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[bookmark: OLE_LINK9][bookmark: _Hlk185593377][bookmark: OLE_LINK11]Abstract: Anion-Driven Light-Induced Spin Change (AD-LISC) enables multifunctional materials to switch magnetic states with light, enhancing potential applications in data storage, sensors, and molecular electronics, by improving spin state control by integrating photoactive anions. In this study, we report the synthesis and characterization of new mononuclear FeII coordination complex, [Fe(3-bpp)2](psca)2∙solvent (1∙X) as determined by single-crystal X-ray diffraction.  The structure incorporates para-sulfocinnamic acid (psca), non-coordinated anion as well as unidentified disorded solvent molecules (X).  TGA analysis confirmed the presence of 2.5 water molecules as solvent in the crystal lattice after exposure to air. Moreover, 57Fe Mössbauer spectroscopy and magnetic susceptibility measurements (SQUID) reveals a mixture of high-spin and low-spin states in 1∙2.5H2O, with a predominance of low-spin sites at room temperature. The desolvated form 1 shows a gradual spin crossover behaviour centred around the room temperature region. Additionally, single crystal X-ray diffraction, evaluated according to Schmidt's criteria for [2 + 2] photodimerization, revealed that 1∙X does not satisfy the spatial requirements for photodimerization; accordingly, no colour change was noticed upon UV light exposure. 
Introduction
The integration of inorganic and organic functionalities to create multifunctional hybrid materials is an attractive research area, driven by the development of new properties beyond their inherent characteristics. [1–3] By combining distinct qualities of organic and inorganic components, materials with enhanced or novel features such as improved stability, catalytic performance, and responsiveness to external stimuli have been developed. [4–6] This approach has led to advancements in electronics, biomedicine, optoelectronics and environmental remediation. [7–10] Coordination compounds serve as key examples, as they maintain the properties of their constituents while introducing new behaviours from their interactions. Their structural versatility makes them ideal candidates for applications requiring specific reactivity, selectivity or environmental responsiveness, positioning them as a prominent focus in multifunctional material design. [10–14]
FeII spin crossover (SCO) compounds represent a notable class of coordination compounds that alternate between high-spin (HS) and low-spin (LS) states in response to stimuli like temperature, light and pressure.[15–17] This reversible transition modifies their physical properties, such as color, magnetic moment, and geometry, enabling applications in sensor technologies, data storage and optical switches.[18–23] Thermally induced SCO materials have gained tremendous attention for their valuable  temperature-sensitiveness applications, such as thermochromic and thermomagnetic sensors for safety and monitoring.[24,25] Their bistable spin states are also useful in data storage and memory, with tunable transition temperatures enhancing their potential in smart coatings, environmental sensing and thermal actuators.[26]

To achieve SCO in FeII compounds, heterocyclic ligands with nitrogen donor atoms are commonly used due to their optimal ligand field strength. In this context, we selected the 3-bpp ligand (2,6-di(pyrazol-3-yl)pyridine), which is known to generate the required ligand field to induce SCO behaviour. The tridentate 3-bpp ligand typically forms stable mononuclear FeII complexes [Fe(3-bpp)2]2+ together with counter-anions, a configuration ideal for observing the SCO effect.[27–28] Another reason for selecting the [Fe(3-bpp)2]2+ coordination complex is that it readily forms in single-crystalline form, through a template effect,[29] allowing precise crystal structure determination.30 Additionally, the cationic [Fe(3-bpp)2]2+ framework can host a range of non-coordinated anions, from simple inorganic species to more complex cyanometallates, enhancing its versatility in SCO studies.28,31–33 In fact, the SCO behaviour of these compounds was shown to be strongly influenced by the nature of the counter-anions and solvent molecules present in the structure. For instance, in a systematic study of [Fe(3-bpp)2]A2⋅nH2O complexes (where A = BF4−, NCS−, NCSe−, I−), Sugiyarto et al. demonstrated that the choice of anion significantly affects the thermal SCO behaviour, with each anion producing distinct spin transition characteristics.28 With the aim to produce an hybrid functional material, we delved into the [2 + 2] photodimerization of sulfonate derivatives of trans-cinnamic acid, showcasing their potential as counter-anions to initiate an Anion Driven Light Induced Spin Change (AD-LISC) which could allow indirect spin state photo control.34 In a significant advancement, we prepared a novel FeII based coordination polymer that incorporates para-sulfocinnamic acid (psca) as a counter-anion.35 Remarkably, this complex demonstrated light-induced spin state switching at room temperature in the solid state, underscoring its potential as a groundbreaking material in the field of SCO applications. This work not only highlighted the innovative use of sulfonate derivatives but also paved the way for further exploration of dynamic materials capable of responding to external stimuli.[35]

[bookmark: _Hlk109303027]Considering the existing literature, the primary objective of the present account was to synthesize a novel [Fe(3-bpp)2]2+ coordination complex with psca as a counter-anion. In addition, the inclusion of psca not only enhances the compatibility with cationic moieties due to the sulfonate group’s permanent negative charge36 but also serves as a foundation to explore photophysical properties of this newly emerged coordination complex. Thus, this work centres on the synthesis and characterization of new mononuclear FeII complex [Fe(3-bpp)2](psca)2∙solvent (1∙X). This study covers the synthesis, characterization with detailed analyses of its crystal structure, magnetic properties, and the effects of UV irradiation in the solid form. 
Results and Discussion
Synthesis 
The standard method for synthesizing FeII coordination compounds with heterocyclic ligands and non-coordinated sulfonate anions typically involves the initial synthesis of a hexaaqua iron(II) complex.[37] In such salt structure, six water molecules are coordinated directly to the FeII centre, while the sulfonate anions remain as external, non-coordinated entities. These water molecules can be readily substituted by other ligands, such as nitrogen-donor heterocycles,37-39 making hexaaqua iron(II) complexes versatile precursors for constructing various coordination compounds. In this study, in order to bring FeII into association with psca, we synthesized the following salt, [Fe(H2O)6](psca)2⋅2H2O,34 as a precursor for the target coordination complex. On the other hand, the 3-bpp molecule intended to replace coordinated H2O molecules in [Fe(H2O)6](psca)2⋅2H2O was also prepared following a literature report. 40

To synthesize the target compound (Scheme 1), [Fe(H2O)6](psca)2⋅2H2O and the tridentate molecule 3-bpp were combined in a 1:2 molar ratio. Upon mixing methanolic solutions of the freshly prepared precursors with 3-bpp, the reaction mixture turned red instantly, with the colour intensifying over time. The mixture was then stirred at 40°C for 45 min, to ensure the reaction proceeded to completion. To promote crystallization, diethyl ether was slowly vapour-diffused into the solution,[41] yielding red rectangular crystals of 1∙X (X = disordered solvent molecules), ideal for crystal structure analysis.

[image: ]
Scheme 1. Synthetic route of 1∙X.
Crystal structure 
[bookmark: _Hlk185595206]1∙X was characterized by X-ray diffraction by flash cooling single-crystals at 100 K immediately, after being extracted from the mother liquor. It crystallizes in the P2₁/c space group. The asymmetric unit consists of one FeII ion, two 3-bpp ligands and two psca molecules, as illustrated in Figure 1(a). The FeII centre is coordinated in an Fe-N6 octahedral arrangement, where each tridentate 3-bpp ligand binds through its three nitrogen atoms from the pyridine and pyrazole rings. The pyridine rings occupy the octahedron’s apical positions. Outside the coordination sphere, two psca molecules serve as counter-anions. Each 3-bpp ligand adopts a planar structure, intersecting at an angle of 86°, a typical coordination geometry where the planar molecules align nearly perpendicularly at ~90°.42 The FeII ion exhibits a highly distorted octahedral coordination geometry, with distortion parameters Σ = 96.7° and Θ = 316.5°.43 The Fe-N bond lengths range from 1.93 to 1.98 Å, suggesting a predominant low-spin (LS) state for 1 at 100 K, the temperature used during collection of X-ray diffraction data. Further octahedral geometry parameters are provided in Table 1. 44 Co-crystallized (and highly disordered) solvent molecules were detected, but could neither be identified nor modelled.

The unit cell is shown in Figure 1(b). The shortest distance between the nearest vinyl bonds of psca molecules (C29-C30 to C38-C39) is 5.44 Å, exceeding the 4.2 Å limit required for photodimerization.45 Consequently, the spatial arrangement of psca anions in 1∙X does not satisfy Schmidt’s topochemical criteria for [2+2] photodimerization due to their unfavourable positioning. 46,47 In fact, no colour change was observed after irradiation with UV light which further proves the unsuccessful photodimerization. All distances between the closest vinyl bonds are indicated in Figure 1 (b). 

Figure 2 shows the crystal packing of 1∙X along the b-axis.  The [Fe(3-bpp)2]2+ coordination spheres align along the b-axis, separated by psca molecules positioned between them. When viewed along the c-axis, four psca molecules are situated between two [Fe(3-bpp)2]2+ units. Due to the large size of the 3-bpp ligands, the molecules maintain spacing to reduce steric repulsions, which also contributes to the larger distance between psca vinyl bonds, preventing photodimerization.
[image: ]
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Figure 1. Crystal structure of 1∙X. (a) Asymmetric unit, (b) unit cell with marked distances between photodimerizable vinyl bonds. Hydrogen atoms are omitted for clarity in (b). Colour code: Fe (orange), N (blue), C (dark grey). O (red), S (yellow), H (light grey). 
[image: ]
Figure 2. Crystal packing of 1∙X, when viewed down the b-axis. Hydrogen bonds are marked in cyan colour. Hydrogen atoms were omitted for clarity.
Compared to [Fe(H2O)6](psca)2⋅2H2O, which has smaller H2O ligands, 1∙X has a more open structure, allowing psca molecules to pack closely enough in [Fe(H2O)6](psca)2⋅2H2O to eventually meet the photodimerization criteria. Hydrogen bonding involves two psca molecules, connected via carboxylic groups, bridging two FeII ions along with 3-bpp ligands. Only one 3-bpp ligand from each coordination sphere participates in hydrogen bonding, limiting the network to two FeII centres, with D-H···A bond distances between 2.63(3) - 2.72(3) Å (Table 2). Due to large molecular distances, no π-π or C-H···π interactions were observed.
Table 1. Bon distances (Å) and angles (°) of the octahedral coordination sphere in 1∙X. 
	Bond distance (Å)
	Bond angle (°)

	Fe1-N1
	1.94
	N7-Fe1-N2
	94.5

	Fe1-N2
	1.99
	N2-Fe1-N6
	101.3

	Fe1-N4
	1.98
	N6-Fe1-N9
	79.0

	Fe1-N6
	1.93
	N9-Fe1-N4
	92.9

	Fe1-N7
	1.97
	N4-Fe1-N1
	79.1

	Fe1-N9
	1.97
	N1-Fe1-N7
	100.1


Table 2. Hydrogen bonding parameters of 1∙X. 
	D-H···A
	Molecular interaction
	[bookmark: _Hlk184308896]D-H 
(Å)
	H···A (Å)
	D···A 
(Å)
	∠D-H-A ( ̊ )

	O(4)--H(4A)···O(9)
	Inter
	0.85(3)
	1.81(3)
	2.650 (4)
	172(4)

	N(8)--H(8)···O(7)
	Inter
	0.88(2)
	1.85(2)
	2.716 (3)
	166(4)

	N(10)--H(10)···O(1)
	Inter
	0.89(1)
	1.85(1)
	2.72 (3)
	171(4)

	O(10)--H(10B)···O(5)
	Inter
	0.85(3)
	1.78(3)
	2.632 (4)
	177(4)


[bookmark: _Hlk185601636]Next, single crystals of 1∙X were exposed to air. The crystals degeneration was observed quickly after separation from the mother liquor, indicating the possible loss of lattice solvents. Upon exposure in the air, water molecules might get into the crystal lattice, which is further investigated by thermogravimetric analysis (TGA), CHN, 57Fe Mössbauer spectroscopy and SQUID analysis.
Thermogravimetric analysis (TGA)
The TGA curve for the sample after exposure to air (Figure 3) was measured with a temperature cycle from 298 K to 473 K at 5 K/min to assess the number of associated water molecules. After reaching 473 K, the temperature was lowered back to 298 K at the same rate and held constant for 60 min. to monitor potential rehydration.[38] All measurements were performed in air. Starting at 320 K, rapid mass loss, reaching a total of 4.8% by 408 K, which corresponds to ca. 2.5 water molecules was observed, thus confirming the formula [Fe(3-bpp)2](psca)2∙2.5H2O (1∙2.5H2O). During the cooling cycle, no significant mass gain was observed, indicating 1 does not rehydrate after water loss, unlike other reported [Fe(3-bpp)2]2+ complexes.
[image: ]
[bookmark: _Hlk109049071]Figure 3. TGA curve to determine solvent content
57Fe Mössbauer spectroscopy
[bookmark: _Hlk185512052]57Fe Mössbauer spectra of 1∙2.5H2O were recorded at 78 K and 293 K (Figure 4). These were fitted to the sum of Lorentzian lines by a least-squares refinement using Recoil 1.05 Mössbauer Analysis Software48 to leads to hyperfine parameters listed in Table 3. At 293 K, a major doublet (highlighted in blue) with an isomer shift of δ = 0.38 mm/s and quadrupole splitting of ΔEQ = 0.65 mm/s is observed, characteristic of LS FeII ions. Additionally, a secondary doublet (highlighted in red) with δ = 1.12 mm/s and ΔEQ = 2.95 mm/s is found, representing FeII HS ions in an FeN6 environment. Hyperfine parameters align with previous Mössbauer reports for [Fe(3-bpp)2]2+ complexes,28,31,32 where the large quadrupole splitting of the HS doublet arises from valence contributions to the electric field gradient, linked to the distorted octahedral geometry around FeII. Meanwhile, the LS doublet’s quadrupole splitting results from lattice contributions.49,50 The fitting analysis indicates that ~22% of FeII sites are HS, and ~78% are LS, confirming that LS FeII species predominate in 1∙2.5H2O at room temperature. These values need however to be taken with caution given that Lamb Mössbauer factors of both spin states were not evaluated, and that vacuum conditions of the samples tested for Mössbauer spectrum and magnetic data are different, thus preventing any precise comparison of spin populations with SQUID data.

Meanwhile, the Mössbauer spectrum recorded at 78 K closely resembles the one at 293 K, showing two distinct doublets (in red and blue) corresponding to FeII HS and LS states, with hyperfine parameters listed in Table 3. The proportion of FeII sites in the LS state, however, increases to ~85%, while the HS occupancy drops to ~15%. This shift is the signature of a gradual and partial CO behaviour occurring in 1∙2.5H2O, on cooling below room temperature, as also suggested by the SQUID analysis (Fig. 5). The persistence of HS states at 77 K indicates that 1∙2.5H2O undergoes an incomplete thermal spin transition, as found in several FeII mononuclear complexes.51-54  
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Figure 4. 57Fe Mössbauer spectrum of 1∙2.5H2O at room temperature (left) and 78 K (right).
Table 3. 57Fe Mössbauer parameters for 1∙2.5H2O at 78 K and 298 K. Isomer shift (δ) are given with respect to metallic α-Fe. Γ/2 = half width of the lines.
	Temperature (K)
	Sites
	δ
(mm/s)
	ΔEQ
(mm/s)
	Γ/2
(mm/s)
	Fraction
(%)

	293
	FeII HS
FeII LS
	1.12(1)
0.38(2)
	2.95(1)
0.65(5)
	0.25(1)
0.19(3)
	21.6
78.4

	 78
	FeII HS
FeII LS
	1.03(1)
0.31(1)
	2.19(1)
0.68(3)
	0.23(2)
0.19(2)
	15.3
84.7



SQUID Magnetometry
Figure 5 displays the magnetic susceptibility measurements for 1∙2.5H2O, conducted over the temperature range of 4 K to 400 K. The measurements were taken in three sequences: (i) 298 K to 4 K to 400 K (pathways 1 and 2); (ii) 400 K to 4 K to 400 K (pathways 3 and 4); and (iii) 400 K to 4 K to 400 K.

 [image: ]Figure 5. χMT vs. T plot for 1∙2.5H2O with indicated thermal sequences and pathways, from 1 to 4.
[bookmark: _Hlk185492177]In the first measurement sequence, susceptibility data indicate that 1∙2.5H2O at room temperature is a mixture of HS and LS states, with LS states prevailing, which is consistent with the Mössbauer spectral data. As the temperature drops, the gradual decrease in the χMT product shows that LS state occupancy increases with cooling. Below 50 K, a decline in χMT suggests zero-field splitting from FeII ions, due to octahedral distortions.55  When the temperature rises from 4 K to 400 K, a steady increase in the χMT product, above 300 K, indicates that HS states become more favourable at higher temperatures, reaching a value of 3.1 cm3 K mol-1 at 400 K. This sharp rise is attributed to the loss of lattice solvents as indicated by TGA analysis, which leads to more HS occupation.   
[bookmark: OLE_LINK10][bookmark: _Hlk185492138]In the second temperature sequence, both cooling to 4 K and warming back to 400 K exhibit gradual SCO behaviour, accompanied by a hysteresis loop, centred around the room temperature region. The small hysteresis loop indicates that there might be small amount of cooperative interactions remaining between spin switching molecules after losing lattice solvents during heating. The χMT product does not drop to zero at any temperature, given that 1∙2.5H2O undergoes, on cooling, a partial thermal spin transition, as suggested by low-temperature Mössbauer results. Partial spin transitions are frequently observed in FeII complexes after solvent loss,39,56 as a result of the creation of defects in the crystal lattice.
The apparent discrepancy between magnetic properties of 1∙2.5H2O revealing an incomplete SCO and the crystal structure of 1∙X showing LS ions at 100 K is due to the fact that for the crystal structure determination, crystals were flash cooled immediately, after being extracted from the mother liquor, thus keeping all solvents molecules, which favour in this case the LS state.

Experimental section
Material and instruments
All solvents and chemicals were sourced from standard suppliers, were of analytical grade and used as received without further purification. The compound 2,6-di(pyrazol-3-yl)pyridine (3-bpp) was synthesized following an established method,40 as well as the precursor [Fe(H2O)6](psca)2⋅2H2O.[34] Elemental analysis  (C, H, and N) was conducted at MEDAC Ltd, UK. Single crystal X-ray diffraction (XRD) data for 1∙X were obtained at 100 K on a Rigaku Oxford Diffraction SuperNova, Dual Source, Cu at zero, diffractometer, equipped with an Atlas CCD detector, using ω scans and MoKα radiation (λ = 0.71073 Å).  Magnetic susceptibility measurements of 1∙2.5H2O were performed on a MPMS3 SQUID magnetometer (Quantum Design Inc.) in DC mode, applying a 1000 Oe field with a 2 K/min temperature rate. Magnetic data were corrected for both sample holder and diamagnetic effect. 57Fe Mössbauer spectra were recorded at room temperature in transmission geometry mode with a constant acceleration mode conventional WissEl Mössbauer spectrometer equipped with a 57Co(Rh) radioactive source, a Reuter Stokes proportional counter detector and a CMCA-550 multichannel analyzer. Data were also recorded at 78 K using an Elscint Ltd spectrometer operating in transmission geometry. Samples were sealed in pure aluminum foil and mounted on an Oxford instrument nitrogen bath cryostat.  All isomer shifts are given related to α-Fe at room temperature, used as a reference. TGA were performed in air (100 mL/min) at the heating rate of 5° C/min from 298 to 408 K using a Mettler Toledo TGA/SDTA 851e analyzer.
Synthesis
Synthesis of 1∙X: 0.422 g (2 mmol) of 3-bpp was first dissolved in hot methanol (5 mL). A separate solution of 0.654 g (1 mmol) of [Fe(H2O)6](psca)2⋅2H2O was dissolved in hot methanol (20 mL) and then added to the 3-bpp solution. Upon addition, the reaction mixture turned red instantly. This mixture was stirred at 40°C for 45 min. After stirring, diethyl ether was introduced through vapor diffusion into the mixture. Over the course of 2-3 days, red rectangular crystals formed and were collected for further analysis. Yield 0.45 g (46%), Anal. Calc. for C40H32FeN10O10S2, 2.5H2O: C, 49.14; H, 3.81; N, 14.33. Found: C, 48.89; H, 3.78; N, 13.91, indicating the formation of 1∙2.5H2O

Single crystal X-ray diffraction
Data reduction and integration were carried out using CrysAlisPRO software from Rigaku Oxford Diffraction, 57 which includes an absorption correction feature. The structures were solved by Direct Methods, SHELXT, 58 and refined by full-matrix least squares minimization on F2 using SHELXL2014/7.59 Complex 1∙X was processed using Olex2 software60 as a graphical user interface. Non-hydrogen atoms were refined anisotropically, while hydrogen atoms were placed in calculated positions and refined in riding mode, with isotropic temperature factors fixed at 1.2 times Ueq of the parent atoms (1.5 for hydroxyl groups). CCDC 2402810 contains the supplementary crystallographic data for this paper. These data can be obtained free of charge from The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/structures.

Conclusion
[bookmark: _Hlk184372875]In this study, we successfully synthesized and characterized the novel mononuclear FeII complexes [Fe(3-bpp)2](psca)2∙solvent  incorporating para-sulfocinnamic acid (psca) as a non-coordinated anion. 1∙2.5H2O shows a very gradual SCO behaviour over the range 4-300 K. After desolvation, a gradual but hysteretic transition centred around the room temperature region is observed. Unlike [Fe(H2O)6](psca)2⋅2H2O, 1∙X  does not exhibit photodimerization,  due to the greater distances between psca molecules, which did not meet Schmidt’s criteria for photodimerization. These findings provide however valuable insights into the spatial arrangements of psca in FeII complexes with differing sizes, from smaller [Fe(H2O)6]2+ spheres to larger [Fe(3-bpp)2]2+ ones. This structural understanding provides a solid foundation for the next phase of synthetic design of FeII coordination complexes displaying the Anion Driven Light Induced Spin Change.
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This study examines a FeII complex, [Fe(3-bpp)2]2+, incorporating a switchable counteranion. This new hybrid complex presents a thermally induced spin crossover behaviour occurring near the room temperature region. Insights into spin-state control and photodimerization, are derived.
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