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1. Synthesis and Structural Characterisation
Materials and methods: N-Ethylethylenediamine (98 %), 3-Ethoxysalicylaldehyde (97 %),
Fe(II) nitrate (97 %), and solvents were used without further purification and purchased from
merck, abcr, chemlab and honeywell. FTIR spectra were obtained on a Buker Invenio-S fourier
transform infrared spectrometer in the 400-4000 cm™!' range with 4 cm! resolution using KBr
pellets. Elemental analysis (EA) for C, H and N were performed with a Truspec Micro CHNS
630 200 200 elemental analyzer at the Department of Chemistry, University of Aveiro. Analysis
parameters: sample amount 1.3 - 2.0 mg; combustion furnace temperature 1075 °C; afterburner
temperature 850 °C. Detection method: C, H and S through infrared absorption; N by thermal
conductivity. Gases required: combustion - oxygen; carrier helium; pneumatic - compressed air.

Synthesis of [Fe(3-EtO-salEen),]NO; (1): 3-Ethoxysalicylaldehyde (332 mg, 2 mmol) was
added to a solution of N-Ethylethylenediamine (210 pL, 2 mmol) in methanol (20 mL) and left
under stirring for 15 min to yield a light-yellow solution. Iron(III) nitrate (404 mg, 1 mmol) was
added to the previous reaction mixture and left under stirring for 1:30 h. The solution immediately
turned dark blue. Afterwards, the solution was filtered, and a dark blue precipitate was obtained.
The deep dark blue solid obtained was recrystallized by slow evaporation in an acetonitrile
solution and dark crystals were obtained (143 mg, 0.24 mmol) with a yield of 24 %. IR (KBr):
v, w/em': 3173 (YNH, m), 2986-2871 (VCH, m), 1626 (VC=N, s), 1597 (VC=C, w), 1385 (VNOs,
s). Elemental Anal. Calcd (%) for C,sH33FeNsO;: C, 53.07; H, 6.51; N, 11.90. Found: C, 52.84;
H, 6.45; N, 11.77%.

Physical Measurements: Magnetisation measurements as a function of temperature were
performed using a SQUID magnetometer (Quantum Design MPMS). The curves were obtained
at 1000 Oe for temperatures ranging between 10 and 370 K. Several sequences of cooling and
heating were performed using a scan rate of 5 K min! and measurements were taken in steps of
5 K. Settle mode was used for all temperatures stabilisation. The collected data were corrected for
diamagnetic contributions.

Calorimetric measurements were performed using a 2920 MDSC system (TA Instruments Inc.)
operated in conventional DSC mode. Samples with masses typically ranging from 2 to 5 mg were
sealed in aluminum pans and weighed with a precision of 1.0 X 10™* mg using a Mettler UMT?2
ultra-microbalance. The analyses were carried out at scanning rates of 2.5 and 5.0 K-min™.
Helium (Air Liquide N55) was used as the purge gas at a flow rate of 30 cm* - min™". The baseline
was corrected by recording a scan over the same temperature range using an empty reference pan.
The temperature scale of the instrument was calibrated at the same heating rates using the fusion
temperatures of n-decane (7y,s = 243.75 K), n-octadecane (73, = 301.77 K), hexatriacontane (7%
= 347.30 K), indium (73 = 429.75 K), and tin (73 = 506.03 K), considering the onset
temperatures. The organic standards were high-purity products from Fluka, while the metallic
standards were supplied by TA Instruments. The heat-flow scale was calibrated using indium
(Ahdusy = 28.71 J-g™"). Data analysis was performed using the TA Universal Analysis 2000
software (version 4.0).

Single crystal X-ray diffraction data of complex 1 was collected at 150 and at 353 K on a
RIGAKU XtaLLAB Synergy-i equipped with a Mo Ka (A = 0.71073 A) PhotonJet-i microsource,
a HyPix3000 detector controlled by the CrysAlisPro software (Y. Oxford Diffraction Ltd,
England, 2022, CrysAlis PRO, Rigaku V1.171.142.173a) and equipped with an Oxford
Cryosystems Series 800 cryostream. Diffraction images were processed using the CrysAlisPro
software and data was corrected for absorption by the multi-scan absorption correction using
spherical harmonics implemented in SCALE3 ABSPACK scaling algorithm. The structures were
solved by the direct methods using SHELXT 2014/5 and refined by weighted full matrix least-
squares method on F2 using SHELXL.2018/3.7281 All non-hydrogen atoms were refined with
anisotropic thermal parameters. Molecular diagrams were drawn with Mercury software.8! The
Crystal data and selected refinement details at 353 K are listed in Supplementary Table 1.
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Powder X-ray Diffraction diffractograms were obtained using a Philips Analytical PW 3050/60
X’Pert PRO automatic diffractometer, equipped with an X’Celerator detector. Data was acquired
using X’Pert Data Collector version 2.0b software. CuKa was used as the radiation source,
operating with a current of 30 mA and a voltage of 40 kV using a continuous scan of the Bragg
angles (26) between 5° and 50°, with a step of 0.017 and an acquisition time of 200 s per step.
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Supplementary Figure 1: FTIR spectrum of 1 in KBr pellets.

Supplementary Figure 2: Interactions between neighboring molecules of 1 at 150 K
by the parallel fourfold aryl embrace (P4AE), C—H--'m interactions (light blue), n---n
(red), and N—H---O interactions (dark blue).
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Supplementary Figure 3: Phase purity of a bulk sample of 1 determined by powder X-
ray diffraction at 295 K (LS) and comparison with the simulated pattern generated by
single crystal XRD.
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Supplementary Figure 4: DSC for 1 at a scan rate of 5 K-min™! (black) and 2.5 K-min"

! (red).
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Supplementary Table 1. Crystal data and refinement parameters of 1.

Temperature (K) 150 353

Empirical Formula C,H3sFeNsO, C,H3sFeNsO,
My, 588.46 588.46
aCrystal system Triclinic Triclinic
Space group Pr Pr

al[A] 9.6455(2) 10.0291(2)
b/[A] 10.6472(2) 11.1775(4)
c/[A] 14.2718(2) 13.9895(5)
all°] 100.2030(10) 93.434(3)
B[] 105.2210(10) 105.628(3)

v/ [°] 102.9980(10) 107.053(3)

V [A3] 1333.84 1776.38(4)

VA 2 2

D, [Mg m?] 1.465 1.369

u/ [mm] 0.620 0.580

F(000) 622 622

Crystal size [mm?] 0.20x0.18 x 0.04 0.20x0.18 x 0.04
@range for data 2.028-28.094 1.928-28.145

collection (°)

Index ranges
Reflections collected
Unique reflections,
[Rint]

Final R indices

R], WR2 [I>2GI]
Data/restraints/
parameters
Goodness-of-fit on F2

-12<h<12, -14<k<l14, -18<I<18
34836
6206[0.0470]

0.0316, 0.0863 [5343]
6206/0/364

1.038

_12<h<13, -14<k<14, -18<I<17
44393
6633[0.0619]

0.0524, 0.1389 [4508]
6633/0/356

1.066
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Supplementary Figure 5: Interactions between neighboring molecules of 1 at 353 K by
the parallel fourfold aryl embrace (P4AE), C—H---r interactions (light blue), n---w (red),

and N-H---O interactions (dark blue).

Supplementary Figure 6: Orientation of the NO3~ anions in 1 at 150 (top) and 353 K

(bottom).
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Supplementary Figure 7: Unit cell axis and volume variation as function of temperature
in1.

2. Computational Details

Starting from the experimentally obtained LS and HS geometries from X-ray
experiments, both the atomic coordinates and lattice parameters were optimized for each
of the spin states, either having two (LS) or ten (HS) unpaired electrons per unit cell.
Calculations were carried out within Density Functional Theory (DFT) using the Vienna
Ab Initio Simulation Package (VASP) software,3> employing periodic boundary
conditions and using recommended Projector Augmented Wave (PAW) pseudopotentials
for core electron density,?® with a 415 eV cutoff for the kinetic energy of the plane waves
used to define the valence electron density. This energy cutoff allows for low variations
in total energy, already shown in the literature to result in variations below 1 meV for
basis set improvement for smaller systems.®* Optimizations were carried out using
Gaussian smearing® with an energy width of 0.2 eV, yet the final total energy values
were extrapolated to zero smearing. The convergence criterion for the electronic Self-
Consistent Field (SCF) was set to 10 ¢V, whereas the atomic convergence criterion was
set to 107 eV. Considering the relatively large size of the unit cell, for the k-points, a
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Monkhorst-Pack® scheme was used only with the I point and with no shift of the k-points
mesh.?’

To determine the most suitable exchange-correlation functional for the systems
under study, several functionals were benchmarked, employing in all studied functionals
the semi-empirical parametrization of Grimme D3.% In order to observe the trend along
different rungs of the Jacob’s Ladder,® functionals belonging to different rungs were
studied: the Vosko-Wilk-Nusair (VWN)* functional within the Local Density
Approximation (LDA) rung; the Perdew-Burke-Ernzerhof (PBE)°! functional within the
Generalized Gradient Approximation (GGA) rung; both the strongly constrained and
appropriately normed (SCAN)?> and Tao-Perdew-Staroverov-Scuseria (TPSS)%3
functionals for the meta-GGAlevel; and finally, the Perdew-Burke-Ernzerhof functional
with 25% of Hartree-Fock exchange (PBE0)** as an hybrid functional. The calculated HS
and LS energy differences (Eys.1s) were compared to the experimental enthalpy obtained
through Differential Scan Calorimetry (DSC) to assess the most suited functional, for
which metal-ligand distances and lattice parameters were compared with experimental
values.

For the analysis and comparison of Hirshfeld surfaces and intermolecular
interactions, the Crystal Explorer 21 software®> was employed.

3. Calibration studies

Considering the experimental enthalpy of the LS-HS energy difference obtained with
DSC of 11.6 kJ mol!, and that H = U + PV,% the total energy obtained using DFT can
be directly compared with the experimental enthalpy, given that the calculations are made
at 0 K, where the pressure effect is negligible. From the calibration of the functionals,
TPSS was the one that reproduced better the LS-HS difference, with an Eyg g of 11.12
kJ mol!. For the rest of the functionals, the divergences were quite larger, see
Supplementary Table 2. For the selected TPSS functional, metal-ligand distances were
also compared with the experimental ones for the low spin and high spin configurations
in Supplementary Table 3.

Supplementary Table 2: Spin transition energies (in kJ-mol') obtained from the optimized
coordinates and lattice parameters.

Functionals Eysas

VWN 546.76
PBE 231.10
SCAN 104.20
TPSS 11.12

PBE(O -57.01
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Supplementary Table 3: Metal-Ligand distances for experimental and theoretical (TPSS) low-

spin and high-spin configurations.

Distance M-L (A)

Fe-O(1) Fe-0O(2) Fe-N(1) Fe-N(2) Fe-N(3) Fe-N(4)
Exp. LS 1.877 1.887 2.029 1.918 1.922 2.058
TPSS LS 1.882 1.902 2.011 1.896 1.897 2.051
Exp. HS 1.902 1.904 2.022 2.038 2.160 2.146
TPSS HS 1.938 1.952 2.100 2.125 2.224 2.200

For the low-spin configuration, the experimental distances are in concordance,
with the biggest deviation having only 1.15 % difference. As for the high-spin
configuration, although the experimental values are close, they differ more (deviations up
to 4.27 %) with a constant overestimation of the distances using TPSS. Considering that
the high-spin experimental geometry is not 100% pure and had some mix with the low-
spin structure, this difference may be a consequence of it.

Apart from the metal-ligand distances, the lattice parameters of both
configurations were also compared, in order to ensure reliability of the chosen functional

(cf- Supplementary Table 4).

Supplementary Table 4: Experimental and theoretical (TPSS) unit cell lattice parameters for the

low-spin and high-spin configurations.

Lattice vectors (A) Lattice Angles (°) Volume (A3%)
a b c o B v
Exp. LS 9.659 10.660 14.277 100.1 105.1 103.1 1338.255
TPSS LS 9.407 10.431 13.930 100.5 106.0 102.7 1237.895
Exp. HS 10.029 11.178 13.990 934 105.6 107.0 1427.326
TPSS HS 9.718 10.844 13.570 93.0 106.1 107.0 1299.272

Once again, the TPSS functional seems to simulate well the lattice parameters.
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4. Hirshfeld Surfaces- Different Perspectives

Supplementary Figure 8: Hirshfeld surface of low-spin (a, ¢) and high-spin (b, d) configurations,
excluding the NOs~ counterion, using TPSS functional for geometry optimization. The closer
intermolecular interactions (up to 2.2 A) are indicated in green dashed lines and evidenced by a
red colour in the Hirshfeld surface, which correspond to O-:-H-C, O---H-N, and H:--H

interactions.
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Supplementary Figure 9: Intermolecular interactions for the low-spin and high-spin
configurations (in residual are included C---C, N---H, C---O), using the selected TPSS
functional for geometry optimization.

5. Fingerprint Plots
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Supplementary Figure 10: Fingerprint plots of H-H interactions for the LS (a)
and HS (b) configurations.
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Supplementary Figure 11: Fingerprint plots of O-H interactions for the LS (a)
and HS (b) configurations.
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Supplementary Figure 12: Fingerprint plots of C-H interactions for the LS (a)

and HS (b) configurations.
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Supplementary Figure 13: Fingerprint plots of C-C interactions for the LS (a)

and HS (b) configurations.
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Supplementary Figure 14: Fingerprint plots of N-H interactions for the LS (a)

and HS (b) configurations.
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Supplementary Figure 15: Fingerprint plots of C-O interactions for the LS (a)
and HS (b) configurations.

Supplementary Figure 16: Oxygen-hydrogen interactions involving the oxygen atom from EtO
group, for the low-spin configuration. Fe, C, O, N, and H atoms are shown as light grey, dark grey
red, blue, and white spheres, respectively, with shared colored bars denoting bonds between them,
while O---H interactions are shown as red dashed lines.



Supporting Information

Optical Microscopy Studies

Cryogenic optical microscopy measurements were carried out under a primary vacuum
(in at a pressure of 10-% mbar) on single crystals (length X width =581 #m X 122 Hm)
using a Nikon Eclipse LV100 microscope (objective X 20, numerical aperture 0.45),
equipped with a closed cycle Oxford Instruments nitrogen-flow cryostat and connected
to a digital camera Allied Vision 1800 U-240C COLOR C-MOUNT, capable of capturing
up to 126 frames per second. The OM images can be recorded in transmission (resp.
reflection) geometry using backward (resp. upward) illumination by a tungsten halogen
lamp, provided by the microscope. The sample was mounted in specific helium-tight cell
designed for optical microscopy.®’ All measurements were performed in the range 330 K-
360 K using a temperature scan rate of 0.25 K min-!, which leads to an error of 0.1K on
the measured temperature. The camera was configured to save ten images per second to
record the spatiotemporal behavior of the spin transition. From every saved image, we
can extract the optical density (OD), defined as (in case of transmission geometry):
I
0D = loglo( ), (D

incident

transmitted

where Iincident corresponds to the bright field intensity while Iransmitted corresponds to
the intensity of the transmitted light through the single crystal. The OD which is the key
parameter of the OM data analysis (recorded images) directly relates to the HS fraction,

s, of molecules undergoing the spin transition in the single crystal and therefore it
should not be confused with the absolute HS fraction of molecules switching between the

LS and HS states in the system. The HS fraction (nHS) of metal ions in the HS state,
among those switching between the two states, is then derived from OD data, through the
relation:”®

, < OD(x,y) >-< 0D >,
Nyps =

) (2)

where < 0D > ys and < 0D > 5 are respectively the spatially-averaged OD values in
OD(x,y)dxdy

<0D(xy)> =
the HS and LS states and S (5 = crystal surface) is

the spatially averaged optical density over the crystal at given temperature, T. In
addition, each image of the experimental OM data was split into three OD components:
red, green, and blue, depending on the single crystal thickness and color. From one
compound to another, the signal quality (signal to noise ratio), would perhaps be better,
either in the red, green, or blue pixel. All the data are analyzed using Matlab programs
specially developed for the analysis of OM data.
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Supplementary Figure 17: Absorbance spectra of a pellet sample, made of ground Fe(3-
EtO-salEen),|]NO; crystals mixed with KBr in the wavelength range 320-850 nm,
showing a broad absorption band covering a large part of the visible spectrum. The blue
and red curves correspond to the responses of the LS (330 K) and the HS (360 K) states,
respectively.

Linear and volumetric thermal expansion coefficients

The thermal expansion coefficients Ba By and B ¢, along the respective a, b and c lattice
parameters are deduced from the data of Fig. S6, by plotting the thermal dependences of

Ina, Inb gpd Inc, Using the simple formula *odr *x=4a b, c), we could easily

deduce all linear and volumetric thermal expansion coefficients in both LS and HS

phases. The volumetric thermal expansion, B V. is derived through the relation,

d
By=—ImV
Vodr . The estimated values of BB , Be and By are given in Supplementary

Table 5.

Supplementary Table 5: Thermal expansion coefficient along a, b, ¢ and Volume in the LS and
HS states.

Thermal expansion coefficients (K1)

,Ba :Bb ,BC 'BV

LS
(x 10 ‘5)
HS 5.25 4.60 -1.22 7.94

7.197 6.145 0.0160 20.01
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These quantities could connected to the bulk modulus, B, through the simple relation,

1

B~——

AV AV

ﬁ__

AS | where the ratio AS is easily evaluated from the combination of XRD and

calorimetric data. At least for the volumetric bulk modulus, one finds Bis~ 20 GPa and

B

HS ™ 5 GPa.
Bulk Moduls (GPa)
Ba Bb Bc BV
LS 55.6 65.1 - 20.0
HS 7.7 8.7 - 5.0
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