
ARTICLE

Manipulating electron redistribution to achieve
electronic pyroelectricity in molecular [FeCo]
crystals
Pritam Sadhukhan1,10, Shu-Qi Wu 1,10, Jeremy Ian Long1, Takumi Nakanishi1, Shinji Kanegawa1✉, Kaige Gao2,

Kaoru Yamamoto3, Hajime Okajima 4, Akira Sakamoto 4, Michael L. Baker 5,6, Thomas Kroll7,

Dimosthenis Sokaras7, Atsushi Okazawa8, Norimichi Kojima9, Yoshihito Shiota 1, Kazunari Yoshizawa1 &

Osamu Sato 1✉

Pyroelectricity plays a crucial role in modern sensors and energy conversion devices. How-

ever, obtaining materials with large and nearly constant pyroelectric coefficients over a wide

temperature range for practical uses remains a formidable challenge. Attempting to discover

a solution to this obstacle, we combined molecular design of labile electronic structure with

the crystal engineering of the molecular orientation in lattice. This combination results in

electronic pyroelectricity of purely molecular origin. Here, we report a polar crystal of an

[FeCo] dinuclear complex exhibiting a peculiar pyroelectric behavior (a substantial sharp

pyroelectric current peak and an unusual continuous pyroelectric current at higher tem-

peratures) which is caused by a combination of Fe spin crossover (SCO) and electron transfer

between the high-spin Fe ion and redox-active ligand, namely valence tautomerism (VT). As

a result, temperature dependence of the pyroelectric behavior reported here is opposite from

conventional ferroelectrics and originates from a transition between three distinct electronic

structures. The obtained pyroelectric coefficient is comparable to that of polyvinylidene

difluoride at room temperature.
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Molecular materials based on dynamic electron processes
are expected to provide better chemical tailorability,
faster switching rates and light switchability1–4. The

study of molecular compounds with superior physical properties
attracts increasing attention because of their fundamental
importance and potential applications in pyroelectric sensors5–7,
digital memory8–11 and energy conversion devices12–14. One of
the key properties is polarization15–17. In ferroelectric systems,
the collective ion displacement and reorientation of polar mole-
cules are normally utilized to induce changes in polarization18, 19,
and so is the intermolecular electron transfer in recent years20–22.
Indeed, the emergent electron-based polarization properties can
be realized by designing compounds whose electronic structure
lies at the boundary of multiple states. A number of processes in
dynamic molecular crystals, such as spin transition and intra-
molecular electron transfer, are accompanied by redistribution of
electronic density23. Therefore, such compounds can be poten-
tially used to induce polarization change and hence, the pyro-
electric effect24. However, research in this regard is still scarce25.
Pyroelectrics represent a class of non-centrosymmetric polar
crystals which consists as inherent coupling between electrical
polarization P and temperature T, such that a temporal variation
in temperature (δT/δt) results in a change in the electrical dipole
moment, that is quantitatively described by the pyroelectric
coefficient, p = (δP/δT). Fundamentally, manifestation of the
pyroelectric effect occurs as a temperature-dependent change in
the surface-charge density which results in a pyroelectric current,
ip = pA(δT/δt), where A is the area of the measured surface. In
conventional ferroelectrics, the polarization decreases upon
heating towards the transition temperature and vanishes above
this point26–29. However, in our molecular based approach,
we can tune molecular dipole moment by changing the tem-
perature regime. The change in polarization direction is pre-
determined by the electronic structures that dominate at different
temperature regimes. Therefore, pyroelectric systems based on
discrete molecules can induce pyroelectric properties when low-
lying states with different dipole moments exist, and the gradual
population change between such states upon temperature change
occurs. To develop electronic pyroelectric compounds based on
such considerations, we designed an [FeCo] dinuclear complex in
which the ligand field strength around the Fe3+ ion is in the spin
crossover (SCO) region, and the redox-active deprotonated 2,5-
dihydroxy-1,4-benzoquinone (dhbq) is used as a bridging ligand.
Indeed, an unusual pyroelectric behavior, originating from the
transition between three electronic states, is induced. Notably, the
dhbq ligand allows for significant delocalization of electrons between
the Fe 3d orbitals and the ligand π* orbitals. This delocalization leads
to multiple electronic structure descriptions that can be better
described as a quantum-mixing of configurations (as observed in
some Ru-amine complexes or bio-inorganic systems like blue-
copper protein or oxyhemoglobin30–32). For simplicity, we will use
the limiting configurations, [Fe3+LS–dhbq3−–Co3+LS],
[Fe3+HS–dhbq3−–Co3+LS] and [Fe2+HS–dhbq2−–Co3+LS], to denote
their electronic structures and an extra superscript C (standing for
covalent) is used to remind the readers of the presence of strong
covalency in such states (Supplementary Note 1). At approximately
90 K, an abrupt spin transition from Fe3+LS to Fe3+HS occurs (LS =
low spin, HS = high spin) which is followed by a temperature-
induced continuous population change between the two redox iso-
mers, C[Fe3+HS–dhbq3−–Co3+LS] and C[Fe2+HS–dhbq2−–Co3+LS],
a phenomenon known as valence tautomerism (VT). Thus, pyro-
electric effect emerges because of two distinct electronic dynamics,
i.e. the change in spin and charge distribution in the polar [FeCo]
crystal. A sharp pyroelectric current peak is observed at the spin
transition temperature, whereas an approximately constant pyro-
electric current is observed above the spin transition temperature

due to the successive population of the electron-redistributed
C[Fe2+HS–dhbq2−–Co3+LS] state. The crystal of the [FeCo] com-
plex represents an intricate and ingenious example of electronic
pyroelectricity, to which three electronic structures contribute.

Results and discussion
Synthesis and structural characterization. Polar crystals of
[FeCo] dinuclear complex were synthesized using the chiral ligands
SS-cth and RR-cth (cth = 5,5,7,12,12,14-hexamethyl-1,4,8,11-tetra-
azacyclotetradecane) as previously reported33. Enantiopure mono-
nuclear complexes of Fe and Co, i.e., [Fe(AcO)(RR-cth)](PF6) and
[Co(AcO)(SS-cth)](PF6), were mixed in a methanolic solution of
dhbq in an equimolar ratio. The resulting mixture was then oxidized
by AgPF6, affording the complex [(Fe(RR-cth))(Co(SS-cth))(μ-dhbq)]
(PF6)3 (1(PF6)3) as dark brown block-shaped crystals. The ESI-MS
spectrum of 1(PF6)3 in acetone exhibits the molecular peak of the
[FeCo] dinuclear complex (m/z = 1111.5) with a correct isotopic
distribution, together with peaks attributable to [CoCo] and [FeFe]
complexes (Supplementary Fig. 1). An elemental analysis including
Co and Fe reveals that the experimental result is in agreement with
the calculated one, where Co/Fe ratio is 1.00 (Supplementary
Table 1). These results suggest that the selective crystallization of an
[FeCo] heterometallic dinuclear complex occurs. The possible con-
tamination from [FeFe]34 or [CoCo]35 species is well below the
detection level of all the physical characterizations as discussed in
later sections. A variable-temperature single-crystal analysis reveals
that complex 1(PF6)3 crystallizes in the polar P21 space group
(Supplementary Table 2). The corresponding structural data show
that the discrete cationic molecules of [1]3+ comprise [Λ-Fe(RR-cth)]
and [Δ-Co(SS-cth)] moieties bridged by a dhbq ligand (Fig. 1a). It is
important to note that the Fe-to-Co orientation in each [Fe-dhbq-
Co] unit is almost entirely aligned in the same direction along the b-
axis in the structure of [(RR-cth)FeCo(SS-cth)]-[(RR-cth)FeCo(SS-
cth)]-[(RR-cth)FeCo(SS-cth)] throughout the crystal, as restricted by
the crystalline 21-screw axis (Fig. 1b). As SCO in Fe3+36, 37 and
valence tautomerism in Co35, 38, 39 have been frequently observed in
metal-catecholate systems, single-crystal structures obtained at var-
ious temperatures were compared33, 36. The bond lengths around the
Fe ions (Fe–O, 1.904(5) Å; Fe–N, 2.026(5)–2.060(5) Å) and the Co
ions (Co–O, 1.893(4) and 1.891(5) Å; Co–N, 1.987(5)–2.026(5) Å) at
60 K clearly reveal that both ions are in LS state (Supplementary

Fig. 1 Synthetic strategy and crystal structure of the [FeCo] crystals.
a Synthetic strategy toward the heterometallic dinuclear complex 1(PF6)3
[Fe(orange), Co(blue), O(red), C(gray)]; H atoms are omitted for clarity.
b Crystal packing of 1(PF6)3 at 130 K along the crystallographic c-axis.
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Table 3, Supplementary Figs. 2 and 3). Upon heating to 100K, the
bond lengths around the Fe ions exhibit a significant elongation
(Fe–O, 1.987(4) and 1.991(5) Å; Fe–N, 2.109(5)–2.145(5) Å), sug-
gesting that the Fe ions are in HS state in this condition. The spin
transition is driven by an entropy originating from the change in spin
and vibrational contribution40. In contrast, the bond lengths around
the Co ions remain almost unchanged (Co–O, 1.893(4) and 1.891(5)
Å; Co–N, 1.979(5)–2.024(5) Å) and typical of the Co3+LS state. The
Fe-ligand bond distances were further compared at different tem-
peratures which characterizes a gradual elongation from 100K upto
300 K, representative of a progressive valence tautomerism process
occurring over a wide temperature range41 (Supplementary Fig. 2).

Magnetic properties. The magnetic properties of a polycrystalline
sample of complex 1(PF6)3 were measured under an applied field
of 0.1 T to determine the valence and spin state of the metal centers
(Fig. 2)42. In the LT regime, the χmT product was determined to be
0.15 cm3 K mol−1 at 5 K, indicating that the majority of the
molecules populate a diamagnetic state (S= 0). On further heating,
the χmT value abruptly increases at approximately 90 K, reaching to
3.00 cm3 K mol−1 at 120 K. The ligand field around the Fe center is
known to be appropriate for the spin crossover in Fe3+ ion,
therefore, the observed behavior can be inferred as the occurrence
of the spin transition between the strongly antiferromagnetically
(AF) coupled Fe3+LS−dhbq3− and Fe3+HS−dhbq3− states. A
gradual increase up to 3.24 cm3 K mol−1 is then observed upon
heating to 300 K which corresponds to a system with a total spin
quantum number (S) of 2. To be noted that we didn’t find any
change in χmT value in our data near the transition temperature
(175 K) of the homometallic [CoCo] species which ensures the
magnetic susceptibility data we obtained is genuinely originating
from heterometallic [FeCo] contribution only35.

Pyroelectric properties. The complex 1(PF6)3 crystallizes in the
polar space group, enabling the observation of the pyroelectric
effect from the dynamic change in the electronic structure
upon varying the temperature. To unambiguously determine
the direction of the pyroelectric current with respect to the
single crystal, a plate-like piece of complex 1(PF6)3 crystal was
indexed with silver paste attached to one side of the crystal
surface and carbon paste attached to the parallel surface and
the faces (010) and (0−10) were distinguished (Supplementary
Fig. 4). The sign of the pyroelectric coefficient formally

corresponds to the electron transfer from dhbq to Fe in the
whole temperature range upon heating. Below 60 K, only a
weak current signal is detected upon heating, corresponding to
a pyroelectric coefficient of less than 0.3 nC cm−2 K−1

(Fig. 3a). At a temperature approaching the abrupt transition
point, the pyroelectric current exhibits a sharp increase, giving
a peak as high as 30 nC cm−2 K−1, and then decreases to ca.
3.8 nC cm−2 K−1 after 120 K. This is clearly associated with
both the structural change and the variation of electronic
density due to the spin transition in the [FeCo] complex in a
narrow temperature range. Integration over this temperature
domain (80 to 120 K) gives a polarization change of approxi-
mately 0.48 μC cm−2 (Fig. 3b). Upon further heating to room
temperature, it is surprising to find that the pyroelectric cur-
rent is still detected, and the pyroelectric coefficient remains at
approximately 3.4 nC cm−2 K−1 at 300 K, which is as large as
that of polyvinylidene difluoride (PVDF)43. We have also
determined the pyroelectric response of the system by
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Fig. 2 Magnetic properties of the [FeCo] crystals. Temperature
dependence of magnetic susceptibilities displayed as a plot of χmT vs.
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1.15 μC cm−2 at 300K. Data were collected on heating and cooling modes
with a temperature sweep rate of 5 Kmin−1.
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continuous oscillation method (AC method)44 from liquid
nitrogen temperature to room temperature where the sample is
subjected to thermal wave by a continuous, sinusoidally
modulated laser of 0.1 Hz and the obtained data also shows
continuous current release over a wide temperature range
(Supplementary Fig. 5). In the continuous temperature ramp-
ing measurement, the charge trapped in lattice defects may be
thermal excited and contaminate the pyroelectric signal. In this
AC measurement, on the other hand, such trapped charges are
swept out in the initial cycle of temperature modulation and
their contribution to the time-averaged value is suppressed.
Therefore, the method is believed to allow us to selectively
detect the true pyroelectric current45. The appearance of the
temperature-independent signal similar to the temperature
ramping measurement strongly suggests that this signal com-
ponent would be true pyroelectric current representing an
electric polarization change. However, the pyroelectric prop-
erty is known to be inherent to materials with polar structures.
In the case of 1(PF6)3, the pyroelectric behavior could stem not
only from the possible intramolecular electron redistribution
but also from a change in the strain of the crystal sample. To
discriminate between these two contributions and to exclude
the possibility that the pyroelectric current above the spin
transition originates from a secondary pyroelectric effect due
to the thermal deformation of the polar crystal, we measured
the pyroelectric property of an isostructural [ZnCo] dinuclear
complex (Supplementary Fig. 6 and Supplementary Table 5) as
a reference material without temperature-dependent electron
redistribution behavior. The pyroelectric coefficient of the
[ZnCo] complex was found to be much smaller (< 15%) than
that observed for 1(PF6)3 in the whole temperature range,
supporting that the large pyroelectric coefficient of 1(PF6)3
mainly originates from a continuous electronic redistribution
in the compound. Integration of the pyroelectric current as the
temperature was changed from 120 to 300 K yielded a polar-
ization change of approximately 0.67 μC cm−2, which is sig-
nificantly larger than that during the SCO process. Considering
the relatively smaller change in Fe-ligand bond lengths
observed in this temperature domain, the origin of the high-
temperature pyroelectric effect should be assigned to a process

with more electron-transfer character rather than the incom-
plete SCO behavior.

Infrared spectroscopy. Further in-depth infrared spectroscopic
investigation was carried out in pursuit of the origin of the
unusual pyroelectric behavior in terms of the electronic struc-
ture determination at different temperature regime. At LT
phase, infrared (IR) spectra were recorded from 7 K to 70 K
with a 10 K interval but did not exhibit any significant change
in the peak positions and intensities. The strong absorption
band at 1485 cm−1 is typical of the open-shell dhbq3− bridging
ligand, as observed in similar [Co3+LS–dhbq3−–Co3+LS] and
[Cr3+–dhbq3−–Co3+LS] compounds33, 39 supporting our
assignment of the LT electronic structure of the
C[Fe3+LS–dhbq3−–Co3+LS] state (Supplementary Fig. 7). IR
measurements above 70 K evidence a change in the spectra at
the transition temperature range (80–100 K), which consists of
an abrupt decrease of the absorption bands around 1329 cm−1

and the appearance of new bands at 1514 and 1296 cm−1

(Supplementary Fig. 8). This means that the change in the spin
state of the Fe ion is accompanied by variations in the electronic
structure of the bridging ligand. Upon further increasing the
temperature above 100 K, it was found that the peaks around
1485 cm−1, characteristic of dhbq3−, continuously decrease in
intensity, whereas a new peak around 1556 cm−1, characteristic
of dhbq2−, emerges and increases upon heating (Supplementary
Fig. 8 and Fig. 4) as typically observed in reported valence
tautomeric dinuclear compounds33, 46. Moreover, comparison
of the variable temperature IR absorption spectra along with
difference IR spectra of the [CrCo] dinuclear complex and the
[FeCo] system suggested significant similarity between the high
temperature behavior of [FeCo] and the charge-transfer phe-
nomenon in [CrCo]; however, the low temperature behavior of
[FeCo] complex shows the occurrence of completely different
electron dynamics (Supplementary Figs. 9, 10 and 11)33. Such
features reveal that in the HT phase there is a thermally
accessible excited state, C[Fe2+HS–dhbq2−–Co3+LS], which
gradually becomes the dominating phase in thermal equili-
brium with the C[Fe3+HS–dhbq3−–Co3+LS] state. This is a
signature of valence tautomerism that takes place over a large
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span of temperature. These observations strongly support our
assignment from pyroelectric measurements that the high
temperature transition behavior comes from valence tauto-
merism whereas the low-temperature behavior is dominated by
spin transition. The assignment is also consistent with the gra-
dual increase of the χmT value in high temperature domain, which
is caused by the gradual increase in the population of Fe2+HS

with unquenched orbital angular momentum, thus with an
expected χmT large than that of strongly AF coupled C[Fe3+

HS–dhbq3−–Co3+LS] state.

X-ray absorption and Mössbauer spectroscopy. X-ray spectro-
scopic techniques are recently getting considerable attention in
material science as it is efficient of probing the electronic as well
as structural properties of various coordination complexes. X-ray
absorption near edge spectroscopy (XANES) measurements at the
Co K-edge support that Co sites remain unaltered during the
transition process. Variable temperature measurements (at 9.5 K
and 260 K) show only very subtle temperature dependence in the
Co K-edge spectra, which indicates that the thermally induced
spin transition must occur at the Fe site. The Co pre-edge
includes one low intensity peak consistent with the 1 s → 3d
quadrupole transition for octahedral Co3+LS. The 1A1g ground
state has one allowed excited configuration, t2g6eg1, resulting in a
2E doublet excited absorption state that gives rise to observed
single pre-edge feature (Fig. 5)47.

Therefore, as the interplay between three distinct electronic
states are presumed to be solely oriented around the iron center
of the dinuclear moiety, Mössbauer spectroscopy supposed to be
a very powerful technique to precisely determine the dynamic

change of electronic configuration with temperature at Fe site.
Hence, variable-temperature Mössbauer spectrum was recorded
at 75 K, the isomer shift (IS) and quadrupole splitting (QS) of 0.42
and 1.64 mm s−1, respectively, were obtained (Supplementary
Fig. 12 and Table 4). The Mössbauer spectra of the [FeFe] species
is absent in our Mössbauer spectra of [FeCo] species34. The
obtained QS value is comparable to those observed in the LS state
of catecholato-Fe3+ SCO compounds decorated by electron-
donating groups, which are well known to exhibit strong
quantum mixing ground state hybridized from the Fe3+LS-
catecholato and Fe2+LS-semiquinonato configurations36, 48. Fe K-
edge XANES measurements performed at 8 K resolve a single
low-intensity (5.1 units of intensity) pre-edge peak, which is
typical for octahedral Fe2+LS rather than Fe3+LS (Fig. 6a)49. To
investigate the pre-edge in greater detail, high energy resolution
fluorescence detected (HERFD) XANES measurements were
performed. The HERFD spectrum at 8 K resolves additional fine
structure within the pre-edge region (Fig. 6b). Interpretation of
these features matches neither Fe2+LS or Fe3+LS limiting
descriptions. In the Fe3+LS limiting description the HERFD
spectrum includes a characteristic low-energy 1A1g (t2g6 eg0)
absorption final state followed by a series of overlapping
absorption final states (3T1g, 3T2g, 1T1g and 1T2g) at higher
energy that originate from multiplet splitting within the t2g5 eg1

absorption configuration. In the Fe2+LS limiting description the
HERFD spectrum is dominated by just one absorption peak,
relating to a 2Eg (t2g6 eg1) absorption final state49, 50. Fitting the
individual contributions to the 8 K HERFD spectrum of 1(PF6)3
requires a minimum of three peaks (Fig. 6b), supporting
Mössbauer evidence that the ground state is composed of a
strongly mixing combination of both Fe2+LS and Fe3+LS.
Therefore, we can identify the ground state of the [FeCo]
complex as C[Fe3+LS–dhbq3−–Co3+LS], or equivalently, the
quantum-mixing state of the [Fe3+LS–dhbq3−–Co3+LS] and
[Fe2+LS–dhbq2−–Co3+LS] configurations.

To understand the nature of the observed transition behavior
and gain insight into the electronic structure at the HT phase, the
Fe XANES measurements were performed at 250 K. The energy
of the absorption edge threshold is consistent with Fe3+HS ion
(Fig. 5a). However, the relative intensities of the pre-edge peaks
are inconsistent with quadrupole allowed transitions expected for
octahedral Fe3+HS ion (Fig. 6c). The lower energy peak is much
less intense than the higher energy peak, which is inconsistent
with the 3:2 peak ratio expected for Fe3+HS with a 5A1g (t2g3 eg2)
ground state and 5T2 (t2g4 eg2) and 5E (t2g3 eg3) final states. The
pre-edge has 8.8 units of intensity, which fits within the range
expected for distorted six coordinate Fe2+HS

51. HERFD-XANES
were also performed at 250 K which shows that the pre-edge
structure is neither consistent with pure octahedral Fe3+HS or
Fe2+HS, providing further evidence of the increasing contribution
from C[Fe2+HS–dhbq2−–Co3+LS] configuration mixed in the
electronic structure (Fig. 6d). These HERFD-XANES measure-
ments provide almost identical pre-edge structure to those
obtained at 135 K, and the origin of the high-temperature
pyroelectricity remained unsettled (Supplementary Fig. 13). The
Mössbauer spectrum recorded above the transition temperature
(125 K) affords IS and QS values of 0.69 and 1.83 mm s−1,
respectively (Supplementary Table 4). While the increase in the IS
value is consistent with spin transition behavior, the QS value is
significantly larger than those observed in the HS state of
catecholato-Fe3+ SCO compounds36 (typically, ~0.9 mm s−1) and
that of the Fe3+HS state in reference [FeIII(cth)2(dhbq)]3+

compound (~1.0 mm s−1)31. Normally, the QS value decreases
with pure spin transition from Fe3+LS to Fe3+HS state;36 the
observed increase in the QS value of 1(PF6)3 after the transition
upon heating thus indicates that the electronic state just above the
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Fig. 5 XAS of the [FeCo] crystals. a Temperature-dependent Fe K-edge X-
ray absorption spectroscopy (XAS) data for 1(PF6)3. Inset- Fe pre-edge
XAS data. b Co K-edge XAS data. Inset- Co pre-edge XAS data.
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Fig. 6 Fe-XANES and Fe HERFD-XANES recorded for the [FeCo] crystals. a Upper figure: Fe-XANES pre-edge measured at 8 K (blue circles), fit to the
rising edge (broken black line) and total fit (solid red line). Lower figure: second derivative of Fe-XANES measured at 8 K (blue circles) with related fit (solid
red line). b Upper figure: Fe HERFD-XANES measured at 8 K (blue circles), fit to the rising edge (broken black line), individual peak fits (solid lines, blue,
green, magenta) and total fit (solid red line). Lower figure: second derivative of Fe HERFD-XANES measured at 8 K (blue circles) with related fit (solid red
line). c Upper figure: Fe-XANES pre-edge measured at 250 K (blue circles), fit to the rising edge (broken black line), individual peak fits (solid lines, blue,
green) and total fit (solid red line). Lower figure: second derivative of Fe-XANES measured at 250 K (blue circles) with related fit (solid red line). d Upper
figure: Fe HERFD-XANES measured at 250 K (blue circles), fit to the rising edge (broken black line), individual peak fits (solid lines, blue, green, magenta)
and total fit (solid red line). Lower figure: second derivative of Fe HERFD-XANES measured at 250 K (blue circles) with related fit (solid red line).
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transition temperature is not purely determined by the Fe3+HS

state. The Fe2+HS state having a larger QS value (typically,
2.1–2.9 mm s–1)34 should also contribute via the population on
the C[Fe2+HS–dhbq2−–Co3+LS] state, which is consistent with the
results from XANES measurements at the Fe K-edge.

The most interesting observation in the HT Mössbauer
measurement is that up to higher temperatures (300 K), it shows
a further gradual increase in the QS and IS values upon heating.
However, no well-resolved peaks can be observed during this
process, suggesting that the rates of electron hopping process are
faster than the Mössbauer time window (τ ~ 10−8 s) but slower
than the IR time window (τ ~ 10−12 s). It is well established that the
quadrupole splitting in Mössbauer spectra usually decreases with
pure spin transition with increasing temperature36. Therefore, the
HT Mössbauer observation excludes the possibility of an
incomplete spin transition and provides further evidence of the
increasing population of the Fe2+HS state with larger QS values at
higher temperatures (Fig. 7). Combining the Mössbauer and IR
spectroscopic studies reveals that the most plausible assignment for
the HT electronic structure is that the C[Fe3+HS–dhbq3−–Co3+LS]
state dominates the system shortly after the SCO process, and then
gradually evolves to the C[Fe2+HS–dhbq2−–Co3+LS] state via VT
process upon increasing temperature. This assignment is also
consistent with the pyroelectric measurement that shows the HT
process possesses more charge-transfer feature. Moreover, the
reduction of net polarization change (~1.15 μC cm−2) in the [FeCo]
compound compared with the expected value for a typical VT
transition (~2.05 μC cm−2 for [CrCo] system) can be understood
based on the quantum mixing model33.

This study presented electronic pyroelectric crystals of the [FeCo]
dinuclear complex [(Fe(RR-cth))(Co(SS-cth))(μ-dhbq)](PF6)3. The
[FeCo] complex has three thermally accessible states, whose
interconversion is induced upon changing the temperature. The
ground state exhibits a C[Fe3+LS–dhbq3−–Co3+LS] state and at
approximately 90 K, it transforms into a C[Fe3+HS–dhbq3−–Co3+LS]
state due to spin transition. Further heating activates a process of
valence tautomerism where the population of the C[Fe2+HS–dh
bq2−–Co3+LS] state increases with temperature, resulting in an
almost continuous pyroelectric current comparable to that of PVDF

that is observed in a wide temperature range from 90K up to room
temperature. It should be noted that considering its time scale,
electron paramagnetic resonance should be a very appropriate
technique to investigate the electronic dynamics in our compound.
Since the [FeCo] dinuclear complexes are designed to orient in the
same direction within the crystal, the interconversion between the
three states can be envisaged as the origin of the pyroelectric effect.
Interestingly, these pyroelectric properties can be repeatedly observed
in the absence of an electric field because the molecular orientation is
fixed in the [FeCo] crystal, which contrasts with the typical
ferroelectric behavior. Furthermore, the pyroelectric current is
normally observed below the ferroelectric transition temperature in
ferroelectrics. On the other hand, for the polar [FeCo] complex, the
current is observed even at the HT phase. Thus, our work
demonstrates the possibility that a large pyroelectric effect can be
preserved up to high temperatures with a continuous current release.
Note that while energy conversion from waste heat to electric power
can be realized in high-temperature ferroelectrics, we show that
dynamic molecular materials by sophisticated chemical design can be
exploited for the same purpose without a ferroelectric transition.

Methods
All solvents and reagents were used as received from Sigma-Aldrich company.
Racemic-cth and the enantiopure ligands (RR-cth and SS-cth) (cth =
5,5,7,12,12,14-hexamethyl-1,4,8,11-tetraazacyclotetradecane) were prepared
according to literature procedures52. All reactions were conducted under a dry N2

atmosphere.

Synthesis of enantiopure [Fe(AcO)(RR-cth)](PF6). A mixture of Fe(AcO)2
(521 mg, 3.0 mmol) and RR-cth (850 mg, 3.0 mmol) in EtOH (10 mL) was heated
to 60 °C under a N2 atmosphere. After stirring at this temperature, solid NH4PF6
(540 mg, 3.3 mmol) was added to the solution. [Fe(AcO)(RR-cth)](PF6) then gra-
dually precipitated within an hour. After the reaction mixture was cooled in an ice-
bath, a precipitate was collected by filtration and washed with cold EtOH followed
by Et2O. [Fe(AcO)(RR-cth)](PF6) was obtained as an off-white crystalline solid
(1.286 g, yield = 78%). Anal. C18H39N4O2F6PFe (544.34) Calcd. C: 39.72, H: 7.22,
N: 10.29; found C: 39.69, H: 7.21, N: 10.31.

Synthesis of enantiopure [Co(AcO)(SS-cth)](PF6). A mixture of Co
(AcO)2·4H2O (747 mg, 3.0 mmol) and SS-cth (850 mg, 3.0 mmol) in EtOH (10mL)
was heated to 60 °C under a N2 atmosphere. After stirring at this temperature, solid
NH4PF6 (540 mg, 3.3 mmol) was added to the solution. [Co(AcO)(SS-cth)](PF6)
then gradually precipitated within an hour. After the reaction mixture was cooled
in an ice-bath, a precipitate was collected by filtration and washed with cold EtOH
followed by Et2O. [Co(AcO)(SS-cth)](PF6) was obtained as light pink crystalline
solid (1.23 g, yield = 75%). Anal. C18H39N4O2F6PCo (547.42) Calcd. C: 39.49, H:
7.18, N: 10.23; found C: 39.46, H: 7.19, N: 10.27.

Synthesis of [(Fe(RR-cth))(Co(SS-cth))(μ-dhbq)](PF6)2. A solution of 3,5-
dihydroxy-1,4-benzoquinone (H2dhbq; 140 mg, 1.0 mmol) and triethylamine
(0.3 mL, 2.0 mmol) in MeOH (50 mL) was bubbled with dry N2 gas for 10 min to
remove oxygen. Subsequently, solid [Fe(AcO)(RR-cth)](PF6) (544 mg, 1.0 mmol)
and [Co(AcO)(SS-cth)](PF6) (547 mg, 1.0 mmol) were added to the solution, and
the reaction mixture was heated at 60 °C for 30 min. A hot solution of KPF6 (276
mg, 1.5 mmol) in H2O (30 mL) was added to this dark-red solution. The mixture
was slowly cooled and then kept at room temperature. After two days, a brown
precipitate of [(Fe(RR-cth))(Co(SS-cth))(μ-dhbq)](PF6)2 was collected by filtration
and washed with H2O and cold MeOH (630 mg, yield = 56%).

Synthesis of [(Fe(RR-cth))(Co(SS-cth))(μ-dhbq)](PF6)3, 1(PF6)3. Solid AgPF6
(76 mg, 0.3 mmol) and H2O (1 mL) were added to a solution of [(Fe(RR-cth))(Co
(SS-cth))(μ-dhbq)](PF6)2 (335 mg, 0.3 mmol) dissolved in acetone (60 mL). After
stirring for 10 min, the mixture was filtered to remove Ag. The filtrate was eva-
porated to dryness under reduced pressure, and crude 1(PF6)3 was collected as a
brown solid and washed with a small amount of H2O. The crude product was
recrystallized from a mixed solvent of several drops of MeCN and hot H2O/MeOH
to afford dark-red plate-like single crystals suitable for structural analysis (274 mg,
yield = 72.9%). Elemental analysis calcd. for C38H74N8O4F18P3FeCo: C: 36.2, H:
5.8, N: 8.65, Fe: 4.44, Co: 4.69; found: C: 36.41, H: 5.94, N: 8.92, Fe: 4.48, Co: 4.72;
ESI MS (Supplementary Fig. 1): m/z = 1111.5 [1(PF6)2]+ (calcd for
C38H74N8O4F12P2FeCo: 1111.75).

X-ray Spectroscopy. X-ray spectroscopy measurements were performed at the
Stanford Synchrotron Radiation Lightsource (SSRL), operated at 3 GeV with an
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Fig. 7 Variable-temperature Mössbauer spectroscopy of the [FeCo]
crystals. Temperature-dependent Mössbauer spectra of 1(PF6)3 between
the temperature range from 300 to 25 K. Spin transition is observed at
approximately 90 K. Upon heating above the spin transition temperature,
the quadrupole splitting (QS) value is getting larger, which suggests that the
contribution of the C[Fe2+HS–dhbq2−–Co3+LS] state increases with
temperature at the high-temperature phase.
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electron beam current of 500 mA. The measured samples were maintained between
10 K and 270 K using an Oxford Instruments CF1208 continuous flow liquid
helium cryostat. Orientation averaged powder samples were mixed in boron nitride
to alleviate self-absorption effects. Monochromator energy calibration was per-
formed using the first inflection point of an Fe foil set to 7111.2 eV and Co foil set
to 7713.0 eV.

Fe K-edge X-ray absorption near edge structure (XANES) measurements were
performed at beamline 9-3. The measurements were performed in transmission
mode with N2-filled ionization chambers and fluoresce measurements were
collected at 90° to the incident beam using a total fluoresce diode with Soller slits
and a Mn filter between the sample and the Soller slits. During measurement, the
data in the Fe and Co K-edge and K pre-edge regions were continuously monitored
in order to ensure sample integrity by comparing each individual scan to ones
taken previously and minimal photodamage was observed. To minimize
contributions from photodamaged product, different spots along the samples were
scanned. The spin transition observed in variable temperature Fe K-edge XANES
was confirmed to be reversible through a complete heating cooling cycle. Fe high
energy resolution fluorescence detected (HERFD) X-ray spectroscopy
measurements were performed at the undulator beamline 15-2. A double-crystal
monochromator equipped with Si(311) crystals was used to select the energy with a
resolution (ΔE/E) of ~10−5 and two Rh-coated Kirkpatrick-Baez mirrors set a 3.5
mrad delivered a 45-µm (v) x 800-µm (h) X-ray beam to the sample position. The
(440) Bragg reflection of five Ge(110) crystals arranged in a 1 m Rowland geometry
were used to select the emission energy with a single element silicon drift detector
used to measure the X-ray emission53. The emitted beam path was enclosed by a
He-filled bag to reduce the signal attenuation. A liquid He cooled cryostat for
measurements at different temperatures was used. To avoid radiation damage, a
sample stage that is equipped with motors to allow for horizontal and vertical
movement for multiple sampling positions was employed. Radiation damage was
carefully monitored through consecutive scans at the same spot and the exposure
time/dose per irradiated spot was kept well below the levels required for noticeable
beam-induced spectral alterations. For each HERFD spectrum the emission
detector energy was set to the maximum of the Fe Kα1 emission line, 6404.52 eV
for FeLS and 6404.8 eV for FeHS.

Pre-edge peak fitting for both the XANES and HERFD results were performed
using a Pearson VII line shapes with a fixed 50:50 ratio of Lorentzian to Gaussian
functions where the energy positions, the full width half maximum and the peak
heights were varied using a non-linear least squares fitting routine. The normalized
XANES pre-edge intensity is defined as the total pre-edge peak area determined by
trapezoidal numerical integration of the fitted peaks, multiplied by 100, where the
post-edge of the XANES is normalized to unity.

Pyroelectric measurements. Pyroelectric measurements were performed via con-
tinuous temperature ramping technique with Keithley 6517B electrometer and a
Quantum Design MPMS-XL chamber to control the temperature54. The single-
crystal sample (surface area of 0.3036 mm2) was sandwiched by silver and carbon
paste on its (010) and (0-10) surfaces to determine the direction of the pyroelectric
current (Supplementary Fig. 4). Data were also recorded on a crystal piece sand-
wiched by silver paste on both of its sides (Fig. 3) and the results are consistent. No
electric field was applied to the sample. The measurement temperature was
restricted between 10 and 300 K under a helium gas flow. The measurements were
conducted at a temperature sweep rate of 5 Kmin−1. Pyroelectric property by
continuous oscillation mode54 was performed in helium gas using a heat-exchange-
gas-type cryostat. Temperature modulation was generated using a diode laser with a
wavelength of 520 nm modulated at a frequency of 0.1 Hz. The power density at the
sample surface was 1.6 mWmm−2. The induced pyroelectric current was converted
to the voltage signal with Stanford Research Systems SR570 current preamplifier
and recorded with Signal Recovery 7256 dual-phase digital lock-in amplifier.

Data availability
The supplementary crystal data can be obtained free of charge from the Cambridge
Crystallographic Data Centre (www.ccdc.cam.ac.uk/data_request/cif) using identifiers
CCDC 2025869-2025876. The authors declare that data supporting the findings of this
study are available within the paper and its supplementary information files. Further data
are available from the corresponding authors upon reasonable request.

Received: 14 February 2021; Accepted: 21 July 2021;

References
1. Sato, O. Dynamic molecular crystals with switchable physical properties. Nat.

Chem. 8, 644–656 (2016).
2. Yam, V. W.-W., Chan, A. K.-W. & Hong, E. Y.-H. Charge-transfer processes

in metal complexes enable luminescence and memory functions. Nat. Rev.
Chem. 4, 528–541 (2020).

3. Wang, Z. et al. Light-induced pyroelectric effect as an effective approach for
ultrafast ultraviolet nanosensing. Nat. Commun. 6, 8401 (2015).

4. Tezgerevska, T., Alley, K. G. & Boskovic, C. Valence tautomerism in metal
complexes: stimulated and reversible intramolecular electron transfer between
metal centers and organic ligands. Coord. Chem. Rev. 268, 23–40 (2014).

5. Lang, S. B. & Muensit, S. Review of some lesser-known applications of
piezoelectric and pyroelectric polymers. Appl. Phys. A 85, 125–134 (2006).

6. Hossain, A. & Rashid, M. H. Pyroelectric detectors and their applications.
IEEE Trans. Ind. Appl. 27, 824–829 (1991).

7. He, H. et al. Advances in lead-free pyroelectric materials: a comprehensive
review. J. Mater. Chem. C. 8, 1494–1516 (2020).

8. Gatteschi, D. Molecular magnetism: a basis for new materials. Adv. Mater. 6,
635–645 (1994).

9. Sato, O., Tao, J. & Zhang, Y.-Z. Control of magnetic properties through
external stimuli. Angew. Chem. Int. Ed. 46, 2152–2187 (2007).

10. Guo, F.-S. et al. Magnetic hysteresis up to 80 kelvin in a dysprosium
metallocene single-molecule magnet. Science 362, 1400–1403 (2018).

11. Coronado, E. Molecular magnetism: from chemical design to spin control in
molecules, materials and devices. Nat. Rev. Mater. 5, 87–104 (2020).

12. Pandya, S. et al. New approach to waste-heat energy harvesting: pyroelectric
energy conversion. NPG Asia Mater. 11, 26 (2019).

13. Bowen, C. R. et al. Pyroelectric materials and devices for energy harvesting
applications. Energy Environ. Sci. 7, 3836–3856 (2014).

14. Bowen, Chris R. et al. Pyroelectric Energy Harvesting: Materials and
Applications. In Ferroelectric materials for energy applications (ed. Huang, H.
& Scott, J. F.) (Wiley-VCH, Germany, 2018).

15. Lines, M. E. G. & Glass, A. M. Principles and applications of ferroelectrics and
related materials (Oxford Univ. Press, New York, 1977).

16. Sworakowski, J. Ferroelectricity and related properties of molecular solids.
Ferroelectrics 128, 295–306 (1992).

17. Ishihara, S. Electronic ferroelectricity in molecular organic crystals. J. Phys.
Condens. Matter 26, 493201 (2014).

18. Katrusiak, A. & Szafrański, M. Ferroelectricity in NH···N hydrogen bonded
crystals. Phys. Rev. Lett. 82, 576–579 (1999).

19. Miyajima, D. et al. Ferroelectric columnar liquid crystal featuring confined
polar groups within core-shell architecture. Science 336, 209–213 (2012).

20. Yamamoto, K. et al. Strong optical nonlinearity and its ultrafast response
associated with electron ferroelectricity in an organic conductor. J. Phys. Soc.
Jpn. 77, 074709 (2008).

21. Takehara, R. et al. Revisited phase diagram on charge instability and lattice
symmetry breaking in the organic ferroelectric TTF-QCl4. Phys. Rev. B 98,
054103 (2018).

22. Kobayashi, K. et al. Electronic ferroelectricity in a molecular crystal with large
polarization directing antiparallel to ionic displacement. Phys. Rev. Lett. 108,
237601 (2012).

23. Boskovic, C. Valence tautomeric transition in cobalt-dioxolene complexes. In
Spin-Crossover Materials: Properties and Application (ed. Halcrow, M. A.)
(John Wiley & Sons, Ltd, UK, 2013).

24. Li, L. et al. High pyroelectric performance due to ferroelectric–antiferroelectric
transition near room temperature. J. Mater. Chem. C. 8, 7820–7827 (2020).

25. Wu, S.-Q. et al. Macroscopic polarization change via electron transfer in a
valence tautomeric cobalt complex. Nat. Commun. 11, 1992 (2020).

26. Editorial, A century of ferroelectricity. Nat. Mater. 19, 129 (2020).
27. Horiuchi, S. & Tokura, Y. Organic ferroelectrics. Nat. Mater. 7, 357–366 (2008).
28. Scott, J. F. Applications of modern ferroelectrics. Science 315, 954–959 (2007).
29. Yang, M.-M. et al. Piezoelectric and pyroelectric effects induced by interface

polar symmetry. Nature 584, 377–381 (2020).
30. Himmel, H.-J. Valence tautomerism in copper coordination chemistry. Inorg.

Chim. Acta 481, 56–68 (2018).
31. Ando, I., Fukuishi, T., Ujimoto, K. & Kurihara, H. Oxidation states and redox

behavior of ruthenium ammine complexes with redox-active dioxolene
ligands. Inorg. Chim. Acta 390, 47–52 (2012).

32. Perutz, M. F. Atomic structures of oxymyoglobin and oxyhaemoglobin and the
cooperative mechanism of oxygen binding. Inorg. Chim. Acta 79, 2–3 (1983).

33. Kanegawa, S. et al. Directional electron transfer in crystals of [CrCo] dinuclear
complexes achieved by chirality-assisted preparative method. J. Am. Chem.
Soc. 138, 14170–14173 (2016).

34. Dei, A., Gatteschi, D., Pardi, L. & Russo, U. Tetraoxolene radical stabilization by
the interaction with transition-metal ions. Inorg. Chem. 30, 2589–2594 (1991).

35. Carbonera, C., Dei, A., Létard, J.-F., Sangregorio, C. & Sorace, L. Thermally
and light-induced valence tautomeric transition in a dinuclear
cobalt–tetraoxolene complex. Angew. Chem. Int. Ed. 43, 3136–3138 (2004).

36. Floquet, S. et al. Spin crossover of ferric complexes with catecholate
derivatives. Single-crystal X-ray structure, magnetic and Mössbauer
investigations. Dalton Trans. 34, 1734–1742 (2005).

37. Simaan, A. J., Boillot, M.-L., Rivière, E., Boussac, A. & Girerd, J.-J. A two-step
spin crossover in [(TPA)FeIII(cat)]BPh4. Angew. Chem. Int. Ed. 39, 196–198
(2000).

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-021-25041-4

8 NATURE COMMUNICATIONS |         (2021) 12:4836 | https://doi.org/10.1038/s41467-021-25041-4 | www.nature.com/naturecommunications

http://www.ccdc.cam.ac.uk/data_request/cif
www.nature.com/naturecommunications


38. Schmidt, R. D., Shultz, D. A. & Martin, J. D. Magnetic bistability in a cobalt bis
(dioxolene) complex: long-lived photoinduced valence tautomerism. Inorg.
Chem. 49, 3162–3168 (2010).

39. Tao, J., Maruyama, H. & Sato, O. Valence tautomeric transitions with thermal
hysteresis around room temperature and photoinduced effects observed in a
cobalt−tetraoxolene complex. J. Am. Chem. Soc. 128, 1790–1791 (2006).

40. Gütlich, P., Gaspar, A. B. & Garcia, Y. Spin state switching in iron
coordination compounds. Beilstein J. Org. Chem. 9, 342–391 (2013).

41. DeGayner, J. A., Wang, K. & Harris, T. D. A ferric semiquinoid single-chain
magnet via thermally-switchable metal–ligand electron transfer. J. Am. Chem.
Soc. 140, 6550–6553 (2018).

42. Dei, A., Gatteschi, D., Sangregorio, C. & Sorace, L. Quinonoid metal
complexes: toward molecular switches. Acc. Chem. Res. 37, 827–835 (2004).

43. Kepler, R. G. Ferroelectric, pyroelectric and piezoelectric properties of poly
(vinylidene fluoride). In Ferroelectric Polymers: Chemistry, Physics and
Applications (ed. Nalwa, H. S.) (Marcel Dekker, Inc, New York, 2005).

44. Daglish, M. A dynamic method for determining the pyroelectric response of
thin films. Integr. Ferroelectr. 22, 473–488 (1998).

45. Garn, L. E. & Sharp, E. J. Use of low‐frequency sinusoidal temperature waves
to separate pyroelectric currents from nonpyroelectric currents. Part I.
Theory. J. Appl. Phys. 53, 8974–8979 (1982).

46. Li, G.-L. et al. Influence of intermolecular interactions on valence tautomeric
behaviors in two polymorphic dinuclear cobalt complexes. Chem. Eur. J. 22,
17130–17135 (2016).

47. Baker, M. L. et al. K- and L-edge X-ray absorption spectroscopy (XAS) and
resonant inelastic X-ray scattering (RIXS) determination of differential orbital
covalency (DOC) of transition metal sites. Coord. Chem. Rev. 345, 182–208 (2017).

48. Girerd, J. J., Boillot, M. L., Blain, G. & Rivière, E. An EPR investigation of the
electronic structure of pseudo-octahedral and spin crossover catecholato-iron
(III) complexes in the low-spin state. Inorg. Chim. Acta 361, 4012–4016
(2008).

49. Westre, T. E. et al. A multiplet analysis of Fe K-Edge 1s → 3d pre-edge
features of iron complexes. J. Am. Chem. Soc. 119, 6297–6314 (1997).

50. Wilson, S. A. et al. Iron L-edge X-ray absorption spectroscopy of oxy-picket
fence porphyrin: experimental insight into Fe–O2 bonding. J. Am. Chem. Soc.
135, 1124–1136 (2013).

51. Wasinger, E. C. et al. X-ray absorption spectroscopic investigation of the
resting ferrous and cosubstrate-bound active sites of phenylalanine
hydroxylase. Biochemistry 41, 6211–6217 (2002).

52. Tait, A. M., Busch, D. H. & Curtis, N. F. 5,5,7,12,12,14-Hexamethyl-1,4,8,11-
tetraazacyclo-tetradecane (5,5,7,12,12,14-Me6[14]Ane-1,4,8,11-N4) complexes.
Inorg. Synth. 18, 10–17 (1978).

53. Sokaras, D. et al. A seven-crystal Johann-type hard x-ray spectrometer at the
Stanford synchrotron radiation lightsource. Rev. Sci. Instrum. 84, 053102
(2013).

54. Lubomirsky, I. & Stafsudd, O. Invited review article: practical guide for
pyroelectric measurements. Rev. Sci. Instrum. 83, 051101 (2012).

Acknowledgements
This work was supported by JSPS KAKENHI Grant Numbers JP20H00385, JP18K05057,
JP21K05085, JP21K05086, JP20K05421, JST-CREST JPMJCR15P5, JST-Mirai

JPMJMI18A2 and the MEXT Project of “Integrated Research Consortium on Chemical
Sciences”. The synchrotron radiation experiments were performed at the BL02B1 of
SPring-8 with the approval of the Japan Synchrotron Radiation Research Institute
(JASRI) (Proposal No. 2019B1272, 2020A1124, 2021A1070). Use of the Stanford Syn-
chrotron Radiation Lightsource, SLAC National Accelerator Laboratory, is supported by
the U.S. Department of Energy, Office of Science, Office of Basic Energy Sciences under
Contract No. DE-AC02-76SF00515. A part of this work was performed with the aid of
Instrument Center, Inst. Mol. Sci. Okazaki.

Author contributions
O.S. and S.K. supervised the project. P.S., J.I.L. and T.N. carried out synthetic and
crystallographic experiments. Pyroelectric measurement was performed by K.G., J.I.L.,
S.K. and K.Y. M.L.B. measured the XANES spectra. M.L.B., T.K. and D.S. measured and
analyzed the HERFD spectra. A.O. and N.K. undertook the spectra of Mössbauer. H.O.
and A.S. performed the IR measurements. S.-Q.W., Y.S. and K.Y. have carried out
theoretical analysis. S.-Q.W., P.S., S.K. and O.S. discussed and co-wrote the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41467-021-25041-4.

Correspondence and requests for materials should be addressed to S.K. or O.S.

Peer review information Nature Communications thanks the anonymous reviewer(s) for
their contribution to the peer review of this work. Peer reviewer reports are available.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2021

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-021-25041-4 ARTICLE

NATURE COMMUNICATIONS |         (2021) 12:4836 | https://doi.org/10.1038/s41467-021-25041-4 | www.nature.com/naturecommunications 9

https://doi.org/10.1038/s41467-021-25041-4
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications
www.nature.com/naturecommunications

	Manipulating electron redistribution to achieve electronic pyroelectricity in molecular [FeCo] crystals
	Results and discussion
	Synthesis and structural characterization
	Magnetic properties
	Pyroelectric properties
	Infrared spectroscopy
	X-ray absorption and Mössbauer spectroscopy

	Methods
	Synthesis of enantiopure [Fe(AcO)(RR-cth)](PF6)
	Synthesis of enantiopure [Co(AcO)(SS-cth)](PF6)
	Synthesis of [(Fe(RR-cth))(Co(SS-cth))(μ-dhbq)](PF6)2
	Synthesis of [(Fe(RR-cth))(Co(SS-cth))(μ-dhbq)](PF6)3, 1(PF6)3
	X-ray Spectroscopy
	Pyroelectric measurements

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




