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Materials and Methods

Synthesis of enantiopure [Zn(AcO)(RR-cth)](PFs): A mixture of Zn(AcO). (550 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 NHsPFs (540 mg, 3.3 mmol) was added to the solution.
[Zn(AcO)(RR-cth)](PFe) then gradually precipitated within an hour. After the reaction mixture was
cooled in an ice-bath, the precipitate was collected by filtration and washed with cold EtOH
followed by Et20.

Synthesis of [(Co(SS-cth))(Zn(RR-cth))(u-dhbq)](PFs)2: This compound was synthesized by
sequential addition of equimolar [Co(AcO)(SS-cth)](PFs) and [Zn(AcO)(RR-cth)](PFe) in the basic
solution of 3,5-dihydroxy-1,4-benzoquinone in the same manner as described for the synthesis of
[(Fe(RR-cth))(Co(SS-cth))(x-dhbq)](PFe)2.

Synthesis of [(Co(SS-cth))(Zn(RR-cth))(x-dhbq)](PFs)s: To a solution of [(Co(SS-cth))(Zn(RR-
cth))(u-dhbq)](PFs)2 (0.3 mmol) dissolved in MeCN (60 ml), solid AgPFe (76 mg, 0.3 mmol) and
H20 (1 ml) were added. After stirring for 10 min, the mixture was filtered to remove Ag. The filtrate
was evaporated to dryness under reduced pressure and the crude product was collected as a solid
and washed with a small amount of H.O. The crude product was recrystallized from a mixed solvent
of several drops of MeCN and hot H.O/MeOH to afford crystals suitable for pyroelectric
measurements. Elemental analysis calcd. for CasH7aNgOsF18P3ZnCo: C: 36.04, H: 5.89, N: 8.85;
found: C: 36.04, H: 5.95, N: 8.86. ESI MS (Supplementary Fig. 11): m/z = 1121.3 {[ZnCo](PFe)2}"
(calcd for C3gH74NgO4ZNCoP2F12: 1121.11).

X-ray diffraction measurements and crystal structural determination

Diffraction data were collected at 60 K under a helium gas stream and at 100, 150, 200, 250, and
300 K under a cold nitrogen gas stream on a Rigaku FR-E+ diffractometer equipped with a HyPix-

6000 area detector and multi-layer mirror monochromated Mo-K ¢ radiation (1 = 0.71073 A). The



structures were solved by a direct method and refined via full-matrix least-squares on F? using the
SHELX program* implemented in the OLEX2 program*® with anisotropic thermal parameters for
all non-hydrogen atoms. The hydrogen atoms were geometrically added and refined by the riding
model.

Magnetic measurements

Magnetic susceptibility measurements were performed on a quantum design SQUID magnetometer
(MPMS-5S). Polycrystalline samples (ca. ~10 mg) were loaded into a gelatin capsule, which was
fixed on a sample rod with a plastic straw. Measurements were conducted with H = 1000 Oe in the
temperature range of 5-300 K.

Mossbauer spectroscopy

The >’Fe Mossbauer spectra were recorded on a constant acceleration spectrometer with a >’Co/Rh
source in the transmission mode. The measurements were performed in a closed-cycle helium
refrigerator (Iwatani Industrial Gases Corp.) and a conventional Mossbauer spectrometer (Topologic
Systems). All isomer shifts are reported relative to a-Fe at room temperature. The Mdssbauer
spectra were fitted with the least-squares fitting program MossWinn 4.0.

IR spectroscopy

Temperature-dependent IR spectra were recorded by using an FT-IR spectrophotometer (VERTEX
70, Bruker) equipped with a closed-cycle helium refrigerator cryostat (Nagase Techno-Engineering).
The ground-powdered samples were held between grained and flat CaF: plates.

Density functional theory (DFT) calculations

DFT calculations for the [FeCo] dinuclear complex in the singlet, triplet, quintet and septet spin
states were performed by unrestricted DFT (UDFT) implemented in the Gaussian 09 program
package’. To remove structural inaccuracies from incomplete spin transitions mentioned above, the
DFT-optimized structures were used to compare the relative energies of different spin states and

their corresponding vibrational spectra. For the Fe and Co atoms, the (14s9p5d)/[9s5p3d] primitive



set of the Wachters—Hay basis®'? with one polarization f-function was used, and for the H, C, N,
and O atoms, the D95 basis set’® was used. Whereas the relative energies of different spin states
play a notable role in a multi-spin system, it is well known that DFT methods are less accurate at
predicting small energy gaps between different spin states. The B3LYP functional®® is often used to
predict the geometry and spectroscopic properties of systems containing transition metals; however,
this tends to overestimate the stability of the high-spin state®*. Conversely, calculations based on the
pure functional tend to overestimate the stability of the low-spin state. We used the B3LYP* hybrid
functional for the calculations for the estimation of accurate energy differences between different
spin states. This functional is a re-parameterized version of the B3LYP hybrid functional originally
suggested by Reiher and coworkers>. Vibrational analyzes were performed for all spin states to
ensure that no imaginary frequencies existed for all optimized geometries. The calculated IR spectra

were scaled by 0.985 for comparison with the experimental results.
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Supplementary Fig. 1 | ESI-MS spectrum of 1(PFs)s in acetone. (a) The spectrum exhibits
the molecular peak of [1(PFs)2]* (m/z = 1111.5). (b) Isotopic distribution simulation of
[[FeCo](PFe)2]" (C3sgH72NgO4FeCoP2F12). () Simulation of the mixture
[[FeCo](PFe)2]"/[[FeFe](PFs)2]*/[[CoCo](PFs)2]" = 1.00/0.27/0.46. It should be noted that, even
though [FeFe] and [CoCo] species are generated in solution, the selective crystallization of the
[FeCo] species is supported by magnetometry and Co K-edge X-ray absorption spectroscopy.
Indeed, there is no sign of valence tautomeric behavior from [CoCo] species in both

measurements.
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Supplementary Fig. 2 | Changes in metal-ligand bond lengths with temperature for

1.88

complex 1(PFs)s (Numbers associated with O and N represent corresponding atoms in

CIF).
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Supplementary Fig. 3| (a) Schematic indication of the specific bonds for complex 1(PFe)s.

(b) Changes in some specific C—C and C-O bond lengths with temperature for complex

1(PFe)s.
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Supplementary Fig. 4 | Characterization of reference compound [ZnCo](PFe)3]. (a)
Molecular structure and calculated dipole moment of [(Zn(RR-cth))(Co(SS-cth)(u-
dhbq)](PFe)3: [ZnCo](PFe)s. (b) Molecular packing of [ZnCo](PFe)s. [Zn(green), Co(blue),
O(red), C(gray)] (c) Temperature dependence of magnetic susceptibilities displayed as a plot

of ym vs T. (d) Temperature dependence of the pyroelectric coefficient for [ZnCo](PFs)3.
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Supplementary Fig. 5 | Variable-temperature infrared absorption spectra in the range of

900-1600 cm™ for a temperature range from 299 to 7 K.
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Supplementary Fig. 6 | Infrared (IR) spectrum recorded at 7 K (top) as compared to the
calculated spectra for possible electronic configurations (bottom). LSFe3-triplet and
LSFe3-AF singlet represent the ferromagnetically and antiferromagnetically coupled [Fe3* s—
dhbg® —Co%* <] states, respectively. LSFe2-singlet represents the [Fe?* s—dhbg? —Co3*Ls] state

(the calculated IR spectra were scaled by 0.985 for comparison with the experimental results).
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Supplementary Fig. 7 | Experimental difference infrared (IR) absorption of 1(PFs)s
during and after the abrupt transition process (top) and calculated difference IR spectra
(bottom). The experimental data was calculated as the difference between the spectra recorded
at (a) 100 and 80 K and at (b) 298 and 100 K. HSFe3, HSFe2, and LSFe3 represent the [Fe*ns—
dhbg® —Co®"s], [Fe? ns—dhbg? —Co%*.s] and [Fe3* .s—dhbg®—Co®" 5] states, respectively. The
averaged difference of absorption was calculated as the mean value of the difference absorption
of the [Fe* ns—dhbg® —Co%*Ls] and [Fe®* s—dhbg®—Co®'is] states and that of the [Fe?*ns—
dhbg? —Co%*"s] and [Fe**Ls—dhbg®> —Co%* 5] states. It should be noted that the AF [Fe3*ns—



dhbg®—Co%*.s] state observed experimentally could not be obtained at the level of our DFT
calculations. To simulate the change in IR absorption from the electron transfer behavior, the
IR absorption of the ferromagnetically coupled [Fe**ns—dhbg® —Co% 5] (S = 3) was calculated
following the same methodology. It was found that the IR changes during the abrupt transition
process are consistent with both “pure” spin crossover and electron transfer-coupled spin
transition behavior (a). On the contrary, the calculated electron transfer feature is in good
agreement with the experimental ones, further supporting our assumption that there is a
continuous electron transfer process occurring after the abrupt transition process (b). (The

calculated IR spectra were scaled by 0.985 for comparison with the experimental results).
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Supplementary Fig. 8 | (a) Variable-temperature HERFD-XANES measurement of
1(PFe)s3. (b) HERFD-XANES pre-edge structure measurement of 1(PFs)s. (c) stacked
diagram of HERFD-XANES pre-edge structure derived from (b).
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Supplementary Fig. 9 | Temperature dependent Mdssbauer spectra of 1(PFs)s between the
temperature range of 300 to 25 K. Spin transition is observed at approximately 90 K. Upon
heating above spin transition temperature, the QS value is slightly getting larger, which
suggests that the contribution of [Fe?"ns—dhbg?>-Co%*s] state increases with increasing

temperature at the high temperature phase.
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Supplementary Fig. 10 | Variable-temperature infrared absorption change at

characteristic wavenumbers for complex 1(PFe)s.
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Supplementary Fig. 11 | ESI-MS spectrum of [ZnCo](PFs)s in acetone. (a) The spectra
exhibit the molecular peak of the [ZnCo](PFs)s (m/z = 1121.3). (b) Isotopic distribution
simulation of [[ZnCo](PFe)2]"(CasH74NgO4ZnCoP2F12).



Supplementary Table 1 | Elemental analysis for 1(PFs)3

Metal elemental analysis:

Co Fe
1t analysis 4.72 4.49
2" analysis 4.71 4.47
Average value 4.72 4.48
The composition ratio:
Co Fe
1t analysis 0.998 1
2nd analysis 0.999 1
Average value 0.998 1




Supplementary Table 2 | Crystallographic Data Collection and Structural Refinement

Information for 1(PFe)s3

1(PFe)3
Fi:rgfr:liﬁgl CagH7aCoF18FeNsO4P3
Formula Weight 1256.74
Temperature(K) 60 100 150 200 250 300
Crystal System monoclinic monoclinic monoclinic monoclinic monoclinic | monoclinic
Lattice Type Primitive Primitive Primitive Primitive Primitive Primitive
Space group P2:1(#4) P2:1(#4) P21(#4) P21(#4) P21(#4) P21(#4)
a(A) 8.8140(7) 8.8712(3) 8.8898(3) 8.9174(3) 8.9381(3 8.9724(4)
b(A) 29.745(2) 30.2203(9) 30.2852(9) 30.3617(8) 30.4465(8 | 30.5418(9)
c(R) 10.1654(8) | 10.1450(3) 10.1741(3) 10.2057(3) | 10.2227(4 | 10.2409(4)
a(deg.) 90 90 90 90 90 90
b(deg.) 110.057(8) 110.049(4) 110.058(4) 110.037(4) 110.053(4 | 110.044(4)
g(deg.) 90 90 90 90 90 90
V (A3 2503.5(4) 2554.96(15) | 2573.02(15) 2595.92(15) | 2613.29(16 | 2636.36(19)
Z value 2 2 2 2 2 2
Deate(g/cm3) 1.667 1.634 1.622 1.608 1.597 1.583
radiation MoKa (A =0.71073)
R1 (1>2.00s(1)) 0.0485 0.0525 0.0523 0.0508 0.0508 0.0544
wR: (all) 0.1399 0.1301 0.1302 0.1308 0.1308 0.153
GOF 1.094 1.047 1.046 1.058 1.057 1.056
Flack parameter 0.15(2) 0.032(7) 0.039(9) 0.032(8) 0.034(8) 0.037(8)
CCDC 2025869 2025870 2025871 2025872 2025873 2025874

3Ry = X|IFo| — [Fcll/Z[Fo. R, = [Z{w(Fo? — Fc?)?}/Z {w(Fo?)?}]?




Supplementary Table 3 | Selected Bond Lengths (A) for 1(PFe)s

1(PFe)3
60 K 100 K 150 K 200 K 250 K 300 K
Fel-O1 (A) 1.904(5) 1.987(4) 2.009(4) 2.024(3) 2.035(4) 2.059(4)
Fe1-02 (A) 1.904(5) 1.991(5) 2.006(4) 2.021(4) 2.042(4) 2.048(4)
Fel-N1 (A) 2.038(5) 2.109(5) 2.124(5) 2.130(4) 2.135(5) 2.129(4)
Fel-N2 (A) 2.060(5) 2.145(5) 2.155(5) 2.162(4) 2.168(5) 2.164(5)
Fel-N3 (A) 2.026(5) 2.122(5) 2.139(5) 2.140(5) 2.133(4) 2.143(5)
Fel-N4 (A) 2.045(5) 2.143(5) 2.156(5) 2.165(5) 2.165(5) 2.173(5)
Co1-03 (A) 1.893(4) 1.893(4) 1.895(4) 1.901(4) 1.891(4) 1.905(4)
Co1-04 (A) 1.891(5) 1.891(5) 1.889(4) 1.893(4) 1.904(4) 1.891(4)
Co1-N5 (A) 1.987(5) 1.979(5) 1.980(5) 1.983(4) 1.996(5) 1.988(5)
Co1-N6 (A) 2.015(5) 2.020(5) 2.023(5) 2.024(5) 2.030(5) 2.023(5)
Col-N7 (A) 2.012(5) 1.996(5) 1.991(5) 1.993(5) 1.985(4) 1.990(5)
Co1-N8 (A) 2.026(5) 2.024(5) 2.025(5) 2.029(5) 2.022(5) 2.032(5)




Supplementary Table 4 | >’Fe Mdéssbauer spectral parameters for 1(PFe)s. IS (isomer
shift), QS (quadrupole splitting) and LW (line width).

Asymmetric doublet (high-temperature phase)

Symmetric doublet (low-temp. phase)

T Fraction IS QS LW (left/right) Fraction IS QS Lw
(K) (%) (mms?) (mms?) (mms?) (%) (mms?) (mms?) (mms™)
300 100 0.715(2) 2.117(2) 0.298(8)/0.339(9) O

250 100 0.712(2) 2.139(2) 0.340(7)/0.387(8) O

225 100 0.715(2) 2.121(2) 0.348(6)/0.412(7) 0

200 100 0.710(2) 2.077(2) 0.363(6) /0.431(7) 0

175 100 0.707(2) 2.019(2) 0.335(4) /0.418(5) 0

150 100 0.702(2) 1.928(2) 0.350(4) /0.441(6) 0

125 100 0.690(2) 1.828(2) 0.390(4)/0.529(6) O

100 88(2) 0.705(2) 1.851(2) 0.466(8)/0.628(11) 12(2) 0.26(3) 0.55(5) 0.65(10)
96 93(2) 0.714(3) 1.960(3) 0.465(10)/0.60(2) 7(2)  0.39(3) 0.75(6) 0.42(9)
92 91(2) 0.708(3) 1.973(3) 0.477(10)/0.61(2) 9(2) 0.39(4) 0.69(7) 0.54(11)
88 72(3) 0.695(5) 2.050(5) 0.42(2) /0.56(2) 28(3) 0.521(13) 1.27(3)  0.50(4)
84 41(3)  0.642(10) 2.148(10) 0.33(2) /0.62(4)  59(3)  0.464(5) 1.463(13) 0.45(2)
80 26(2) 0.61(2) 2.18(2) 0.27(2) /0.71(7) 74(2) 0.438(3) 1.530(8) 0.403(10)
75 0 100 0.418(13) 1.644(3) 0.365(4)
50 0 100 0.4145(8) 1.662(2) 0.335(2)
25 0 100 0.4140(9) 1.664(2) 0.362(3)




Supplementary Table 5 | Crystallographic Data Collection and Structural Refinement

Information for [ZnCo](PFe)s3

[ZnCo](PFe)3
I:T:rgfr:liﬁgl CssH74CoF18ZnNsO4P3
Formula Weight 1266.26
Temperature(K) 100 250
Crystal System monoclinic monoclinic
Lattice Type Primitive Primitive
Space group P2:1(#4) P2:1(#4)
a(A) 8.8920(2) 8.9675(3)
b(A) 30.4196(5) 30.5614(6)
c(A) 10.2096(3) 10.1886(3)
a(deg.) 90 90
b(deg.) 110.326(3) 110.067(4)
g(deg.) 90 90
V (A% 2589.64(12) | 2622.77(14)
Z value 2 2
Deaic(g/cm?®) 1.624 1.603
radiation MoKa (A =0.71073)
R1 (1>2.00s(1)) 0.0389 0.0368
wWR2 (all) 0.0998 0.0968
GOF 1.027 1.057
Flack parameter 0.010(4) 0.001(4)
CCDC 2025875 2025876

3Ry = X[IFo| — [Fcll/Z[Fo. R, = [Z{w(Fo? — Fc?)?}/Z {w(Fo?)?}]?
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