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Structural Dynamics of a Thermally Silent Triiron(II) Spin 
Crossover Defect Grid Complex  
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Demeshko,b Franc Meyer,b Robert Henningc and Simone Techertad 

The structural evolution of spin crossover (SCO) complexes during their spin transition at equilibrium and out-of-equilibrium 

conditions needs to be understood to enable their successful utilisation in displays, actuators and memory components. In 

this study, diffraction techniques were employed to study the structural changes accompanying the temperature increase 

and the light irradiation of a defect [2x2] triiron (II) metallogrid of the form [FeII
3LH

2(HLH)2](BF4)4·4MeCN (FE3), LH =3,5-bis{6-

(2,2’-bipyridyl)}pyrazole. Although a multi-temperature crystallographic investigation on single crystals evidenced that the 

compound does not exhibit a thermal spin transition, the structural analysis of the defect grid suggests that the flexibility of 

the grid, provided by a metal-devoid vertex, leads to interesting characteristics that can be used for intermolecular 

cooperativity in related thermally responsive systems. Time-resolved photocrystallography results reveal that upon 

excitation with a ps laser pulse, the defect grid shows the first two steps of the out-of-equilibrium process, namely the 

photoinduced and elastic steps, occurring at the ps and ns time scales, respectively. Similar to a previously reported [2x2] 

tetrairon(II) metallogrid, FE3 exhibits a local distortion of the entire grid during the photoinduced step and a long-range 

distortion of the lattice during the elastic step. Although the lifetime of the pure photoinduced high spin (HS) state is longer 

in the tetranuclear grid than in the defect grid, suggesting that the global nuclearity plays a crucial role for the lifetime of 

the photoinduced species, the influence of the co-crystalising solvent on the lifetime of the photoinduced HS state remains 

unknown. This study sheds light on the out-of-equilibrium dynamics of a thermally silent defect triiron SCO metallogrid.

Introduction 

Spin crossover (SCO) complexes are switchable molecules 

capable of reversibly changing their spin state from a low-spin 

(LS) to a high-spin (HS) state under the influence of various 

external stimuli, such as temperature, pressure, electric field or 

light.1–5 Most of the vast number of SCO compounds are 

mononuclear, FeII-centered complexes where the LS state 

corresponds to S=0 (t2g
6eg

0 configuration, singlet) and the HS 

state to S=2 (t2g
4eg

2, quintet).6–9 However, recent progress in 

supramolecular chemistry has allowed for the synthesis of a 

variety of discrete polynuclear SCO FeII complexes.10,11 [2x2] 

FeII
4 metallogrids are an example of the latter type of 

complexes, in which four metal ions and four ditopic ligand 

strands give a matrix-like structure with up to four potentially 

addressable sites arranged in a square.12–17 This type of complex 

is appealing because it offers the potential for intramolecular 

cooperativity through the strong linking of the metal centres, 

which can be used in molecular logic devices, such as nanoscale 

memory devices and quantum automata, among others.18  

In a series of publications, some of us have reported a family of 

metallogrid complexes with the general formula [FeXLR
4], where 

X=2,3,4, L =R-3,5-bis{6-(2,2′-bipyridyl)}pyrazolate and R= H, 

methyl.19–22 This rational design approach has allowed for the 

customisation of various SCO properties, such as transition 

temperature, number of SCO steps and cooperative behaviour. 

For instance, the parent complex [Fe4LH
4](BF4)4∙MeCN (1) 

undergoes a incomplete multistep thermal transition from 

[4HS] to [2LS-2HS] in the 300K to 50K range. By introducing a 

methyl substituent to the C4 position of the pyrazolate ring, a 

metallogrid complex [Fe4LMe
4](BF4)4∙2MeCN (FE4) was obtained. 

The stronger ligand field in FE4 stabilises the LS fraction, 

resulting in a di-mixed-spin configuration [HS−LS−HS−LS] over a 

wider temperature range, from 7 to 250K. Above 250K, the 

complex undergoes a single gradual SCO and a change of 

configuration to [1LS-3HS]. Furthermore, the removal of one 

metal centre in 1 leads to the formation of a trinuclear FeII grid, 

also known as ‘defect grid’, of the form 

[FeII
3LH

2(HLH)2](BF4)4·4MeCN (FE3), as shown in Figure 1. The 

defect grid has the unique combination of strongly elastically 

coupled metal ions and a structurally soft metal-devoid vertex, 

which gives rise to a cooperative transition from [2LS-1HS] to 

[1LS-2HS] upon loss of the lattice solvent. Although this spin 

transition of FE3 at equilibrium conditions has been reported 
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previously22, there is no information about the out-of-

equilibrium dynamics of this grid. 

The presence of solvent molecules in the lattice of the SCO 

complexes has varying effects on the spin transition. Previous 

studies have demonstrated that small solvent molecules can 

induce,23,24 alter25,26 or suppress27–31  the thermal spin transition 

of SCO complexes. Although some reports have demonstrated 

a photoinduced transition following light irradiation at low 

temperatures in iron complexes, where thermal spin transition 

is assisted by the desolvation process,29,30 there is no clear 

understanding of the effects of the solvent in the photoinduced 

spin transition or the out-of-equilibrium dynamics of such 

complexes. 

In response to a fs laser pulse, crystals of mononuclear SCO 

compounds exhibit complex out-of-equilibrium dynamics 

involving three consecutive steps: photoinduced, elastic and 

thermal steps, occurring at characteristic time-scales of 

picoseconds (ps), nanoseconds (ns) and microseconds (µs), 

respectively.32–36 The initial photoinduced step involves local 

conversion from LS to HS states via intersystem crossing 

through metal-to-ligand charge transfer (MLCT) excitation; this 

photo-switching process is proportional to the density of laser 

excitation, where one photon switches one metal centre from 

the LS to the HS state, accompanied by a structural 

reorganisation at the molecular scale. The second step, known 

as the ‘elastic step’, is associated with an additional conversion 

to the HS state and the volume expansion of the lattice at the 

material scale, which is not instantaneous and requires 

propagation of strain waves37 at the speed of sound (∼2000 

ms−1). Finally, the third step, referred to as the thermal step, 

occurs on the μs time scale when the average temperature of 

the crystal increases due to heat diffusion. 

In our previous works,38,39 we employed time-resolved 

photocrystallography to investigate the out-of-equilibrium 

dynamics of FE4. Our findings revealed that the out-of-

equilibrium dynamics triggered by a ps laser pulse follow the 

same sequence as observed in mononuclear SCO complexes. 

However, unlike mononuclear complexes, FE4 exhibits two 

distinct types of elastic distortions occurring at different time 

scales. The first type is a short-range distortion, observed during 

the ps time scale, that propagates over the entire Fe4 grid 

complex. This distortion results from the rearrangement of the 

coordination sphere of the photo-switching ion and the 

constant feedback between strongly linked metal ions. The 

second type takes place during the ns time scale and is a long-

range distortion caused by the anisotropic expansion of the 

lattice, which is commonly observed in the dynamics of 

mononuclear SCO materials. The structural analysis of FE4 

demonstrated that the long-range distortion prevails over the 

short-range distortion, leading to the largest deformation of 

both the entire grid and the coordination sphere of each metal 

ion in the ns time scale. 

However, the aforementioned studies do not provide 

information on the out-of-equilibrium dynamics of SCO 

complexes, where the solvent silences the thermal SCO, or in 

SCO defect grids. Therefore, this work aims to investigate the 

out-of-equilibrium structural dynamics of the thermally silent 

FE3. Since the structure of FE3 at 133K, as well as the magnetic 

properties and physicochemical characterisation, have been 

reported in a previous publication22, this work focuses on 

exploring its out-of-equilibrium structural dynamics during the 

first 1ns after light excitation, as well as the structural changes 

upon heating the grid from 100K to 310K. The multi-

temperature structural analysis reveals that while FE3 lacks a 

thermal spin transition, the flexibility of the grid, facilitated by a 

metal-devoid vertex, offers intriguing characteristics that may 

support intermolecular cooperativity in other thermally 

responsive systems. More interestingly, we show that upon 

excitation, FE3 presents the first two steps of the out-of-

equilibrium process, as well as the two types of elastic 

distortions observed in FE4. A comparison between the FE3 and 

FE4 grids demonstrates that the photo-switched HS state 

relaxes more rapidly in FE3 than in FE4. 

Methods 

Synthesis and Steady-State Spectroscopy 

The FE3 metallogrid and its ligands were synthesised following 

the procedure reported in the literature.22 

Figure 1. a) Pyrazole-bridged compartmental ligand HL. b) Molecular representation of 

the [Fe3L4]4+ grid. Fe(A)and Fe(B) ions are in the LS state, and Fe(C) ions are in the HS 

state. Counter ions, solvent molecules and hydrogen atoms are omitted for clarity. c) 

Schematic representation of the grid in FE3.
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UV-vis spectra were collected at room temperature on a Varian 

Cary-5E UV-vis Spectrometer. All data were collected at a scan 

rate of 0.2 nm/s over the wavelength range of 200–800 nm with 

an interval size of 0.5 nm. The absorption spectrum of FE3 was 

collected on 10 mm cuvettes, using a reference spectrum of 

acetonitrile, which was also used to dissolve the compound. 

 

X-ray Diffraction 

Single-crystal X-ray diffraction experiments were performed 

from 100K to 310K (the maximum temperature possible before 

crystal decay became unacceptable). The X-ray data were 

collected in phi scan mode on undulator synchrotron radiation 

with λ = 0.6199 Å at P11 beamline in PETRA III, DESY, Hamburg, 

Germany. Indexing of the X-ray diffraction pattern, unit cell 

refinement and spot integration were performed using the XDS 

program package.40 The crystal structures were solved with the 

SHELXT41 structure solution program within the Olex2 software 

package.42 Subsequently, the structures were refined against F2 

isotropically, followed by full matrix anisotropic least squares 

refinement by SHELXL.43 For all structures, hydrogen atoms 

were fixed geometrically, in idealised positions, and allowed to 

ride with the respective C or N atoms, to which each was 

bonded, in the final cycle of refinement. Crystal data and 

structure refinement parameters for the 100K dataset are 

provided in Table S1, while the selected bond lengths and bond 

angles are given in Table S2. The asymmetric unit cell, thermal 

ellipsoid plot and packing of molecules down all crystallographic 

axes at 100K are given in Figures S1–S5. 

 

Time-Resolved Pink Laue Crystallography 

Time-resolved X-ray diffraction (TRXRD) measurements were 

performed at the BioCARS beamline at the Advanced Photon 

Source, Argonne National Laboratory, IL, USA.  TRXRD data were 

collected at 15KeV with a Rayonix MX340-HS detector. Pulses 

from a Ti:sapphire  laser tuned to 390nm wavelength were used 

as a pump source and set perpendicular to the φ-rotation axis. 

The time delay between the laser pump and the X-ray probe 

was set by varying the arrival times of the picosecond laser 

pulses with respect to the synchrotron X-ray pulses. Delay times 

(dt) between the laser pump and the X-ray probe were selected 

at 200ps, 500ps, 700ps and 1ns. A reference measurement for 

each crystal was taken at the negative delay time (dt<0) of -

500ps. Laser power was set at 2.0 (mJ mm−2) per pulse. 

Crystallographic data were acquired at 100K since the lifetime 

of the locally excited molecules is larger at low temperatures. 

The latter temperature was limited by the equipment capability. 

The recorded data sets for each crystal covered a 180° scan with 

1° step. 

Since crystals of FE3 showed a fast decay under laser exposure, 

a typical data collection strategy of 5 laser-OFF/ON cycle used 

in our previous works38,39,44 was not recommended. Therefore, 

a strategy of one laser-ON at dt<0 followed by all laser-ON at dt 

was used for each crystal. The measurement was repeated in 

five different crystals for each compound. Crystals used in this 

study had approximate dimensions of 90x50x30 µm3.  

The pink Laue diffraction images were processed with the 

software package Precognition/Epinorm,45 using variable 

elliptical integration for all data sets. After integration, the dt 

and dt<0 data sets were scaled together, but the repetitive and 

symmetry-related reflections from both data sets were merged 

separately. These data sets were used to obtain the 

photodifference maps and the final structural models at each 

delay time. For all data sets, initial models of the crystal 

structures were taken from those obtained from the 

monochromatic X-ray diffraction experiment at 100K. 

Subsequently, the structures were refined using the SHELXL 

program within the Olex2 software package. Thermal ellipsoid 

plots (50% of probability) for all time-resolved data sets are 

provided in ESI (Fig. S6–S10). 

 

Modification of the Coordination Environment 

The Octadist46 program was used to characterise the 

coordination geometry of the metal ions in each compound, in 

particular the <Fe-N> bond length distance and the angular 

distortion parameter (Θ). The angular distortion parameter is 

the sum of the deviations from 60° of the 24 N-Fe-N angles, six 

per pseudo three-fold axis, measured on a projection of 

opposite triangular faces of the FeN6 octahedron, orientated by 

superimposing the face centroids [see Figure S11.]. For 

comparison, continuous symmetry measurements47 calculated 

using the SHAPE program48 were also used to characterise the 

change in symmetry and shape of the metal coordination 

sphere.  The calculation of S(Oh) and S(itp), which compare the 

coordination sphere with respect to a perfect octahedron and 

trigonal prism, respectively, were done for all 

crystallographically independent metal ions from structures at 

100K, 250K and 310K (see ESI for more information). Both Θ and 

S(Oh) parameters are small and closer to 0 when the metal 

centre is in LS state, while S(itp) >> 0, and the opposite is shown 

for metal centres in HS state. 

 

Analysis of Temperature Increase Due to Laser Exposure 

An estimate of the temperature change between the dt and 

dt<0 data sets was obtained from the well-known photo-Wilson 

plots.49,50 The plots for all time-resolved data are shown in 

Figure S13. The slope of the plot corresponds to twice the 

difference of the Debye-Waller factor (2ΔBdt–dt<0), associated 

with the isotropic atomic motion (for more information see the 

temperature difference section in ESI). Therefore, measuring ΔB 

between the dt and dt<0 data sets provides an estimate of the 

temperature increase due to laser exposure through the 

associated increase in thermal motion. Values of ΔBdt–dt<0 ≈ 0 

indicate a non-detectable global heating of the sample, while 

values greater than zero suggest an increase in temperature of 

the crystal. 

Results 

Multi-Temperature Structural Analysis 

Structures at initial and final conditions. Figures 1b and 1c 

show the structure of the cation in FE3 and its schematic 
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representation, respectively. For clarity, FeII ions are labelled by 

their corresponding corner on the grid, with LS FeII ions 

occupying corners A and B and the HS ion occupying corner C. 

To differentiate between the two LS ions, corner A is assigned 

to the LS FeII with the higher distortion in its coordination 

sphere at 100K. 

Table 1 provides the geometrical characteristics of the FeN6 

octahedra in FE3 at both 100K and 310K. A more detailed 

structural description of the compound is provided in Table S3. 

The structural analysis confirms that the FE3 defect grid 

maintains its P1̅ space group across the temperature range. At 

both temperatures, four acetonitrile molecules were observed 

cocrystallising in the lattice, from which two were refined as 

disordered over two positions (Figure S1). As reported in the 

literature,22 the asymmetric unit of the compound reveals that 

all metal ions are crystallographically independent with a 

molecular configuration of [LS-HS-LS], which was deduced from 

analysing the coordination sphere of each metal ion (and in 

accordance with the results of 57Fe Mössbauer spectroscopy22). 

The analysis of the coordination geometry demonstrates that LS 

and HS ions exhibit typical values of <Fe-N> bond lengths, with 

LS atoms between 1.95 and 1.97 Å and HS atoms around 2.18 

Å. A further difference between the metal centres is the 

distortion of the {FeN6} coordination environment from an ideal 

octahedron. The less distorted FeN6 octahedron is found for the 

LS ions, Fe(A) and Fe(B) with Θ = 301-314°, S(Oh) =2.1-2.3, while 

the HS ion, Fe(C), displays a greater distortion of the 

coordination sphere with Θ = 570° and S(Oh) =6.0. 

 

Table 1. Geometry changes in the coordination sphere of the 

metal centres in FE3 with the temperature increase. 

 100K 310K 

Metal <Fe-N> 

(Å) 

Θ 

(°) 

S(Oh) <Fe-N> 

(Å) 

Θ 

(°) 

S(Oh) 

Fe(A) 1.966 306.1 2.256 1.974 313.5 2.332 

Fe(B) 1.959 301.9 2.183 1.968 310.5 2.284 

Fe(C) 2.183 577.3 6.140 2.188 575.7 6.160 

 

Metal ion coordination geometry. The multi-temperature 

study presented here provides insight into the temperature 

dependence of the <Fe-N> bond lengths and the distortion of 

the coordination sphere, as measured by the Θ parameter, for 

each metal ion in the FE3 defect grid. As shown in Figure 2a, the 

average metal-ligand bond length expands by less than 0.01 Å 

for all three metal ions. It is worth noting that Fe(A) exhibits a 

noticeable increase in the <Fe-N> bond lengths around 260K, 

which indicates the beginning of the LS → HS transition for that 

ion. However, this is attributed to the loss of the co-

crystallisation solvent rather than a feature of the solvated 

sample, as stated above (see Introduction). 

The temperature dependence of Θ (Figure 2b) indicates that 

below 270K there is no notable change in distortion of the 

{FeN6} octahedrons as the temperature increases. However, 

following the solvent loss and a potential small LS → HS 

transition, a slight change in the angular distortion of the Fe(A) 

and Fe(B) ions is observed. Notably, the Fe(B) ion exhibits a 

comparatively larger change in Θ, suggesting that it may 

undergo the most significant distortion during the spin 

transition.  

Figure 2. Temperature dependence of a) <Fe-N> bond length distances and b) angular 

distortions (Θ) in FE3. Values for Fe(A) and Fe(B) share the same axis. 

Figure 3. Temperature dependence of the Fe – Fe distances in FE3. Distances AC and CD 

share the same axis.
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Molecular geometry. The metal devoid vertex plays an 

important role in the thermal expansion of the FE3 grid. As 

depicted in Figure 3, the temperature dependence of the Fe – 

Fe distances shows that the thermal expansion of the 

parallelogram in FE3 is primarily driven by the separation 

between ligands at the metal devoid vertex. In contrast, the Fe 

– Fe distance between strongly linked pyrazolato-bridged metal 

ions remains relatively constant, showing a negligible impact on 

the overall grid thermal expansion.  

Disorder. One important feature to consider during the multi-

temperature analysis is the increase in disorder with 

temperature. Two types of disorder are observed: the static 

disorder of the solvent molecules and the dynamic disorder of 

the pyridyl group. Two solvent molecules were refined as 

disordered over two positions, which is observed at 100K 

(Figure S1). As the temperature continues to rise, accurately 

modelling the disordered solvent molecules becomes more 

challenging, especially beyond 270K, when solvent evaporation 

is expected to occur. In the case of the dynamic disorder, the 

rotation of the pendant pyridyl ring at the metal-devoid site 

initiates around 180K and increases gradually until the end of 

the multi-temperature experiment (Figure S13). Since the 

disordered solvent molecules are found in the proximity to the 

rotating pyridyl ring (Figure S14), it is possible that the increase 

of disorder in the solvent and the evaporation of it contribute 

to the larger rotation of the pyridyl group as the temperature 

rises. 

Intermolecular interactions. The Hirshfeld surface51,52 

approach, utilizing fingerprint representations, was employed 

to analyse and summarize the intermolecular interactions 

within the FE3 grid. Hirshfeld surfaces were calculated using 

CrystalExplorer 17.5 software53. In Table S3, two-dimensional 

fingerprint plots of (di, de) points from all contacts contributing 

to the Hirshfeld surface analysis are presented for all atoms in 

the FE3 grid at temperatures of 100K, 250K, and 310K. The 

fingerprint plots in the table provide valuable insights into the 

dominant intermolecular interactions in the crystal packing. 

Notably, H⋯H contacts are the most significant, constituting 

between 45.1% and 47.7% of the overall crystal packing. Other 

important interactions and their respective contributions 

include H⋯F (25.9-27.6%), C⋯H (9.8-10.3%), H⋯N (6.3-6.7%), 

H⋯C (4.4-4.7%), C⋯C (1.7-2.2%), and C⋯N (1-1.7%). While the 

contribution of each contact remains relatively stable across 

temperatures, noteworthy changes in the distances of H⋯N, 

H⋯C, and H⋯H interactions occur as the temperature increases 

from 100K to 250K or 310K. These changes can be attributed to 

solvent disorder and the rotation of the pyridyl group, as 

mentioned earlier. C⋯C interactions, which are primarily 

associated with π⋯π interactions, they exhibit weaker 

strengths within the FE3 grid. This is evident from the 

substantial separation between π-π planes, measuring 4.2-4.8 Å 

at 100K (see Table S3). Moreover, it is important to note that 

the rotation of the pyridyl group at 250K and 310K leads to an 

increased separation between π-π planes up to 5.1 Å. 

Unit cell. Although the FE3 cation shows a larger expansion than 

the defect-free grid FE4, this does not have a significant impact 

on the expansion of the unit cell parameters.  Figure 4 displays 

the temperature dependence of the unit-cell dimensions, which 

exhibit an anisotropic behaviour with no abrupt modification. A 

quasi-linear expansion of all unit cell parameters in FE3 is 

observed with the increase in temperature. This suggests that 

there is no significant effect due to any spin transition or by the 

rotation of pyridyl groups or a sudden positional change of 

counter ions and solvent molecules as observed by other 

systems.54,55 

 

Out-of-Equilibrium Process 

Optical measurements. Figure 5 displays the UV-vis absorption 

spectrum of FE3 in an acetonitrile solution at room 

temperature, covering the 200–800nm range. The spectrum 

reveals similar features to the previously reported spectrum of 

the defect-free FE4 grid. The bands below 350nm are attributed 

to ligand-based π → π* transitions, while the bands spanning 

the 450–700nm range are assigned to MLCT transitions of 

mixed singlet-triplet character. As with FE4, the 

Figure 4. Relative temperature dependence of unit cell parameters of FE3. 
Figure 5. UV-vis spectrum of FE3 grid in acetonitrile. (inset) Enlargement of the 350–800 

nm range.
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photocrystallographic experiment for FE3 employed an 

irradiation wavelength at the absorption tail of the MLCT band 

(390nm) to avoid excessive photon absorption at the surface of 

the crystal that hinders laser penetration. 

Photodifference maps. The light-induced changes are 

illustrated in photodifference maps of the form Fdt
obs-Fdt<0

obs 

based on all independent reflections with I/σ(I) > 3 (Figure 6). 

To highlight the Fe displacements, isosurfaces are drawn 

between ± 0.08 and 0.18eA-3. The molecular response of the FE3 

defect grid on excitation at any time is illustrated by the shift of 

electron density of all iron ions. Similar to the FE4 grid, the 

photodifference maps of the defect grid before 800ps suggest a 

continuous change in the direction of the electron density due 

to a constant reorganisation of the grid. Unlike the FE4, where 

only two metal ions were crystallographic-symmetry 

independent, here, it is possible to observe the individual 

movement of all metal ions in the grid. The maps show that each 

iron ion moves in a different direction at delay times of 200ps 

and 500ps, suggesting that this constant arrangement is not 

caused by lattice expansion or by thermal motion. The 

photodifference maps at 800ps suggest that most of the 

photoinduced step is almost over, similar to what was found in 

FE4 at 220K. Finally, the photodifference maps at 1ns exhibit an 

electron shift of all metal ions towards the ‘a’ axis, suggesting a 

movement due to the anisotropic thermal expansion of the 

lattice along such axis and the beginning of the elastic step. 

Structural response. The temporal evolution of the average Fe-

N bond length of all FeII ions and the variation of the trigonal 

distortion parameter are presented in Figure 7. The results in 

the graphs agree with the photodifference maps showing two 

structural responses at different times. The first is the 

expansion in <Fe-N> bond length of both Fe(A) and Fe(B) ions, 

which is attributed to the local LS→ HS photoswitching in the 

photoinduced step. This step has a duration of less than 800ps, 

after which both ions relax to their original states. Since the grid 

has returned mostly to its ground state configuration, the 

second expansion of the <Fe-N> bond lengths of Fe(A) and Fe(B) 

is attributed to the elastic step and is caused by the anisotropic 

thermal expansion of the lattice, as suggested by the 

photodifference map at 1ns delay time.  

Although the elongation of the <Fe-N> bond lengths in both 

ions, which originally are in the LS state, may suggest a 

transition of the entire grid from a 2LS-1HS to a 3HS 

configuration, we consider an alternative scenario more likely 

Figure 6. Photodifference maps of FE3. Isosurfaces (green positive, red negative) and 

delay times are shown in each figure. Arrows give an approximate direction of the 

electron density shift.

Figure 7. Time-delay dependence of a) Δ<Fe-N>; b) ΔΘ of the Fe(A) and Fe(B) ions; and 

c) those from the Fe(C) ion. Photoinduced (PI) and elastic (ES) steps are shown in blue 

and green background, respectively.
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where only one metal ion in the LS state switches to the HS 

state. If Fe(A) and Fe(B) ions have a similar probability to transit 

to an HS state upon excitation, the change in configuration from 

2LS-1HS to 1LS-2HS in the crystal would result in a mixture of 

molecules with only Fe(A) or Fe(B) as the transition ion. Since 

crystallography provides an average representation of all 

molecules in the crystal, the expansion of the <Fe-N> bond 

lengths will be observed in both ions in the asymmetric unit, 

regardless of whether the structural changes belong to different 

molecules. 

The variation of the trigonal distortion parameter in the time 

domain for the transiting metal ions Fe(A) and Fe(B) is shown in 

Figure 7b.  The figure reveals a slight increase in the distortion 

of the coordination sphere of both transiting metal ions during 

the photoinduced step. Notably, the Fe(B) ions exhibit a more 

pronounced distortion, consistent with the observations from 

the multi-temperature study. As observed in our previous 

studies on the FE4 grid, the distortion of the coordination 

spheres of both transiting atoms are larger during the elastic 

step than in the photoinduced step, as observed in the value of 

ΔΘ at 1ns delay time.  

Similar to the observations for the FE4 grid, the photoswitching 

at the Fe(A) and Fe(B) ions of the FE3 grid leads to changes in 

the coordination sphere of the adjacent metal ion in the HS 

state, Fe(C).  Figure 7c displays the expansion of the <Fe-N> 

bond length of Fe(C) ion and the concomitant change in the 

distortion of its coordination geometry following light 

irradiation. However, it should be noted that the changes are 

not related to any spin transition since the Fe(C) ion remains in 

the HS state throughout the experiment. Instead, these changes 

in its coordination sphere are attributed to a knock-on effect 

from the structural reorganisation of the whole grid following 

the spin transition in the neighbouring ions.  

  

Photoconversion and thermal factor. In the time domain, the 

increase in population of the HS ions leads to an expansion of 

the <Fe-N> of the Fe(A) and Fe(B) ions. Therefore, the variation 

of the HS fraction can be estimated based on the time variation 

of the <Fe-N> according to the expression: 

%∆𝑋𝐻𝑆 =
<𝐹𝑒(𝐴)−𝑁>𝑑𝑡−<𝐹𝑒(𝐴)−𝑁>𝑑𝑡<0

<𝐹𝑒(𝐴)−𝑁>𝐻𝑆−<𝐹𝑒(𝐴)−𝑁>𝐿𝑆
+

<𝐹𝑒(𝐵)−𝑁>𝑑𝑡−<𝐹𝑒(𝐵)−𝑁>𝑑𝑡<0

<𝐹𝑒(𝐵)−𝑁>𝐻𝑆−<𝐹𝑒(𝐵)−𝑁>𝐿𝑆
 

(1) 

where <Fe-N>HS and <Fe-N>LS are the average metal-ligand 

bond lengths of the transiting ions in the HS and the LS state, 

respectively. Since the <Fe-N>HS value is unknown, the 

denominators in the equation can be replaced by 0.2 Å, the 

maximum bond-length expansion expected for both ions. 

Consequently, the variation of the HS state can be obtained by: 

%∆𝑋𝐻𝑆 =
∆<𝐹𝑒(𝐴)−𝑁>+∆<𝐹𝑒(𝐵)−𝑁>

0.2 Å
        (2) 

where the Δ<Fe-N> is the variation of the average metal-ligand 

bond length of the transiting ions at delay times dt with respect 

to the reference measurement dt<0. 

Table 2 presents the change in the HS-state molecular fraction 

from 200ps to 1ns, calculated from the expansion of the <Fe-N> 

bond length of the Fe(A) and Fe(B) ions. The estimated 

population of the excited state during the photoinduced step 

(dt< 800ps) is in the 1–1.5% range, while ∼2% is estimated for 

the delay time in the elastic step (dt> 800ps). The change in 

%ΔXHS is slightly larger in the elastic step than in the 

photoinduced step as typically reported in monometallic 

materials, where photoconversion of the elastic and thermal 

steps tends to overcome the photoinduced step.32 At 800ps, 

most of the molecules relax to their ground state shown by the 

low value of the %ΔXHS and in agreement with the 

photodifference maps. 

 

Table 2. Change in the HS-state molecular fraction and ∆B 

values from photo-Wilson plots. 

 

 200ps 500ps 800ps 1ns 

%ΔXHS 1.0 (13) 1.5 (13) -0.2 (12) 1.9 (13) 

ΔBdt-dt<0 0.00 (6) 0.07 (3) 0.00 (2) 0.06 (3) 

 

In the studied range of time, the LS → HS transition occurs 

without any significant energy exchange with the environment, 

as observed in the time-delay dependence of the isotropic 

thermal factor, ΔBdt-dt<0. Table 2 shows that the values of ΔBdt-

dt<0 are close to zero and comparable with those reported for 

the FE4 grid in the photoinduced step and beginning of the 

elastic step. This suggests that heating of the crystal is not 

detectable within the measured range and that the two 

increases in the %ΔXHS, one before and one after 800ps, are 

solely attributed to the photoinduced step and elastic step, 

respectively. 

Discussion 

One of the most ambitious goals of synthetic chemists in the 

SCO field is the rational design of SCO systems with tailored 

properties. With the aim of enhancing the SCO properties, e.g. 

abrupt, hysteretic and multistep switching, the design of SCO 

complexes has explored various strategies, including varying the 

number of metal centres (ranging from mononuclear to 

polymeric) and adopting diverse geometries, such as squares, 

cages and grids. One potential approach has been the utilisation 

of [2x2] grids formed by highly constrained ligands, which 

promote the communication between metal centres. 

Tetranuclear grids are rigid molecules, which restricts the 

overall movement of the architecture in favour of the 

communication between the linked metal centres. While such 

communication may lead to intramolecular cooperativity,56 

there is no clear evidence suggesting that [2x2] grid-like 

arrangements promote intermolecular cooperativity. However, 

defect metallogrids with a metal-devoid flexible vertex may 

present a solution to this problem. 

The present multi-temperature crystallographic analysis sheds 

light on two interesting characteristics of such defect grids. 

Firstly, the FE3 defect grid displays a larger thermal expansion 

in its geometrical dimension compared to the more constrained 

FE4 grid, primarily due to the reduced restrain provided by the 

metal-devoid site. Secondly, the rotation of the pyridyl rings at 
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this site offers a potential avenue for introducing long-range 

elastic interaction capable of modifying the unit cell expansion, 

as observed in other compounds.55 Although FE3 does not 

exhibit thermal SCO, these two characteristics of defect grids 

hold promise for promoting intermolecular cooperativity in 

other thermally responsive SCO grids. Thus, defect grids with 

one metal-devoid vertex and communicating metal ions may 

present an alternative strategy to enhance both the 

intermolecular cooperativity, by increasing the flexibility of the 

grid, and intramolecular cooperativity, provided by the strong 

linking of the metal ions. However, it is indispensable to 

consider other factors that can affect the SCO and the 

cooperativity, such as the lattice type, counter ions and solvent 

effects. 

Solvent silencing is a well-known phenomenon that occurs in 

SCO complexes where the solvent delays the spin transition to 

higher temperatures or prevents it from happening. Numerous 

SCO complexes, including the FE3 grid, have been reported to 

be silenced by the presence of a specific solvent molecule within 

the crystal lattice.22,27–31 However, the out-of-equilibrium 

dynamics in this type of complexes remains largely unexplored. 

In this study, we observed that while the solvent supresses the 

thermal-induced SCO in FE3, two out of the three consecutive 

steps of the out-of-equilibrium process are observed following 

light irradiation.  

In line with the observation in mononuclear FeII and FeIII 

complexes, as well as in the tetranuclear FE4 grid, excitation of 

the FE3 grid with a ps laser pulse initiates a multistep process, 

with each step occurring at distinct time scales.32–36 First, the 

light absorption leads to a local LS →HS transition in a fraction 

of molecules, resulting in the conversion of one of the FeII ions 

from the LS to the HS state. The spin flip is accompanied by the 

reorganisation of the {FeN6} coordination sphere of the 

transiting ion, which triggers a short-range elastic distortion 

that propagates through the grid due to the tightly linked metal 

ions. This distortion develops within the first few hundreds of 

picoseconds after light irradiation, and it is evidenced by the 

distinct shift in electron density observed in the 

photodifference maps at 200ps and 500ps. Notably, this 

molecular reorganisation resembles the behaviour observed in 

the FE4 grid, reinforcing the idea that the strong linking of metal 

ions leads to an elastic metal-to-metal communication during 

the spin transition. Subsequently, the elastic step takes place 

when the lattice heating, resulting from the energy dissipation, 

induces the coherent propagation of strain waves. This leads to 

lattice expansion and crystal deformation at the material scale, 

causing all metallic ions to move in the direction of the 

propagating strain waves, as observed in the photodifference 

maps at 1ns. The internal pressure generated at this step leads 

to the second LS →HS switching, as reported in Table 2. 

Although the dynamics beyond 1ns are not reported in this 

study, this second step typically lasts until the beginning of the 

μs time scale, after which it is followed by the thermal step 

when the energy distribution reaches a global temperature rise 

on the crystal. However, since the FE3 grid is thermally silent, 

this step is expected not to be present. Although the 

suppression of the thermal step in the out-of-equilibrium 

dynamics of FE3 could be perceived as a limitation, it provides 

valuable insights about the tailoring of the response of the SCO 

materials upon light excitation. Given that the spin switching 

during the elastic and thermal steps usually prevails over the 

pure photoinduced spin flip,32 the knowledge of how to limit 

these steps by chemical engineering is a valuable resource. 

Comparing the lifetime of the photoinduced HS state in the FE3 

defect grid with that observed in the FE4 grid suggests that the 

metastable HS state resulting from pure photo-switching 

exhibits a longer lifetime in FE4 than in FE3. While our previous 

report39 indicated that the photoinduced step in FE4 lasts 

approximately 800ps, similar to FE3, those studies were 

conducted at a significantly higher temperature of 220K, 

compared to 100K used in this work. As the lifetime of the 

metastable states is known to be longer at lower temperatures, 

the duration of the photoinduced HS state in the FE4 at 100K is 

estimated to be considerably longer than 800ps (>2ns), as 

suggested by our first studies on the FE4 grid.38 This observation 

aligns with time-resolved X-ray spectroscopic studies 

performed in solution, where the parent grid 1 exhibited a 

longer lifetime of the photoexcited state (~210ns) compared to 

the FE3 grid (~123ns).57,58 Thus, the results here reinforce the 

idea that global nuclearity of the architecture plays a pivotal 

role in tailoring the lifetime of the photoinduced species. 

However, it is important to consider that the presence of the 

solvent in both grids may also influence the lifetime of the pure 

photoinduced HS state, and therefore, more research is needed 

to understand its influence. 

It is worth noting that the present study has been limited to a 

few data points within the first nanosecond after laser 

irradiation of a defect grid, whose thermal transition from a 2LS-

1HS to a 1LS-2HS state is silenced by the presence of the co-

crystallising acetonitrile solvent. Further investigations are 

necessary to obtain a detailed picture of the structural changes 

over extended timescales ranging from picoseconds to 

microseconds. Additionally, studies in a solvent-free grid and 

with other solvents would provide valuable information about 

the influence of the solvent on the lifetime of the metastable 

state and the structural changes occurring in each step of the 

out-of-equilibrium dynamics. This also helps to differentiate 

between the effects of the solvent and the metal-devoid site in 

the grid. A comprehensive analysis of all factors influencing the 

out-of-equilibrium dynamics of oligomeric SCO complexes 

would provide crucial insights for designing new SCO materials 

with tailored properties. 

Conclusions 

The rational design of spin crossover systems with diverse 

nuclearity and topology has emerged as a powerful approach to 

enhance cooperative effects and expand the variety of SCO 

properties, considering their potential application in nanoscale 

memory devices and quantum automata, among others. To 

effectively engineer SCO materials with tailored properties, it is 

crucial to develop a comprehensive understanding of factors 

influencing the spin transition in solid state, both at equilibrium 

and out-of-equilibrium conditions. Some significant factors 
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include the number and arrangement of metal centres as well 

as the presence of solvent within the crystal lattice. In this 

study, we presented the structural analysis of a defect [2x2] 

metallogrid with one metal-devoid vertex, where the co-

crystallising solvent silenced the thermal spin transition while 

allowing for the photoinduced transition at out-of-equilibrium 

conditions.  

Although the studied system FE3 does not exhibit thermal SCO, 

its structural flexibility, facilitated by the metal-devoid site, 

imparts attractive characteristics that can potentially favour the 

SCO in related systems, that is the large thermal expansion of 

the overall structure and rotation of the pyridyl rings at the 

metal-devoid site. These features are attractive for introducing 

long-range elastic interactions that can favour intermolecular 

cooperativity in other defect grids whose SCO is not affected by 

the solvent. Despite the solvent induced silencing of the 

thermal SCO transition, FE3 undergoes two of the three steps of 

the out-of-equilibrium process. Upon irradiation with a ps laser 

pulse, the FE3 defect grid exhibits the photoinduced and elastic 

steps occurring at ps and ns time scales, respectively. Each step 

introduces an increase in the fraction of the HS state and a 

different reorganisation. The structural reorganisation of FE3 

during the out-of-equilibrium process is similar to that of the 

previously reported FE4 grid, involving a short-range distortion 

appearing from the continuous molecular rearrangement of the 

grid during the photoinduced step, triggered by LS→HS photo-

switching of only one metal ion, and a long-range distortion 

caused by the anisotropic deformation of the lattice during the 

elastic step. 

Compared to FE4, the pure photoinduced HS state in FE3 relaxes 

back to its original LS state in ~800ps at 100K, while in FE4, it 

takes longer than 2ns at 100K and ~800ps at 220K. This 

observation supports previous time-resolved X-ray 

spectroscopic findings in solution and suggests that global 

nuclearity plays a crucial role in the lifetime of the 

photoinduced species. However, the influence of the co-

crystalising solvent on the lifetime of the photoinduced HS state 

remains unknown and requires further research with other 

solvents and solvent-free grids. Understanding the solvent 

effect at each step of the out-of-equilibrium process is essential 

for controlling the properties of SCO materials with bi- and 

multi-stability at equilibrium and out-of-equilibrium conditions, 

laying the foundations for their practical applications. 
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