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ABSTRACT: The incorporation of two different cyanide building blocks of
[(Tp®)Fe™(CN),]” and [Au'(CN),]” into one molecule afforded a novel 81
hexanuclear [Fe™,Fe,Au',] complex (1-2Et,0), in which the cyanide-bridged
[Fe™,Fe',] square was further grafted by two [Au'(CN),]™ fragments as long arms
in syn orientations. Complex 1-2Et,O undergoes a gradual spin crossover (SCO)
ffrom low-spin (LS) to high-spin (HS) state for the Fe(II) centers upon desolvation.
Remarkably, its desolvated phase (1) exhibits a reversible but atypical two-step
(sharp—gradual) SCO behavior with considerable hysteresis (21 K). Variable-
temperature single-crystal X-ray structural studies reveal that the hysteretic spin 2]
transition takes place synchronously with the concerted displacive motions of the
molecules, representing another rare example including multistep and hysteretic spin 0 50 100
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transitions due to the synergetic SCO and structural phase transition. T/K

B INTRODUCTION

The mixed-valence cyanometallate complexes that feature
either metal-to-metal charge transfer (MMCT) or spin
crossover (SCO) in response to temperature, light, pressure,
and other external stimuli have attracted a considerable
amount of attention since Hashimoto et al. reported the first
magnetically photoswitchable Prussian blue analogue (PBA),
K,,Co, 4[Fe(CN)(]-6.9H,0, in 1996.'* These three-dimen-
sional (3D) coordination networks showed tunable magnetic
bistabilities,” which however strongly depend on the reagent
stoichiometry, synthetic procedures, and sample history due to
the rich lattice defects. The related studies demonstrated an
average [NO] coordination sphere may activate the MMCT
for this system.® A key underpinning of the research on this
topic is a thorough understanding of the molecular design
toward specific structural architectures and/or desired
functionalities.” In this frame, the building-block approach is
by no means a good idea for achieving this goal. Dunbar and
co-workers subsequently moved the research forward with a
series of cyano-bridged trigonal bipyramidal {Fe,Co;}
complexes by using bidentate ligands.”

Notably, the application of poly(pyrazolyl)borate
tricyanoiron(II) {[(Tp®)Fe™(CN),]"} building blocks with
different metal ions and capping ligands has led to a wide
diversity of structural motifs such as squares,” cubes,'” and
chains,"' some of which exhibit single-molecule magnet
(SMM), single-chain magnet (SCM), SCO, or MMCT
properties. For example, Li et al. reported the first molecular
[Fe,Co,] cube'’ that mimics both the structural motif and
MMCT properties of 3D PB analogues with the existence of
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the tridentate capping ligand 2,2,2-tris(pyrazolyl)ethanol; quite
a considerable number of molecular squares showing either
MMCT or SCO properties were well constructed when using
tetradentate or double bidentate chelated ligands."

The great progress of these discrete magnetically switchable
molecules notwithstanding, most of them exhibit no or only a
small thermal hysteresis due to the lack of strong cooperativity,
which strongly determines the nature (the speed and
hysteresis) of the spin transition.'”'> To address this question,
one of the most successful synthetic routes is linking the Fe(II)
centers by the square-planar [M"(CN),]*~ (M = Ni, Pt, or Pd)
or linear [M'(CN),]” (M = Au or Ag) cyanometalate, which
has led to a large family of Hofmann-type SCO coordination
polymers.16 Generally, these coordination compounds often
exhibit sharp and hysteretic SCO behaviors due to the strong
cooperativity mediated through the high-dimensional elastic
interaction.'” In these respects, these cyanometalates are
naturally great metalloligands for the design of high-perform-
ance SCO behavior.

Because of the considerations described above and our
continuous interest in cyanometallate complexes based on
[(Tp®)Fe™(CN);]™ units, we presumed that the SCO-active
square-like PBA motifs may be linked into a polymeric crystal
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Figure 1. Molecular structures of (a) 1-2Et,0 and (b) 1 at 350 K and (c) their minimized overlay. The hydrogen atoms and lattice solvent

molecules have been omitted for the sake of clarity.

lattice by means of linear [Au(CN),]~ bridges. Here, we report
a neutral hexanuclear [Fe,Fe,Au',] (1-2E,0) complex, in
which a cyanide-bridged [Fe™,Fe",] molecular square was
further grafted with two linear [Au(CN),]” metalloligands in
the syn orientational mode. Both magnetic and structural
studies revealed that 1-2Et,O underwent gradual SCO upon
desolvation, accompanied by an irriversible phase transition at
high temperatures. Interestingly, its desolvated phase (1)
exhibits a complete two-step spin transition, including a
gradual, nonhysteretic SCO and an abrupt, hysteretic SCO
(~20 K) near room temperature. Detailed structural analyses
revealed that the hysteretic transition in 1 is due to the
synergetic SCO and symmetry-breaking structural phase
transition.

B RESULTS AND DISCUSSION

Synthesis and Crystallographic Studies. Slow diffusion
of diethyl either (Et,0) into a mixed acetonitrile and methanol
solution containing [(Tp*™)Fe(CN);]~, Fe(OTf),, di(1H-
pyrazol-1-yl)di(pyridin-2-yl)methane (L), and KAu(CN), in a
1:1:1:1 molar ratio afforded dark red crystals of [(Tp*™°)-
Fe"(CN);Fe"(L)Au'(CN),],-2Et,0 [1-2Et,0, where Tp*M°
tris(3,4,5-trimethylpyrazole)borate (details in the exper-
imental section of the Supporting Information)]. Thermogra-
vimetric analysis (TGA) revealed that the lattice solvent
molecules were essentially stable below 90 °C, after which a
one-step desolvation took place with a weight loss of 6.35%
[calcd 6.42% (Figure S1)]. The following plateau up to 210 °C
suggested the considerable thermal stability of the desolvated
phase, which was further characterized as complex 1 by both
single-crystal and powder X-ray diffraction. In fact, the single
crystals of 1 could be obtained by heating the fresh crystals of
1-2Et,0 at 400 K for 10 min, and the bulk sample of 1 was
purely prepared by heating 1:2Et,O under N, at 125 °C for 30
min. The purity of both 1:2Et,0 and 1 was confirmed by
powder X-ray diffraction measurements, which match well with
their single-crystal simulations (Figures S2 and S3).

Single-crystal X-ray diffraction (SCXRD) analysis revealed
that 1-2Et,O crystallized in the monoclinic C2/¢ space group
(Table S1). Due to the 2-fold (C,) symmetry, the asymmetric
unit contains half of the molecular core as well as lattice
solvent molecules. As shown in Figure la, the cyanide-bridged
[(Tp*M)Fe™(CN);]™ and [(L)Fe"] units reside in alternate
corners of a molecular square, with two [Au'(CN),]™ units
being grafted on the Fe(II) centers in syn orientations via
cyanide groups. Enclosed within the square, the Fe—C=N-Fe
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cyano linkages are nearly linear with Fe—C=N and C=N-Fe
bond angles in the range of 177.8(5)—178.8(5)° and
174.4(1)—177.1(2)°, respectively. Each Fel is chelated by
two pyrazole N atoms and one pyridine N atom from ligand L,
with three cyanides completing the Fe—N6 octahedral
coordination environment. The Fel—N bond distances at
100 K are in the range of 1.923(5)—2.005(5) A, with the
average value being 1.954(5) A at 100 K, typical for an Fe(II)
ion in the low-spin (LS) state (Table S3).'* Upon heating, the
average Fel—N bond distance increases slightly to 1.974(6) A
at 300 K, and clearly to 2.031(5) A at 350 K, suggesting a
mixture containing both high-spin (HS) and LS Fe(II) species.
It should be mentioned that higher-temperature crystal data for
1-2Et,O are not available due to the loss of lattice solvent
molecules.

The SCXRD analysis for 1 at 350 K indicated that
desolvated complex 1 also crystallized in the monoclinic C2/
¢ space group (Figure 1b and Table S2). The average Fel—N
bond distance is 2.148(2) A, close to those (~2.18 A) for the
reported HS Fe' complexes (Table S4).'® Interestingly, the
minimized overlay of the molecular structures for 1:2Et,O and
1 at 350 K revealed a clear conformational change involving a
scissor-like structural rearrangement of the [Au(CN),]”
metalloligands and a rotation in the aromatic rings of L
ligands (Figure 1c). Specifically, the twist angle of 25.1°
between N3—C24—Aul and AulA—N3A—C24A for 1 is much
smaller than that (42.1°) for 1-2Et,0, and the L and Tp*™*
ligands around Fel and Fe2 in 1 rotate by 14.2° and 7.8°,
respectively, referenced to those in 1-2Et,O, giving a root-
mean-square deviation (RMSD) of 0.8915. Combined with
packing structures as well as Hirshfeld surface analyses,
different weak intercluster interactions are evidenced, such as
the C—H---N [2.590(1) and 2.659(6) A] interaction (17.9%)
in 12Et,0 and the C—H--N [2.629(2), 2.697(2), and
2.858(1) A] (19.7%), C—H---x [2.642(4) and 2.742(2) A],
and 7+ [3.760(1) A] interactions in 1 (Figures S4—S7).

FT-IR Studies. To possibly exclude the MMCT event for
such a system and track the dynamic variations of valences and
spin states of the iron ions, variable-temperature infrared
spectra (VT-IR) were recorded (Figures S8 and S9). At 300 K,
1-2Et,0 exhibited a g absorption peak at 2536 cm™ and a
group of peaks in the range of 2100—2200 cm™' for the
cyanide stretches. The shoulder peaks at 2141 and 2124 cm™
are assigned to the bridging and terminal cyanides,
respectively, of the [(Tp*"¢)Fe'(CN);]™ species, according
to the related literature,%’HU1 while the sharp peak at 2147
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cm™" and the shoulder one at 2170 cm™" may be assigned to
the coordinated and uncoordinated vy stretches, respectively,
of the [Au'(CN),]™ units."” Upon heating, the peaks at 2141
and 2124 cm™' slightly shifted to higher wavenumbers with
increased intensity, likely due to the spin transition on the Fe'
ions. During the subsequent cooling measurements, the change
in the spectra of 1 was similar to that of 1:2Et,0, suggesting
that the SCO property is preserved for 1. The absence of ¢y
stretches below 2100 cm™ for both 1:2Et,0 and 1 in the
whole recorded temperature range clearly excludes the
appearance of [(Tp*M¢)Fe''(CN);]*~ anions, thus suggesting
that no electron transfer occurred between [Fe'—CN—Fe']
linkages.

Magnetic Studies. Variable-temperature magnetic sus-
ceptibility data for the fresh sample of 1-2Et,O (per
[Fe"™,Fe',Au',] unit) were measured under an applied direct
current (dc) field of 1 kOe with a sweep rate of 2 K/min
(Figure 2). Below 200 K, the T product nearly remains

o
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310 320 330 340
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x T/ cm® mol” K
+

—o— 1% heat
—o— 2™ cool
—e— 2™ heat

0 50 100 150 200 250 300 350 400
T/K

Figure 2. Variable-temperature magnetic susceptibility data with a
sweeping rate of 2 K/min for 1-2Et,0 (black data points) and in situ-
generated 1 (blue, cooling; red, heating). The inset is a close-up
between 310 and 350 K.

constant at 1.23 cm® mol ™" K, corresponding to two LS Fe' (S
= 1/2) ions with a considerable orbital contribution.” Upon
heating, the T product increases gradually to 8.40 cm® mol™
K at 400 K, consistent with two LS Fe'™ and two HS Fe" (S =
2) ions and indicating a complete LS — HS spin transition
accompanied by desolvation. The desolvated analogue (1) was

obtained in situ by continuously heating the sample of 1-2Et,O
at 400 K for 10 min in the magnetometer. With a decrease in
temperature, the yT values of 1 slowly decrease to 320 K and
then drop abruptly to ~4.30 cm® mol™" K™ at 310 K, followed
by a gradual decrease until stabilizing around 1.38 cm® mol ™ K
below 120 K. With an increase in temperature, the variation of
T follows the same trail as seen in the cooling mode below
310 K while exhibiting a clear thermal hysteresis (~21 K
wide), which is well reproduced over the following cycles of
measurements (Figure S10). It should be mentioned that the
continuous increase in the T values above 350 K indicates the
gradual ongoing uncompleted SCO transition. This observa-
tion also explains why the average Fel—N bond distance
[2.148(2) A] for 1 at 350 K is shorter than the typical HS
Fe'-N distance (~2.18 A).

To clarify the unusual magnetic behavior of 1, variable-
temperature SCXRD experiments were conducted. During the
cooling from 350 to 300 K, a symmetry-breaking structural
phase transition was observed, where the crystalline a and b
axes doubled, yielding a quadrupling of the unit cell volume.
Consequently, the asymmetric unit at 300 K comprises two
squares, including a square of C and a half-square of B and D
(Figure 3). These changes in the cell parameters contributed
to a significant variation in the conformational arrangements.
Specifically, the dihedral angels of squares B—D decrease to
16.2° 19.4°, and 17.6°, respectively; clear rotations of ligands
L and Tp*Me were also observed, when being overlaid with
those at 350 K (Figure S11). Additionally, the average Fe"'—N
bond distances of squares B—D are 2.135(9), 1.982(8), and
1.959(9) A, respectively, suggesting an intermediate phase with
the presence of 1/4 HS and 3/4 LS Fe'' species. In terms of the
driving force for the symmetry-breaking phase transition in 1,
the molecular volume change accompanying the gradual SCO
process may be an important reason to trigger such a
phenomenon once the threshold spin-conversion ratio is
achieved.”” Moreover, the grafted [Au'(CN),]” fragments
serving as flexible arms may also help contribute to the abrupt
phase transition in 1, as commonly observed in soft SCO
compounds.”’ It is worth mentioning that no significant
change in the supramolecular interactions was observed on the
basis of the Hirshfeld surface analyses for 1 at 350 K versus 300
K (Figures S6, S7, S12, and S13). At 300 K, the dominant
supramolecular interactions (C—H--N, C—H:z, and 77
interactions) are comparable with those at 350 K, with a slight

(b)

square C

square D

Figure 3. Packing structures of 1 at 350 K (a, containing only one type of square, A) and 300 K (b, containing three different types of squares, B—

D), indicating the symmetry-breaking structural phase transition.
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Figure 4. Variable-temperature powder X-ray diffraction for 1 in the (a) heating and (b) cooling modes. The simulated patterns for 1 are calculated

on the basis of the single-crystal data.

decrease in the percentage contribution for the C—H--N
contacts (18.3%). Such behavior is reminiscent of a recent
work in which the broad hysteretic spin transition of a Fe'
compound arises from an interplay between the SCO and
symmetry-breaking SPT rather than from a strong coopera-
tivity mediated by the supramolecular interaction.”” When the
temperature is further decreased from 300 to 100 K, the
structures of the intermediate phase were found to remain
(Figure S14), while the average Fe"—N bond distances of
squares B—D decreased to 1.964(6), 1.950(7), and 1.953(6) A,
respectively, typical for the pure LS Fe' ions. As such, these
results clearly corroborate that the first-step abrupt transition
between 350 and 300 K is attributed to the synergetic SCO
and symmetry-breaking structural phase transition;”” the
second-step gradual transition is caused by the SCO event.
PXRD and DSC Studies. The validity of related structural
phase transitions obtained from SC-XRD studies for its
respective bulk samples was further investigated through
variable-temperature powder X-ray diffraction (Figure 4) and
DSC experiments. For desolvated sample 1, during the heating
cycle, the PXRD patterns remained almost unchanged from
300 to 330 K. When the temperature is further increased to
350 K, three new PXRD peaks at ~10.9°, ~17.9°, and ~22.5°
appeared, the intensity of the peaks at 14.2° and 23.6°
increased, and the intensity of the peak at 13.4° decreased
(Figure 4a). Further increasing the temperature does not reveal
any significant changes. During the subsequent cooling cycle
(Figure 4b), the PXRD patterns revealed the reverse changes
from 330 to 310 K compared with those observed at 330—350
K in the heating mode. These results suggested a reversible
phase transition proceeded during the heating and cooling
cycles between 310 and 350 K. Moreover, the phase transitions
were also supported by the differential scanning calorimetry
(DSC) measurements. During heating for 1-2Et,O, a broad
endothermic peak (AH = 35.8 k] mol™', and AS = 91.8 ]
mol™" K™') was observed at 390 K, suggesting a phase
transition during the desolvation process (Figure S15). For 1, a
pair of sharp endothermic and exothermic peaks at 310 and
320 K are found with a AH of 9.45 k] mol™" and a AS of 30.5 ]
mol™ K" and a AH of 8.58 k] mol™" and a AS of 26.8 ] mol™!
K™, respectively (2 K/min), confirming the presence of a
structural phase transition that is consistent with the SCXRD

5858

and magnetic studies (Figure S16). Additionally, to investigate
whether the electronic polarizability can be tuned through
structural phase transitions and electron rearrangements, the
dielectric constant of 1 was measured over the temperature
and frequency ranges of 100—400 K and 0.5—-100 kHz,
respectively (Figure S17). As a result, two broad dielectric
anomalies were observed at ~320 and ~270 K with moderate
frequency-dependent behavior. Such a phenomenon is
reasonably correlated with the two-step spin transitions that
cause the changes in the local polarizability that contribute to
the dielectric constant.''”?*

B CONCLUSIONS

In summary, we present a detailed structural and magnetic
study of a hexanuclear [Fe™,Fe",Au",] complex in the solvated
(1-2Et,0) and desolvated (1) phases. 1-2Et,O exhibits a
gradual and complete SCO upon desolvation, accompanying a
phase transition caused by the scissor-like structural rearrange-
ment of the [Au(CN),]™ metalloligands and the rotation in the
aromatic rings of chelating ligand L. The desolvated phase 1,
however, undergoes a two-step and hysteretic spin transition.
Variable-temperature SCXRD and PXRD studies revealed that
the first-step abrupt and hysteretic magnetic transition between
350 and 300 K originated from a synergetic effect between
SCO and SPT via concerted molecular displacive motions; the
second-step magnetic transition was solely caused by the
gradual SCO event. As such, we present a rare example of
achieving a multistep and hysteretic spin transition through the
synergetic SCO and symmetry-breaking structural phase
transition. Molecular engineering on such square motifs with
more attachments to promote the cooperativity or synergy of
the system is in progress.
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