low spin at 160 K and finally
30% HS to 70% LS at 80 K.

40 -
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Figure 3: Shifts of selected protons in temperature dependent "H-NMR
experiments in MeOH-d,;. Empty squares [Zn-1], black squares C7o@[Zn-1]
and calculated molar susceptibility X, based on the ideal solution model
(black lines, scaled).

Table 1: Thermodynamic parameters of the spin transition obtained by
the ideal solution model (see Sl for details)

AH (kJ mol™) AS (J mol' K™ Tiz (K)

[Hz-1] 19.740.5* 78.9+2.5 249.6
Cro@[Hz-1] 19.5+0.5 84.742.2 229.9
[Zn-1] 21.3+0.4 86.2+2.0 247.7
Cro@[Zn-1] 21.120.4 89.2+1.7 236.3

* uncertainty calculated for 2c

Furthermore, another supramolecular effect on the magnetic
properties could be observed. The inclusion of guests results in
a stabilization of the high-spin state in the iron complexes [H2-1]
and [Zn-1]. As shown by 1H-NMR-spectroscopy, two distinct
species can be observed in the case of Cg. With only about
50% of the cages accommodating guests this is in very good
agreement with the host-guest behavior of [Zn-2] and [H2-2]. As
noted above, more than 90%"” of the complexes accommodate
a guest in the case of Cyo with no observable exchange on the
NMR timescale, making this host-guest complex a feasible
subject for a more detailed study. At 298 K increased magnetic
moments of 21.6 cm® K mol™ (ideal solution model, C7o@[Zn-1])
and 19.6 cm® Kmol™" (ideal solution model, C;o @[H2-1]),"
equivalent to an increased population of the high-spin state of
roughly 3%, were observed. Upon cooling a significantly
different behavior can be observed (Figure 4). The high-spin
state is significantly stabilized as shown by a higher
susceptibility and a lower transition temperature T1,2 of the spin
transition. The spin transition is delayed upon cooling by 15 K for
Cro@[Zn-1] and even 20 K for C7o@[H2-1]. At 200 K the limit of
the NMR-spectrometer was reached but the data clearly
establishes the low-spin stabilization by supramolecular
encapsulation of C7 in the cavity of the spin-crossover complex.
By analyzing a one-to-one mixture of empty and filled cages we
could establish that the observed spin transition of one



compound is not affected by the other compound in solution.
Interestingly, analysis of these data according to the ideal
solution model revealed that the stabilization is entropically
driven rather than a result of enthalpic factors (see Table 1 and
Sl).

In conclusion, we have synthesized and characterized a series
of octanuclear supramolecular cages. The systems were
characterized using single crystal XRD analysis, a broad variety
of NMR techniques including Evans’ method, the ideal solution
model and 2D techniques, Mdssbauer spectroscopy, high
resolution mass spectrometry, UV/Vis- and FT-IR-spectroscopy
as well as DFT methods to determine the structure of the
metallosupramolecular assembly and its host-guest complexes
as well as its magnetic behavior. These systems are both
capable of binding large aromatic guests and the iron(ll) cages
are also capable of showing spin-crossover in solution, thus,
being an intrinsic property of the cationic octanuclear complex
rather than a solid state phenomenon. Interestingly,
encapsulation of large aromatic guests within the assemblies’
cavities stabilize the high-spin state most likely by entropic
effects. The observed transition temperature was shifted by up
to 20 K offering another handle to affect the spin-crossover
properties next to the commonly found ways of crystal
engineering and ligand design. This approach might lead to a
better predictability and tunability of spin-crossover compounds.
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are based on the Gaussian’s law of error propargation. The statistical
values for the ideal solution model are given in Table 1.

The spin-only value per uncoupled iron(ll) center with S =2 and g = 2
would be 3.001 cm® K mol” which is in very good agreement with
previously reported data but the exact value can differ with the used
system.

W.C. Isley Ill, S. Zarra, R. K. Carlson, R. A. Bilbesi, T. K. Ronson, J. R.
Nitschke, L. Gagliardi, C. J. Cramer, Phys. Chem. Chem. Phys. 2014,
16, 10620-10628

Effectively the analytical limit set for determination by NMR
spectroscopic means for paramagnetic samples.
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Porphyrin-based octanuclear metallo-
supramolecular cages were prepared
via subcomponent self-assembly and
structurally characterized by a broad
variety of experimental and theoretical
means. Interestingly the iron(ll) cages
undergo spin-crossover in solution.
This behavior is guest dependent as
encapsulation  of fullerene  Cyo
stabilizes the high-spin state shifting
the spin-transition temperature by as
much as 20 K.
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