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Manipulating Electron-Transfer Events in [Fe Co,] Cubes via a
Mixed-Ligand Approach: The Impact of Elastic Frustration

Zi-Yi Chen, Qi Liu, Yue Cheng, Yi-Fei Deng, Shihao Liu, Xin-Yi Wang,* and

Yuan-Zhu Zhang*

Abstract: The engineering of intermolecular interaction
is challenging but critical for magnetically switchable
molecules. Here, we prepared two cyanide-bridged
[Fe,Co,] cube complexes via the alkynyl- and alcohol-
functionalized trispyrazoyl capping ligands. The alkynyl-
functionalized complex 1 exhibited a thermally-induced
incomplete metal-to-metal electron transfer (MMET)
behaviour at around 220 K, while the mixed alkynyl/
alcohol-functionalized cube of 2 showed a complete and
abrupt MMET behaviour at 232 K. Remarkably, both
compounds showed a long-lived photo-induced metasta-
ble state up to 200 K. The crystallographic study
demonstrated that the incomplete transition of 1 was
likely due to the possible elastic frustration originating
from the competition between the anion-propagated
elastic interactions and inter-cluster alkynyl-alkynyl &
CH-alkynyl interactions, whereas the latter are elimi-
nated in 2 as a result of the partial substitution by the
alcohol-functionalized ligand. Additionally, the intro-
duction of chemically distinguishable cobalt centers
within the cube unit of 2 did not lead to a two-step but a
one-step transition, possibly because of the strong

ferroelastic intramolecular interaction through the
cyanide bridges.

N J
Introduction

The engineering of magnetically switchable molecules has
been an active research frontier for the last two decades,™ in
which reversible interconversion between different elec-
tronic or spin states may be triggered by an external
stimulus, such as temperature, light, pressure, and so forth.
Accompanied with dramatic changes in magnetism, other
synergetic functionalities such as adsorption properties,”
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positive/negative thermal expansion,” luminescence,* and
ferroelectricity” have also been pursued, leading to the vast
potential applications in ultrafast nanoscale switches,® high-
density memories,” logic gates®™ and actuators.”” Amongst
the most encouraging ones are the heterometallic cyanome-
tallate complexes, which show thermo and/or light-induced
metal-to-metal electron transfer (MMET) properties. The
Fe/Co system is of particular interest, as such transfer could
induce the interconversion between the paramagnetic
[Fe™ ¢(u-CN)Co"s] and the diamagnetic [Fe"|q(u-CN)-
Co™ 4] configurations (LS=Ilow spin, and HS =high spin),
knowns as metal-to-metal electron transfer coupled spin
transition (ETCST).["!!]

Based on the well-established building block techniques,
the tailored cyanide precursors are allowed to self-assemble
into common structural archetypes. Along this line, a series
of low-dimensional cyanometallate complexes featuring
varied Fe—-CN—Co cyanide linkages, including the model
complexes of cubes™ or squares,®! have been prepared,
with their MMET behaviours being thoroughly studied for
the latter. Synthetically, two major strategies to engineer the
MMET events have been employed: a) tuning the coordina-
tion environment of individual metal centers with selected
chelating ligands!"* or post-synthetic approaches,’ or b)
regulating the intermolecular interactions (hydrogen-bond,
CH-n or n-n stacking) via decorating functional groups,!”!
leveraging solvent polarity,'® or co-crystallizing polar
molecules.['”

It has been recognized that significant elastic interaction
within a crystal arising from strong supramolecular inter-
action would lead to an abrupt and/or hysteric cooperative
transition. However, some recent studies indicated that it
may be more complex.'" In fact, excessively strong cooper-
ativity in a dense crystal may result in intriguing hidden” or
ultra-slow dynamic spin transitions.”” In addition, for a
system with multiple sets of supramolecular interactions, the
generated elastic interactions may not work in synergy but
compete with each other, thus leading to elastic frustration,
by which the transitions may become multi-stepped or
incomplete.*!! Nevertheless, manipulating the spin transition
event through a pre-designed synthetic way is far from
satisfaction because of the continuously emerging situations.

In 2008, Holmes and co-workers reported the first
switchable [Fe,Co,] cubic complex™! {[(pzTp)Fe(CN),],-
[Co(TpEtOH)],[C10,],}-13DMF-4H,0O 1%, [pzTp =
tetra(pyrazolyl)borate; TpEtOH =22 2-tris(pyrazol-1-
ylethanol], whose photo-induced metastable state can be
stabilized up to 180 K, much higher than those for other

© 2023 Wiley-VCH GmbH


http://orcid.org/0000-0002-8968-9996
http://orcid.org/0000-0002-1676-2427
https://doi.org/10.1002/anie.202301124

GDCh
~~

Fe—Co complexes™ and the Fe-based spin-crossover
complexes.” A recent study suggested that strong coopera-
tivity may slow down the dynamics of spin transition process
and facilitate the excited state trapping,” however, no
example was declaimed to go beyond the record one till
now.[! We noticed that the fac-tridentate ligands may serve
as good candidates for chemically manipulating the
supramolecular interactions via judicious modification with-
out virtually changing the coordination environments of
local metal centers. Herein, we prepared two novel molec-
ular cubes: [{(pzTp)Fe(CN)3},{Co(TpEtOP)},]-
[C10,],, 10 DMF-Et,0-2H,O D), and
[{(pzTp)Fe(CN);},{ Co(TpEtOP)},{Co(TpEtOH)},]-
[C10,]412DMF-H,0 (2, TpEtOP=2,22-tris(pyrazol-1-
yl)ethoxy(3-propylacetylene, Scheme 1), which feature a
quasi-identical [Fe,Co,] core with same packing modes but
distinct intermolecular interactions. This result provides a
unique opportunity to gain insight into the correlations
between the supramolecular interactions and the MMET
events. The all-alkynyl functionalized complex 1 exhibited a
thermally-induced reversible but incomplete (50 %) MMET
behaviour at around 220 K, in stark contrast the mixed-
ligand complex 2 showed a complete and sharp MMET
behaviour at 232-238 K with a 6 K-wide thermal hysteresis
loop. The detailed crystallographic study revealed that the
incomplete transition in 1 is likely due to the existing elastic
frustration, originating from the antagonistic interactions in
the form of competing cluster-anion interactions and inter-
cluster alkynyl-alkynyl & CH-n interactions, and the latter is
eliminated with the introduction of alcohol-based ligands in
2.

Results and Discussion

The dark-red block crystals of 1 and 2 were obtained by
slow diffusion of diethyl ether (Et,O) into the N,N’-dimeth-
ylformamide (DMF) solution of equimolar quantities of
(NEty)[(pzTp)Fe(CN);], [Co(H,0)4](ClO,),, and TpEtOH
or the mixed TpEtOH/TpEtOP (0.5:0.5 mole ratio) ligands
(See details in the Supporting Information). Thermal
gravimetric analysis (TGA) revealed that both the com-
plexes desolvated and decomposed easily with a continuous
weight loss at above room temperature (Figure S1).

Single crystal X-ray diffraction (SCXRD) data were
collected on crystals of 1 and 2 at selected temperatures
achieved under a slowly cooling mode, as well as their 100 K
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Scheme 1. The structures of pzTp, TpEtOH, and TpEtOP ligands.
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quenched phases (the crystals were loaded directly at 100 K
from room temperature), for 1: 1** (260 K), 1"*%¢(180 K),
and 1'%° (100 K, quenched); for 2, 2*% (260 K), 2'%%.
(100 K), and 2'%? (100 K, quenched), respectively. 1 and 2
are isostructural to 1°, and both crystallize in the monoclinic
space group of P2,/c, which remains unchanged at all
temperatures (Tables S1, S2).”*! The asymmetric unit for
either 1 or 2 consists of four counter anions of ClO,, lattice
solvent molecules, and a cyanide-bridged cubic cation of
[{(pzTp)Fe(CN);},{Co(TpEtOH)},]*" in 1 while [{(pzTp)Fe-
(CN)3},{Co(TpEtOH)},{Co(TpEtOP)},]*" in 2, respectively.
As shown in Figure 1, the iron and cobalt ions alternately
residing on the corners are linked by cyanide groups along
the edges, and each iron ion is further capped by one pzTp
within a [FeC;N;] coordination environment, while each
cobalt ion is capped by one TpEtOP ligand in 1, affording a
[CoNg] coordination environment. In contrast, only half of
the cobalt ions (Col and Co4) are capped by TpEtOP

b)

Figure 1. Molecular structures of the cyanide-bridged [Fe,Co,]** cubes
for a) 1 and b) 2. Hydrogen atoms, counter anions of [CIO,] ", and
lattice solvent molecules are omitted for clarity.
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ligands while the other half (Co2 and Co3) are coordinated
to the TpEtOH ligands instead in 2. As such, two chemically
different Co sites are well-defined in one molecule.

For 1, the average Fe—C distances are 1.890-1.903 A at
180 K while 1.926-1.937 A at 260 K, which are consistent
with those for the previously reported complexes containing
either [(pzTp)Fe"(CN);** or [(pzTp)Fe™(CN);]" units,
respectively.”” The average Co—N bond lengths of 1.968—
1984 A at 180K are longer than that of a typical
diamagnetic Co™ ion (~1.90 A) but significantly shorter
than those of 2.091-2.094 A at 260 K, suggesting a mixture
of both paramagnetic [Fe" ¢(u-CN)Co"};s] and diamagnetic
[Fe" ¢(u-CN)Co™, ¢] pairs in an approximate 1:1 ratio, see
the magnetic measurements (vide infra). There is no
significant difference between the average Co—N bond
lengths for all four cobalt centers at this phase. For 2, the
Co—N distances of 2.094-2.105 A at 260 K decrease to
1.910-1.913 A at 100K, clearly indicating the occurrence of
a complete MMET event in 2. Furthermore, the correspond-
ing Co-N distances for the quenched phase (1'“%° and
2'"%Q) are very similar to those for the high-temperature
ones, indicating that the HS states were well-trapped when
being quenched (Table S3). The average edge (Fe—Co)
distance for the cube [Fe,Co,] core increases from 5.020 to
5.147 A for 1, and 4.945 to 5.152 A for 2 between the low
and high temperatures, leading to an estimated expansion of
above 8 % and 12 % for 1 and 2, respectively, in volume.

To track the dynamic variation of valence and spin state
of the metal ions, variable-temperature infrared (VT-IR)
spectra were collected for the solid samples of 1 and 2
(Figure 2). The room-temperature absorptions at 2169 and
2159 (shoulder) cm ™ for 1 and 2169 cm ™ for 2 are assigned
to the characteristic cyanide stretch (3cy) for the
[(pzTp)Fe™(CN);]” units in the bridging mode, suggesting
the paramagnetic [Fe™,Co"y] state.”” Upon cooling, this
high-energy band diminished but not disappeared and the
new lower-energy stretches at 2141 and 2123 cm ™' appeared
and increased in intensity, which are assigned to the bridging
cyanide stretches for the [(pzTp)Fe"(CN);]~ units. Such
dramatic variations clearly demonstrated the occurrence of
MMET events between the {Fe™, ¢(u-CN)Co";ys} and {Fe™ s-
(u-CN)Co™, 5} units. We reasoned that the partial loss of the

Transmittance / %
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Figure 2. Variable temperature solid state infrared spectra of 1 (left)
-1

and 2 (right), under the cooling rate of about 5 Kmin™".
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lattice solvents when the sample was prepared may account
for the residual absorption at 2169 cm™* for 2.
Variable-temperature magnetic susceptibility data for
both 1 and 2 were measured under an applied direct current
(dc) field of 1kOe (Figures3 and 4). The 67T products at
300 K are 13.7 and 13.8 cm*mol ' K for 1 and 2, respectively,
which are in good agreement with the expected value for the
uncoupled paramagnetic [Fe""S,Co™",] state with a signifi-
cant orbital contribution.'® For 1, the 67 vs T curve under a
sweeping rate of 1 K/min showed a narrow thermal hyste-
resis loop with sharp transitions at between 240 and 180 K,
giving the transition temperatures of 7y, =218K, T),T=
222 K, and T,...,=220 K. This change demonstrated the
occurrence of the MMET event between the paramagnetic
[Fe™, s(u-CN)Co™,;s] and diamagnetic [Fe",¢(u-CN)Co™, (]
pairs. However, the 67 value of 7.5cm’Kmol™' for the
plateau at below 180 K indicates only a half conversion,
which may be attributed to either an intermediate state of
[FeIII,LSzFeILLSzcolLHSzCOIII,LSz] or the mixed [FeIII,LS4COII,HS4]
and [Fe'$,Co™",] in the lattice. Anyway, this incomplete
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Figure 3. Temperature dependence of the | T product of 1 in the dark
(O, black), thermally quenched (+, pink), and after light irradiation
(@, red).
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Figure 4. Temperature dependence of the | T product of 2 in the dark
(O, black), thermally quenched (4, blue), and after light irradiation
(@, green).
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transition well explains why the Co—N distances at 180 K are
significantly longer than the usual values for a LS Co™ ion.
The quick decrease of the 67 value at below 30 K is likely
due to the intermolecular antiferromagnetic (AF) coupling
of the remaining paramagnetic molecules and the effect of
the magnetic anisotropy of the metal ions. In addition, a
quenched state containing 81 % paramagnetic phase was
obtained when the sample was quickly cooled from room
temperature to 100 K at 30 K/min (Figure 3), the 67T values
of which kept almost constant before starting relaxing back
to the thermally more stable LT state above 170 K. It is
worth noting that the relaxation process matches well with
that of the light-induced meta-stable state (vide infra).

In stark contrast with 1, the 67 vs. T plot for 2 showed a
nearly complete and sharp transition with a small hysteresis
loop at higher temperature range ( 7, =232 K and 7,1 =
238 K, at 2 K/min, giving the T.,..=235 K). The 67 value of
0.5 cm*Kmol ™ ca. 210 K is likely due to the small residual
(3.6 %) paramagnetic phase which was trapped either during
the transition or via crystallographic defects present in 2. As
already demonstrated by the variable-temperature structural
and IR spectroscopic studies, this magnetic feature confirms
the MMET event between the high-temperature paramag-
netic [Fe""$,Co"™",] state and the low-temperature diamag-
netic [Fe™S,Co"™5,] state. Furthermore, a quenched state
containing 35 % paramagnetic phase was obtained when the
sample was quickly cooled to 100 K from room temperature
at 30 Kmin ™' (Figure 4).

Sweeping-rate-dependent MMET behaviours of both
compounds were further investigated under various rates of
0.5-15Kmin~'. As shown in Figure S2, upon cooling, the
transition nearly started at the same temperatures, however,
the faster the scan rate was applied, the larger percent (from
50 to 81 % for 1 and 3 to 11 % for 2) of paramagnetic phase
was thermally trapped. Apparently, the thermally induced
metastable state of 1 is much easier to access in comparison
with 2, indicating the slower transition dynamic of 1. In this
regard, the substantial supramolecular contacts (m-n and
CH-n interactions, vide infra) in 1 may cause strong
cooperativity that renders difficulty for the structural
rearrangements during the transition, as seen in some
reported compounds exhibiting slow transition dynamics.””

To probe the possible photo-magnetic behaviours, the dc
susceptibilities for both 1 and 2 were measured at low
temperatures under laser irradiation. Using a selected laser
source (808 nm, 10 mW) at 20 K, the 67 product significantly
increased and reached a maximum of 8.8 and 7.2 cm*K mol ™
for 1 and 2, respectively, after 18 hrs, showing the light-
induced excited spin state trapping (LIESST) effect (Fig-
ure S3). Upon heating from 2 K at a sweeping rate of 1 K/
min, the 67 product increased quickly and then reached the
maximum of 13.0 and 124 cm’Kmol™! for 1 and 2,
respectively, which are ca. 90% of the values for the
paramagnetic [Fe™,Co™,] state at the corresponding
temperatures, demonstrating that most of the diamagnetic
[Fe", s(u-CN)Co™; ] units have been converted to the para-
magnetic [Fe™ ¢(u-CN)Co"s] units at the bulk level by
irradiation. Furthermore, this light-induced metastable state
starts relaxing gradually on further warming, and then
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rapidly after 170K, and finally to the thermodynamic
diamagnetic phase at 210 K for both 1 and 2, which are
significantly higher than that of 1°. According to the
definition by Letard et al.,”® the characteristic temperature
for the light-induced metastable state is extracted as 196 K
for 2 (Figure S4).

The three isostructural complexes 1, 2, and 1* have
transition temperatures (7.ne;) of 220, 235, and 252K,
respectively. The full replacement of TpEtOH (1°) with the
alkynyl-functionalized TpEtOP in 1 led to a significant shift
of 32K towards lower temperature for the transition.
Interestingly, the mixed ligand complex 2 had a moderate
transition temperature and a one-step transition despite
having two kinds of cobalt centers ([CoNglrpeop and
[CoNg]tprion) Within one cube. One possible explanation is
that the two capping ligands have similar donor strength and
coordination geometry: the distortion indices on the cobalt
centers are calculated as F=42.9° for 1 and 44.4° for 2 at
300 K (E is the sum of |90—U| for the 12 cis-N—Co—N angles
around the Co center). This gives rises to close Co"™Co™
redox potentials for [CoNg]ryrop and [CoNglryron, leading
to similar energy differences for the corresponding [Fe™ -
(u-CN)Co'ys] and [Fe" g(u-CN)Co™ 5] motifs. Another
explanation would be that the strong intramolecular ferroe-
lastic interaction through the cyanide bridges may raise the
energy of the intermediate of [Fe"™S,Co™"S,Fe!S,Co™5)],
thus excluding the occurrence of a two-step transition.*!

To gain insight into the mixed-spin low-temperature
phase of 1, variable-temperature Fe Maossbauer spectra
were collected (Figure 5). At 250 K, the spectrum showed
two balanced absorptions, which were perfectly super-
imposed with a quadrupole doublet with the parameters of
i=—0.088 mms, PEo=0.80 mm s7!, characteristic of
Fe''S ] With temperature decreased to 100K, three
unbalanced absorptions were observed. These absorptions
were well reproduced by two quadruple doublets with two
sets of parameters, ii=—0.080 mms ', pE,=0.84 mms ' and
i=0.148 mms™, pEy=0.55 mms ', which could be assigned
to Fe™S and Fe''S, respectively.” The calculated peak
area ratio of the two doublets was 43:57, in agreement with
the half-conversion obtained by magnetic measurements.

Furthermore, it is worth discussing why 1 and 2 display
different transition behaviours (incomplete vs. complete).
To address this question, the intermolecular interactions
were carefully analyzed. First, the roles of perchlorate ions
were studied for both compounds. In 1 and 2, each face of a
[Fe,Co,] cube is “capped” by a perchlorate anion, and such
conformation is stabilized by electrostatic interactions and
substantial short CH--O contacts (Figure S5). Within the six
capping perchlorate ions, two belong exclusively to the
central cube and ligated the cube at the apical positions.
While each of the other four at the equatorial plane is
shared by two neighboring cubes, as evidenced by the
significant CH--O contacts from both sides. In this manner,
the [Fe,Co,] units are assembled into a 2D supramolecular
layer through perchlorate “bridges” at the ab plane
(Figures S5, S10). No significant supramolecular interactions
were found between the layers along the c axis (Figures S7,
S8 and S13) for both compounds. Further investigation of
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Figure 5. *’Fe Méssbauer spectra of 1 at 250 K a) and 100 K b).

the topology of this layer indicated a quasi-square symmetry,
with adjacent cubes separated by distances (centroid to
centroid) of 17.4 and 17.6 A for 1 (HS state) and 17.3 and
17.4 A for 2 (HS state) (Figure S6S11). It is worth pointing
out that the perchlorate “bridges” are roughly on the line’s
midpoints that link the centroids of two adjacent cubes.

On the other hand, the notable difference between the
two compounds is that substantial inter-cluster alkynyl-
alkynyl and CH/n contacts were observed in 1. Specifically,
every three alkynyl groups from three neighbouring [Fe,Co,]
cubes form a triple n-n-n unit with the centroid to centroid
distances of 3.981 and 4.013 A at 180 K, which get shorter to
3593 and 3.875A at 260K (Figures6 and S9). Also,
abundant CH/n contacts with a short distance of 2.649 A at
180 K, and get slightly longer (2.673 A) at 260 K (Figures 6
and S9). It should be pointed out that the significant
elongation of the n-m distances during the HS—LS spin
transition in 1 indicates that such transition tends to over-
come the attractive forces between the alkynyl groups,
suggesting the existence of antagonistic interactions.

To track the lattice distortion, the cell parameters for 1
and 2 were measured via fast scans in the temperature range
of 180-260 K, and the changes in the unit cell dimensions
were recorded (Tables S4 and S5, Figure 6 right, @a, (b and
(¢, in comparison with the values at 260 K). Upon cooling
from 260K, all the axes decrease linearly beyond the
electron transfer process (above 240 K and below 200 K)
due to the common contraction principle, but different
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variations along all three axes were observed near the
transition temperatures. Specifically, the length of the ¢ axis
decreases dramatically at around 220 K for 1 and 232 K for
2, respectively, in accord with the shrinking of Co ions from
Co"™™ to Co™ during the MMET process. During the
transition, both a and b axes in 1 stay nearly constant; For 2,
the a axis decreases normally while an unusual negative
thermal expansion (NTE) was found along the b axis.!”
These results suggest the rigidity of a and b axes for 1,
confirming the observed alkynyl-alkynyl and CH/n inter-
actions indeed have strengthened these directions, in
comparison to the flexibility in 2.

Recently, a proposed theoretical model for a two-dimen-
sional spin-crossover system demonstrated that competing
elastic interactions may cause elastic frustration and help to
preserve a mixed HS-LS state.® In that square symmetric
model, the competing interactions involve the nearest
neighbor’s (NN) interactions along the edges and the next
nearest neighbor’s (NNN) interaction in diagonal directions.
Given the similar topology of the theoretical model and our
compound, 1 may represent a real elastic frustration system.
Specifically, as shown in Figure 7, the perchlorate anions
lying on the edge of the square could propagate elastic
interactions between the adjacent cubes, which correspond
to the nearest neighbor’s (NN) interaction. Moreover, the
CH/n contacts and n-ni-nt stacks in 1 could provide the elastic
interactions developing along the a and b axis, respectively,
which correspond to the interactions along the diagonal
directions (NNN). The mentioned two sets of elastic
interactions may counteract with each other, such that the
lattice is elastically frustrated, hindering the ab plane against
an entire HS—LS transition. This assumption was further
corroborated by the complete transition of 2, where such
competition was intrinsically eliminated as a result of the
“removal” of half of the alkynyl “arms”.

It should be noted that the elastic frustration mechanism
presented here is speculative because of the high complexity
of the actual crystal structures in contrast with the simplified
mechano-elastic theoretical model. For example, the inter-
stitial solvent molecules that certainly play an important role
in the transition had not been discussed within the model
due to the severe disorder problem. In addition, contacts
between these molecules and the cubes do not show any
preferred orientation. In this regard, we presumed that the
solvent molecules may provide a global internal pressure
within the lattice to facilitate the MMET process without
anisotropy contribution.

Conclusion

The inevitable yet complex interplays between the molec-
ular and intermolecular environments make the disentangle-
ment of the contributions from each factor a challenging
task. Here, we prepared two cyanide-bridged Fe/Co cubes:
all-alkynyl-functionalized (1) and mixed alkynyl/alcohol-
functionalized (2), which feature a quasi-identical metallic
core, the same packing mode but a well-defined difference
in the solid state intermolecular environments. They display
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Figure 6. Left: the supramolecular packing diagram viewed along the ¢ axis for 1 and 2 (left): The short contacts (blue dashed lines) between the
perchlorate ions and the cube’s pyrazole rings are present in both compounds; the alkynyl-alkynyl C-C stacks (yellow dashed lines) and CH-C
interactions (green dashed lines) in 1 are highlighted, while these interactions were removed in 2; right: the changes of the cell parameters in the

temperature range of 180-260 K for 1 and 2 based on those at 260 K.

different thermally-induced MMET behaviours, incomplete
vs. complete, with transition temperatures of 220K for 1
and 232 K for 2, respectively. In addition, both complexes
showed a long-lived photo-induced metastable state, giving
a remarkably high T,,,=196 K. The detailed crystallo-
graphic study revealed that the incomplete transition in 1
may result from the possible elastic frustration due to the
competing interactions between the cluster-anion interac-
tions and direct inter-cluster interactions in the form of
alkynyl-alkynyl and CH/n contacts. The latter was elimi-
nated in 2 as a result of the partial replacement of the
alkynyl “arms”, leading to the complete transition. Such
findings demonstrate the crucial role of the anisotropic
elastic interaction in dictating the MMET behaviour. Thanks
to the mixed-ligand approach, the intermolecular interac-
tions are well manipulated, and additionally, chemically
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distinct cobalt centers in one molecule were firstly achieved
in the MMET compounds.
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