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† Electronic supplementary information (ESI) available: experimental section with the synthesis 

and characterization of the ligands bpp-COOMe and bpp-triolH3, crystal packing in 1 (Fig. S1) and 

2·MeCN (Fig. S2), hydrogen bonds in 1 (Table S1) and 2·MeCN (Table S2), temperature 

dependence of the χMT product and isothermal field dependence of the magnetization at 1.8 K under 

different external pressures of 1 (Fig. S3), isothermal field dependence of the magnetization at 1.8, 

2.5 and 4.5 K of 2 (Fig. S4), time dependence of the χMT product of 2 under 532 nm light 

irradiation at 10 K (Fig. S5), plots of the (U)M06/6-311+G(d) frontier orbitals mainly localized on 

the iron(II) centre of the [Fe(bpp-R)2]
2+ cations (R = COOMe, triolH3) in 1 and 2 at both spin states 

S = 0 and S = 2 (Fig. S6), Cartesian coordinates, electronic energies and NBO charges of the 

modelled bpp-R free ligands and [Fe(bpp-R)2]
2+ cations (R = COOMe, triolH3) in 1 and 2 in both 

spin states S = 0 and S = 2 (Table S3). For ESI and crystallographic data see DOI: 10.1039/***. 

 

Abstract 

Molecular structures and magnetic properties of the homoleptic iron(II) compounds [Fe(bpp-

COOMe)2](ClO4)2 (1) and [Fe(bpp-triolH3)2](ClO4)2 (2) have been investigated to ascertain their 
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spin crossover (SCO) behaviour. In these hexacoordinated complexes, the bpp (2,6-bis(pyrazol-1-

yl)pyridine) ligands adopt a mer-mer coordination mode and carry COOMe or C(O)NHC(CH2OH)3 

para substituents, respectively, on the central pyridyl ring. In spite of the almost equal donor power 

of the ligands to the iron(II) centre, the two compounds feature different spin state configurations at 

room temperature. Compound 1 displays a highly-distorted octahedral environment around the 

iron(II) centre, which adopts a high spin (HS) state at all temperatures, even under an external 

applied pressure up to 1.0 GPa. By contrast, 2 is characterized by a more regular octahedral 

coordination around the metal ion and exhibits a low spin (LS) configuration at or below room 

temperature. However, it shows a thermally-induced SCO behaviour at T > 400 K, along with 

Light-Induced Excited Spin State Trapping (LIESST) at low temperature, with TLIESST = 38 K. 

Since DFT (U)M06/6-311+G(d) geometry optimizations in vacuo indicate that both complexes 

should adopt a HS state and a highly-distorted coordination geometry, the stabilization of a LS 

configuration in 2 is ultimately ascribed to the effect of intermolecular hydrogen bonds, which align 

the [Fe(bpp-triolH3)2]
2+ cations in 1D chains and impart profound differences in the geometric 

arrangement of the ligands. 

 

Introduction 

Spin crossover (SCO) materials have been extensively investigated in the last years, since the 

reversible control of their spin state by external stimuli holds promises for application in 

information processing and data storage devices or molecular switches.1,2 Special interest has been 

focussed on compounds that show persistent change of magnetization upon light irradiation. The so-

called LIESST (Light-Induced Excited Spin State Trapping) effect, first demonstrated by Hauser et 

al,3 consists in the photo-induced conversion of a low spin (LS) state to a metastable high spin (HS) 

state at cryogenic temperatures. The LIESST effect has been mostly studied in iron(II) complexes,3–

8 although iron(III)9 or molybdenum(IV)10 can also exhibit a similar behaviour. Pressure is another 

important external stimulus used to shift the spin equilibrium: due to the larger size of the HS centre 

compared to the LS one, the application of an external pressure favours a LS configuration,11,12 

additionally increasing the SCO transition temperature.13 

2,6-Bis(pyrazol-1-yl)pyridine (1-bpp), 2,6-bis(pyrazol-3-yl)pyridine (3-bpp) and their 

differently-substituted derivatives, hereafter called generically bpp ligands, afford [FeII(bpp)2](X)2 

(X– = anion) complexes that can exhibit SCO behaviour (Scheme 1).7,8,14,15 Depending on 

functionalization and counterion, gradual to abrupt spin conversions are observed, with associated 
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transition temperatures (T½) ranging from 100 K up to room temperature and above. What is clear is 

that the SCO ability is primarily governed by the distortion of the coordination sphere as described 

by the angles φ and θ,7 depicted in Scheme 1, together with the clamp angle ψ.16 Notice that the 

most regular geometry, achieved with φ = 180° and θ = 90°, still exhibits departures from perfect 

octahedral symmetry due to the intrinsic shape of bpp ligands, which imposes a clamp angle ψ < 

180°. Even though the two distortion angles can occur independently of each other,7,8 their 

combination is probably the key factor determining the existence of SCO behaviour. Previous 

surveys7,8 indicated that derivatives with φ ≥ 172° and θ ≥ 76° (low distortion) in their HS state can 

easily rearrange to the more regular geometry typical of the LS state and usually show spin 

conversion upon cooling. Most of highly distorted complexes (φ < 172° and θ < 76°), on the other 

hand, remain trapped in their HS state at all temperatures in the solid state and therefore do not 

exhibit SCO behaviour.7,8 The two distortion indices Σ (local angular distortions of the octahedral 

donor set N6) and Θ (degree of trigonal distortion of the coordination geometry from an octahedron 

towards a trigonal prism) can be also used as probes of the spin state.17 They are lower for the LS 

compounds than for the HS ones, confirming that LS complexes have more regular coordination 

geometries.7 The values of φ and θ (and consequently of Σ and Θ) are mainly affected by Jahn-

Teller effect,18 and in the second place by crystal packing. This is clearly shown by the derivatives 

[Fe(1-bpp)2](X)2, whose coordination distortion varies by changing the counterion X.7,18,19 LIESST 

effect was reported as well for this family of compounds,20 since this type of ligands usually 

promote adequate iron(II) geometries that lead to long lifetimes of the photo-induced metastable 

state.21  

Among all bpp ligands, our attention has been focused on derivatives of 1-bpp, hereafter called 

bpp-R, in which the R substituent is introduced in the para position of the central pyridyl ring, 

hence approximately along the N{py}–Fe–N{py} bond direction and the distortion angle φ. The R 

groups used in the past years range from alkyl,22 halogen23,24 alcohol,22,25 thioether,24,26 pyridine,27,28 

aldehyde,29 cyano30 and carboxylic acid31 to ferrocene,32 guanidine or cytosine,33 

tetrathiafulvalene,34 pyrene,35 C≡C–R (R = H, SiMe3, Br)36 TEMPO37 and Z-to-E photoisomerizable 

C=C–Ar38 fragments. Given this large pool of available derivatives, a unified treatment of the 

relationship between the electronic nature of R and the SCO properties shown by the iron(II) 

complexes in solution has been recently proposed.39 The situation is more puzzling when analysing 

the effect of intermolecular contacts on the magnetic behaviour in the solid state. Weak van der 

Waals interactions,22 π-π stacking35 or relatively strong hydrogen bonds,27,31 together with the steric 
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hindrance of the substituent itself, can in fact come into play and further affect the distortion angles 

and then the relative stability of the high or low spin state. The most extremely distorted structures 

are often associated with secondary contacts in the crystal between the complex and the neighboring 

anions,8 but when cations pack into the so-called “terpyridine embrace lattice”,17 spin transition is 

still observable.22  

We here report the structural and magnetic properties of two new compounds belonging to the 

[Fe(bpp-R)2](X)2 family, namely [Fe(bpp-COOMe)2](ClO4)2 (1) and [Fe(bpp-triolH3)2](ClO4)2 (2), 

where the two moieties COOMe and C(O)NHC(CH2OH)3 (= triolH3), respectively (Scheme 1), are 

unable (1) or able (2) to give relatively strong H bonds in condensed phase. The two tridentate bpp-

R ligands coordinate the iron(II) ion with a meridional-meridional (mer-mer) configuration giving 

an octahedral coordination environment, but with different distortion degrees in 1 and 2, and 

consequently different spin states at room temperature. The role of crystal packing and 

intermolecular contacts is here analysed and discussed with the help of pressure-dependent 

experiments, photo-magnetic studies and DFT calculations. 

 

 

Scheme 1 Molecular scheme of [Fe(bpp-R)2]
2+ complexes, highlighting the two distortion 

components (θ and φ angles) responsible for SCO behaviour modulation, together with the clamp 

angle ψ. In this paper, R = COOMe (1) and C(O)NHC(CH2OH)3 or triolH3 (2).   

 

Experimental 

General information 

Unless otherwise stated, all chemicals were of reagent grade and used as received. Diethyl ether 

(Et2O) was predried over CaCl2 overnight and distilled from sodium benzophenone under N2 before 

use. Acetonitrile (MeCN) was treated with CaH2 and then distilled under N2. Elemental analyses 

were recorded using a Carlo Erba EA1110 CHNS-O automatic analyser. IR spectra were recorded 

as KBr discs using a Jasco FTIR-4700LE spectrophotometer with a 2 cm−1 resolution. Further 
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general details and the syntheses of the ligands are reported in the ESI.† Caution! Perchlorate salts 

are explosive in nature and should be handled in small amounts and carefully. 

 

Synthesis of metal complexes 

[Fe(bpp-COOMe)2](ClO4)2 (1). Solid Fe(ClO4)2·6H2O (24.1 mg, 0.0664 mmol) was added to a 

suspension of bpp-COOMe (34.8 mg, 0.129 mmol) in MeCN (3 mL) causing the immediate 

dissolution of the ligand and a colour change to red-purple upon formation of the desired complex. 

After 30 minutes stirring, the solution was filtered to eliminate undissolved material and put in 

vapour diffusion with Et2O (5 mL). Diffusion was complete in about one week and the X-ray 

quality red crystalline product was collected by filtration, quickly washed with Et2O:MeCN (2:1 

v/v) and dried in vacuum. Yield: 35.7 mg (69.6%). Anal (%) Calcd for C26H22Cl2FeN10O12 

(793.26): C 39.37, H 2.80, N 17.66. Found: C 39.25, H 2.72, N 17.97. FT-IR (KBr, cm–1): 1737s 

(νC=O ester), 1631m + 1579s + 1522s + 1404s (νC=C, νC=N), 1459s + 1444m (δC–H), 1095s 

(νClO4
–), 1058s (νC–O).  

[Fe(bpp-triolH3)2](ClO4)2 (2). This compound was prepared and isolated with the same method 

described for 1, starting from Fe(ClO4)2·6H2O (19.3 mg, 0.0532 mmol) and bpp-triolH3 (40.0 mg, 

0.112 mmol). Once removed from the mother liquor, the crystals (2·MeCN) undergo quick solvent 

loss. Yield: 21.0 mg (40.6%). Anal (%) Calcd for C32H36Cl2FeN12O16 (971.45): C 39.56, H 3.74, N 

17.30. Found: C 39.47, H 4.00, N 17.66. FT-IR (KBr, cm–1): 3407br + 3240sh (νO–H, νN–H), 

1663s (νC=O amide), 1630m + 1570s + 1525s + 1498s + 1407s (νC=C, νC=N), 1471s (δC–H), 

1103s (νClO4
–), 1056m (νC–O).  

 

X-ray crystal structure determination 

Single-crystal X-ray diffraction studies were carried out on 1 and 2·MeCN with a four-circle Bruker 

X8-APEX diffractometer equipped with a Mo-Kα generator (λ = 0.71073 Å), an area detector and a 

Kryo-Flex cryostat, and controlled by Bruker-Nonius X8APEX software. The selected individual of 

2·MeCN was taken directly from the MeCN/Et2O mother liquor, rapidly mounted on a glass fiber 

and cooled in the nitrogen flux of the cryostat. The structures were solved by direct methods using 

the SIR9240 program and refined on Fo
2 by full-matrix least-squares methods using the SHELXL-

2014/741 software; both programs are implemented in the WINGX42 v2014.1 package. The program 

Mercury 3.843 was used for graphics. Crystal structure data and refinement parameters for 1 and 

2·MeCN are gathered in Table 1. Disorder effects were resolved only in the structure of 2·MeCN, 
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where they affected one OH group per ligand (O4A:O4B 0.586(3):0.414(3); O8A:O8B:O8C 

0.586(3):0.250(3):0.164(3)), one perchlorate anion (Cl2A:Cl2B 0.531(7):0.469(7)) and the 

interstitial acetonitrile molecule (0.589(9):0.411(9)). These disordered moieties were refined with 

restraints on their geometrical and displacement parameters. All non-hydrogen atoms were treated 

anisotropically, except for disordered atoms with occupancy < 0.25. Perchlorate anions were 

modelled as variable-metrics tetrahedra, with allowed deviations of 0.01 and 0.02 Å for Cl–O and 

O⋅⋅⋅O distances, respectively, and RIGU/ISOR restraints on displacement parameters. The hydrogen 

atoms of 1 were located in ∆F maps and fully refined with isotropic displacement parameters 

(IDPs). The hydrogen atoms of 2·MeCN were idealized and treated as riding contributors with IDPs 

constrained to be 50% (for CH3) or 20% higher than those of the parent atoms. OH groups were 

either subject to torsion angle refinement (AFIX 147) or placed in a staggered conformation so as to 

afford the best hydrogen bond (AFIX 83). In 2·MeCN, a large (ca. 4 e–/Å3) electron density residual 

was found close to the C31–O7 hydroxymethyl group, at 1.36 Å from C31. When this peak was 

assigned to the minority (ca. 15%) component of a disordered C–O group, an unphysically short 

(2.19 Å) intermolecular contact was produced with C25, belonging to a non-disordered 

hydroxymethyl group. This suggests that the residual electron density peak might be an artefact 

related to unresolvable crystal twinning or other so-far unidentified causes. The final R indices are 

consequently high, but the structural model is otherwise satisfactory for the purpose of this study. 

CCDC 1522449 and 1522450 contain 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/data_request/cif. 

 

Magnetic measurements 

Magnetization measurements were carried out on 7.38 and 8.66 mg pelletized polycrystalline 

samples of 1 and 2, respectively, using a Quantum Design MPMS SQUID magnetometer equipped 

with a 5 T magnet. The temperature dependence of molar magnetic susceptibility (χM) was followed 

from 1.8 to 300 (400) K for 1 (2) with an applied field HDC = 10 kOe at T ≥ 35 K and 1 kOe at T < 

35 K so as to reduce magnetic saturation effects. The field dependence of molar magnetization 

(MM) was also evaluated at 1.8, 2.5 and 4.5 K with applied field up to 50 kOe. Magnetic data were 

corrected for the sample holder contribution and for the sample diamagnetism (–421 × 10–6 and –

392 × 10–6 emu mol–1 for 1 and 2, respectively, calculated from Pascal’s constants44).  
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Magnetic measurements under pressure on 1 were performed using Quantum Design MPMS3 

magnetometer equipped with a 7 T magnet. A polycrystalline sample of 9.1 mg was loaded into the 

CuBe piston-cylinder type high pressure capsule cell (HMD, Japan). Daphne 7373 oil was used as a 

pressure-transmitting medium hydrostatic up to 1.2 GPa. The actual pressure (p) in the sample 

chamber at low temperature was determined with 0.02 GPa accuracy from the linear pressure 

dependence of the superconducting transition temperature (Tc) of high-purity lead (dTc/dp = 0.379 

K GPa–1). The residual field of the magnet was cancelled before each measurement using the 

magnet reset option. The magnetic data were corrected for the background of the pressure cell filled 

with oil. The temperature dependence of χM was followed from 1.8 to 300 K by applying HDC = 1 

kOe, and the field dependence of MM was then evaluated at 1.8 K with field up to 70 kOe under 

different applied pressures up to 1.00 GPa. Magnetic data were corrected with the same diamagnetic 

sample contribution reported above. 

Photo-magnetic measurements were carried out on a pelletized mixture of polycrystalline 2 (∼ 

0.5 mg) and powdered KBr so as to facilitate light penetration (the actual Fe content was evaluated 

by scaling the magnetic moment on that of the heavier sample of pure 2 used for regular 

measurements). Irradiation experiments were performed using a 532 nm laser beam with the CW 

laser diode coupled to an optical fibre inserted in the sample space through a hollow sample rod. 

The beam was collimated on the sample by means of an aspheric lens, yielding a radiant power on 

the sample of about 2 mW cm−2. TLIESST measurement consisted of monitoring the temperature 

featuring a minimum in the d(χMT)/dT curve, after reaching the photo-stationary limit at 10 K, 

switching the laser off and warming up the sample at a rate of 0.3 K min−1. Magnetic moments were 

corrected for the diamagnetic contribution of KBr and the sample holder (independently measured 

in the same range of field and temperature) as well as for the intrinsic diamagnetism of the sample 

(see above). 

 

Computational details 

In vacuo DFT calculations were performed on the cations [Fe(bpp-R)2]
2+ of 1 and 2 using Gaussian 

09,45 at the (U)M06/6-311+G(d) and (U)M06/6-31+G(d) levels of theory. The M06 functional46 

was adopted owing to its optimal performance in treating organometallic systems.46
 (U)M06/6-

311+G(d) geometry optimizations were performed in both S = 0 and S = 2 spin states, starting from 

both the distorted and undistorted geometries around the iron(II) ion as provided by X-ray 

experiments. For each complex, optimizations with such four starting guesses ended up in only two 

minima, i.e., the distorted HS and the undistorted LS states, the former being the most stable one for 
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both 1 and 2. Frequencies calculations at the same level of theory confirmed that the optimized S = 

0 structures were true minima, while spurious imaginary frequencies were obtained for the 

optimized structures with S = 2. Such negative frequencies were eliminated only by increasing the 

grid size up to 99,590 (Grid = UltraFine option in Gaussian 09) and reducing the basis set to 6-

31+G(d), with no significant change in the optimized parameters. Thermal analysis was then 

performed at 298 K at (U)M06/6-31+G(d) level of theory. The Natural Bond Orbital (NBO) 

analysis47
 was used for evaluating the atomic charges of both bpp-R ligands and (U)M06/6-

311+G(d) structurally-optimized complex cations (Tables with Cartesian coordinates, electronic 

energies and NBO charges of the two ligands and of the optimized complexes in the two spin 

configurations are reported as ESI†). 

 

Table 1 Crystallographic data and refinement parameters for 1 and 2·MeCN. 

 1 2·MeCN 

formula C26H22Cl2FeN10O12 C34H39Cl2FeN13O16 

formula weight 793.28 1012.53 

crystal system monoclinic monoclinic 

space group C2/c (n. 15) P21/n (n. 14) 

T, K 115(2) 140(2) 

a, Å  23.476(3) 14.0675(10) 

b, Å 10.3734(11) 16.2407(11) 

c, Å 15.7959(18) 18.2548(11) 

β, ° 127.074(2) 101.045(2) 

V, Å3 3069.1(6) 4093.3(5) 

Z 4 4 

ρcalcd, g cm–3 1.717 1.643 

µ, mm–1 0.749 0.590 

crystal size, mm3 0.39 × 0.35 × 0.21 0.26 × 0.20 × 0.12 

2θmax, ° 64.04 52.99 

collected/indep reflns 21845/5317 40776/8447 

Rint 0.0311 0.0580 

restraints/parameters 0/275 179/679 

R1, wR2 (I > 2σ(I)) 0.0318, 0.0872 0.0928, 0.2568 

R1, wR2 (all data) 0.0350, 0.0898 0.1295, 0.2869 

goodness-of-fit  1.031 1.121 
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Results 

Synthesis of ligands and formation of the complexes 

The synthesis of bpp-triolH3 was based on a four-step reaction, which started from commercially 

available citrazinic acid and involved bpp-COOMe as an intermediate (Scheme 2). The detailed 

synthetic conditions described in the ESI† are based on previous important work by Halcrow et 

al.
14,48 and, more recently, by Coronado et al.,31,49 in which the ligands bpp-COOMe27 and bpp-

triolH3
49 were separately reported. Methyl 2,6-dichloroisonicotinate was first synthesized according 

to literature procedure33,51–54 by reacting citrazinic acid with phosphorous oxychloride in the 

presence of ammonium chloride and heating the reaction mixture overnight at 140 °C. After cooling 

down to room temperature, cold methanol was added and the compound was precipitated by 

addition of aqueous K2CO3. The acid bpp-COOH was obtained27,31 by prolonged heating of methyl 

2,6-dichloroisonicotinate with pyrazole and NaH in diglyme, followed by acid workup. The methyl 

ester bpp-COOMe was then prepared by standard methods and reacted with 

tris(hydroxymethyl)aminomethane in DMSO at room temperature in the presence of K2CO3. After 

filtration of the excess of the potassium salt and removal of the solvent in vacuo, treatment of the 

yellow oily residue with CHCl3/n-hexane gave bpp-triolH3 as a white powder in considerably 

improved yield as compared with the available literature procedure (78 vs. 38%).49 All products 

were achieved in good yields on the gram scale leading to a remarkable overall yield of 46% for the 

four-step procedure. 

 

 

Scheme 2 (a) i) POCl3, 140 °C (overnight) ii) MeOH (86%); (b) pyrazole, NaH, diglyme, 140 °C (5 

days) (83%); (c) SOCl2, MeOH (82%); (d) tris(hydroxymethyl)aminomethane, DMSO, K2CO3 

(78%). 

 

The synthesis of the metal complexes 1 and 2 was conveniently carried out by adding the metal 

perchlorate salt to a suspension of the bpp-R ligands in MeCN, which caused immediate dissolution 

of the ligand and a concomitant colour change to red-purple. Vapour diffusion of Et2O in the 
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filtered solution afforded the desired products in reasonable yields as red X-ray quality crystals 

within a week. The infrared spectrum of 1 shows a slight blue-shift of the ester C=O stretching band 

from 1732 cm–1 in the free ligand to 1737 cm–1. By contrast, the amide C=O stretching band in 2 

undergoes a red-shift from 1671 to 1663 cm–1 upon complexation. νO–H and νN–H vibration 

modes in 2 appear as a broad intense band centred at 3400 cm–1 accompanied by a shoulder at 3240 

cm–1 that extends down to 2700 cm–1. This pattern is suggestive of a hydrogen bond network 

involving O–H and N–H groups in the solid state (see below). The perchlorate stretching is present 

in both spectra as a broad signal centred at 1100 cm–1, as expected for ClO4
– anions in Td 

symmetry.54  

 

Crystal and molecular structures 

Compound 1 crystallizes in monoclinic C2/c space group with four formula units per unit cell. The 

iron(II) ion sits on a twofold crystallographic axis and the asymmetric unit contains half 

mononuclear complex and one perchlorate anion. By consequence, the [Fe(bpp-COOMe)2]
2+ 

complex has crystallographically-imposed twofold symmetry (Fig. 1). Selected geometrical 

parameters of the coordination sphere at 115(2) K are gathered in Table 2. The clearest aspect in the 

molecular structure of this hexacoordinated iron(II) complex is the distortion of the octahedral 

coordination environment, as described by the trans-N{py}–Fe–N{py} angle φ = 158.77(5)° and by 

the dihedral (twisting) angle between the two ligands θ = 80.738(12)°. The clamp angle ψ = 

146.33(3)° reflects the coordination of the bpp-COOMe ligands with long Fe–N distances (2.14–

2.20 Å) that are characteristic of the HS state8 (see below). The same conclusion can be drawn by 

inspecting the distortion index Σ, whose value (155.7°) lies well within the range typically exhibited 

by HS complexes (140–200°).7 The coordination mode is also quite asymmetric, with a difference 

in the Fe–N bond distances of the two pyrazolyl arms of about 0.03 Å, and a shorter Fe–N bond 

length with the central pyridyl ring.  

The two shortest intermolecular interactions between [Fe(bpp-COOMe)2]
2+ cations involve two 

pyrazolyl C–H groups: one occurs with the carbonyl group (C1(H1)···O1 = 3.2704(15) Å, C1–

H1···O1 = 153.44(15)° (Fig. 1) and leads to an intermolecular Fe···Fe distance of 9.632 Å. The 

second one involves the pyrazolyl ring of an adjacent molecule (C10(H10)···centroid 

(N1C1C2C3N4) = 3.44 Å, C10–H10···centroid(N1C1C2C3N4) = 149°) (Fig. 1) with an 

intermolecular Fe···Fe distance of 8.480 Å. Perchlorate anions are located in the voids between 

cations and all their oxygen atoms are involved in weak C–H···O interactions (ESI, Fig. S1†).  
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Fig. 1 Molecular structure and crystal packing of the cation [Fe(bpp-COOMe)2]
2+ in 1 with selected 

atom labels; intermolecular contacts are depicted as light blue dashes (colour code: Fe = dark green, 

O = red, N = blue, C = grey, H atoms and ClO4
– anions omitted for clarity). 

 

Table 2 Bond distances (Å), angles (°) and distortion indices (°) of 1 from single-crystal X-ray 

diffraction and computational studies on the cation [Fe(bpp-COOMe)2]
2+ in both HS (S = 2) and LS 

(S = 0) states. 

 experimental HS (S = 2) LS (S = 0) 

Fe1–N1 2.1643(10) 2.174 1.996 

Fe1–N2 (py) 2.1366(9) 2.150 1.914 

Fe1–N3 2.1932(10) 2.200 1.996 

rFe–N
a 2.165 2.175 1.969 

N1–Fe1–N2 73.38(3) 73.28 79.93 

N2–Fe1–N3 73.27(3) 72.85 79.85 

N1–Fe1–N3 (ψ) 146.33(3) 144.87 159.78 

N2–Fe1–N2’b (φ) 158.77(5) 158.44 179.55 

θ c 80.738(12) 77.86 90.00 

Σ d 155.7 160.5 88.0 

Θ 
d
 479 500 288 

a average Fe–N distance; b primed atom is obtained from unprimed 
one through twofold rotation; c dihedral angle between the two 
ligands (the plane of each ligand was defined as the least-squares 
plane through its sixteen aromatic C/N atoms); d see ref. 7 for its 
definition. 

 

Compound 2·MeCN crystallizes in monoclinic P21/n space group, with four formula units per 

unit cell. The asymmetric unit comprises one mononuclear complex, two perchlorate anions and 

one interstitial MeCN molecule (Fig. 2). Selected coordination parameters at 140(2) K, reported in 

Table 3, show that the [Fe(bpp-triolH3)2]
2+ cation features a much smaller distortion as compared 
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with 1. Its angular parameters φ = 179.30(15)° and θ = 87.414(34)° are indeed very close to the 

ideal values for a regular octahedron. The clamp angles ψ1 and ψ2 of the two crystallographically-

independent bpp-triolH3 ligands are very similar to each other and close to 160°. The Fe–N 

distances range from 1.89 to 1.97 Å, with the central pyridyl ring still forming the shortest 

coordination bond. These bond lengths and the low value of the distortion index Σ (85.0°) are 

characteristic of a LS state.8 The two Fe–N bonds with pyrazolyl nitrogen atoms are now of equal 

length within experimental error and the FeN6 chromophore thus closely approaches D2d symmetry. 

The partially-disordered OH groups of the ligands give rise to a series of intra- and inter-

molecular hydrogen bonds (Fig. 2 and ESI, Table S2†). One full-occupancy OH group per ligand is 

intramolecularly H-bonded to the carbonyl oxygen (O2···O1 = 2.770(5) Å, O2–H···O1 = 129.8°; 

O7···O5 = 2.747(5) Å, O7–H···O5 = 141.3°). The majority component of a disordered OH group is 

also involved in an intramolecular H bond within the trimethylol portion of the ligand (O8A···O6 = 

2.658(8) Å, O8A–H···O6 = 140.4°). Intermolecular H bonds link the cations into approximately 

linear chains (O4A···O7 = 2.671(7) Å, O4A–H···O7 = 163.0°) and provide interconnections between 

chains (N11···O8A = 2.846(7) Å, N11–H···O8A = 154.2°). The two remaining OH groups are 

involved in H bonds with the perchlorate anions (O3···O11 = 2.902(10) Å, O3–H···O11 = 155.4°; 

O6···O12 = 2.769(7) Å, O6–H···O12 = 171.1°). The interstitial acetonitrile molecule is disordered 

and is only weakly bound to the surrounding cations and anions. It simply fills the voids in the 

crystal lattice (ESI, Fig. S2†) and is in fact rapidly lost once the crystals are removed from their 

mother liquor. Within this crystal packing, the shortest Fe···Fe separation is 8.702 Å, hence very 

close to that found in 1. 

 

 

Fig. 2 Molecular structure and crystal packing of the cation [Fe(bpp-triolH3)2]
2+ in 2·MeCN with 

selected atom labels; H bonds are depicted as light blue dashes (colour code: Fe = dark green, O = 

red, N = blue, C = grey; H, ClO4
– anions and acetonitrile omitted for clarity; only the main 

components of the disordered OH groups are drawn). 
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Table 3 Bond distances (Å), angles (°) and distortion indices (°) of 2 from single-crystal X-ray 

diffraction and computational studies on the cation [Fe(bpp-triolH3)2]
2+ in both LS (S = 0) and HS 

(S = 2) states. 

 experimental LS (S = 0) HS (S = 2) 

Fe1–N1 1.973(4) 1.997 2.202 

Fe1–N2 (py) 1.894(4) 1.916 2.144 

Fe1–N3 1.967(4) 1.997 2.177 

Fe1–N4 1.972(3) – a 2.200 

Fe1–N5 (py) 1.895(4) – a 2.146 

Fe1–N6 1.965(4) – a 2.179 

rFe–N
b 1.944 1.970 2.175 

N1–Fe1–N2 80.12(14) 79.74 73.00 

N2–Fe1–N3 80.36(14) 79.87 73.33 

N1–Fe1–N3 (ψ1) 160.48(14) 159.61 145.49 

N4–Fe1–N5 80.43(14) – a 72.96 

N5–Fe1–N6 79.91(14) – a 73.22 

N4–Fe1–N6 (ψ2) 160.34(14) – a 144.97 

N2–Fe1–N5 (φ) 179.30(15) 178.58 160.11 

θ c 87.414(34) 89.49 79.55 

Σ 
d
 85.0 88.7 157.8 

Θ d 292 290 495 
a only symmetry-unique parameters are given for the computed 
structures; b average Fe–N distance; c dihedral angle between the two 
ligands (the plane of each ligand was defined as the least-squares plane 
through its sixteen aromatic C/N atoms); d see ref. 7 for its definition. 

 

Compound 1 belongs to the small number of HS derivatives with φ < 160°, which in few cases 

approaches 150°,34,38a and thus does not fulfil the condition suggested for SCO to be possible (φ  > 

172°).8 Notice, however, that the compounds [Fe(bpp-Me)2](ClO4)2 (φ = 163.7°, θ = 89.5°)22 and 

[Fe(bpp-E-C=C–C6H5)2](BF4)2·acetone (φ = 161.9, θ = 73.0)38c were both shown to exhibit SCO in 

spite of their low φ values. Since the θ parameter in 1 is definitely more favourable than in [Fe(bpp-

E-C=C–C6H5)2](BF4)2·acetone38c and well above the threshold value for SCO (76°), 1 earns a 

chance for showing SCO. 

By contrast, 2, with its approximate D2d symmetry, is a perfect candidate for undergoing 

thermally- and light-induced SCO. In particular, it bears overall structural resemblance and similar 

distortion parameters to the SCO derivatives [Fe(bpp-pPy)2H](ClO4)3 (T½ = 286 K)27 (bpp-pPy = 

2',6'-bis(pyrazol-1-yl)-4,4'-bipyridine) and Fe(bpp-COOH)2](ClO4)2 (T½ = 382 K),31 in which 
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complex cations also interact via H bonds and form supramolecular chains (see below for more 

details). In order to ascertain the possible occurrence of SCO, we undertook magnetic and 

photomagnetic studies on 1 and 2. 

 

Magnetic properties  

The temperature dependence of the low-field molar magnetic susceptibility of 1 is reported in Fig. 3 

as a χMT vs. T plot along with the isothermal field dependence of the molar magnetization, MM, up 

to 5 T at 1.8, 2.5 and 5.0 K. At 300 K the χMT product is 3.74 emu K mol–1, due to the significant 

orbital contribution to the paramagnetism of HS iron(II) complexes and in line with previous 

findings on similar derivatives.19 On cooling, it remains almost unvaried until 60 K, when it starts to 

decrease slowly and then abruptly below 20 K reaching 0.52 emu K mol–1 at 1.8 K. This behaviour 

reflects the selective population of the HS (S = 2) state, with zero field splitting (zfs) effects being 

responsible for the χMT drop at low temperature. All data could be satisfactorily fitted with PHI 

program55 according to the Hamiltonian presented in Eq. 1, where g is the Landé factor and D and E 

are the axial and transverse zfs parameters, respectively. The best-fit parameters so-obtained are: g = 

2.24(1), D = 10.0(3) cm–1 and E = 2.5(2) cm–1. These values are in line with those previously 

reported for this class of compounds.19 

��� = ���	
 + �
���
 − ���
� + ����� ∙ ��       (1) 

It is reported that, in nearly all cases, the HS→LS transition is accompanied by a small increase 

in φ but essentially no change in θ.7 Since the latter is already above the threshold value for SCO 

while the former is lower than required, for the first time with this type of ligand we attempted to 

promote SCO by applying an external pressure, in order to induce a re-alignment of the two ligands 

and force φ to a value higher than 172°. The magnetic properties of 1 were then investigated under 

pressure up to 1.00 GPa in the 1.8–300 K and 0–7 T temperature and magnetic field ranges, 

respectively, on a polycrystalline sample loaded into a CuBe piston-cylinder pressure cell. The 

temperature dependence of the χMT product at HDC = 0.1 T and under pressure (ESI, Fig. S3†) is not 

much different from that observed under ambient pressure in a regular measurement (slight 

differences are due to small distortions of the raw data by the pressure cell body). The field 

dependence of the magnetization at 1.8 K (ESI, Fig. S3†) also does not deviate significantly from 

that measured under ambient pressure in a regular sample holder. This indicates that external 

pressures as high as 1.00 GPa have little or no influence on the magnetic properties of 1, which does 

not undergo pressure-induced thermal SCO. The induction of SCO in 1 by compression would 
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presumably require a profound rearrangement of the two bpp-COOMe ligands around the iron(II) 

centre towards an N{py}–Fe–N{py} angle φ closer to 180°, but crystal packing and the position of 

the perchlorate anions probably hamper such a reorganization. 

 

 

Fig. 3. Temperature dependence of the χMT product (black circles) for 1; inset: field dependence of 

the molar magnetization, MM, at 1.8, 2.5 and 5.0 K. Solid lines are given by the best-fit parameters 

(see text).  

 

The temperature dependence of the low-field χMT product of 2 is reported in Fig. 4. Below 

300 K, χMT values are close to zero, as expected for a fully populated LS state with a minor fraction 

of non-converted HS state (about 3%), as confirmed by isothermal magnetization profiles (ESI, Fig. 

S4†). Heating the compound above 300 K produces a sharp increase of χMT, which reaches 

1.11 emu K mol–1 at 400 K. Since complete population of the HS state would lead to a χMT value of 

3.1–3.8 emu K mol–1, approximately one third of the overall iron(II) content has undergone the spin 

transition at 400 K. By extrapolation, T½ is expected to lie above 400 K, as observed in other SCO 

materials:56,57 such a high temperature of spin transition hampers the observation of thermal 

hysteretic behaviour.  

Due to the selective population of LS state at low temperature, the photo-magnetic activity of 2 

was checked by means of light-dependent magnetization measurements. The compound was 

irradiated at 10 K with a 532 nm laser beam for approximately 2 h, till photo-stationary was reached 

with a recorded χMT value of 0.43 emu K mol–1. Taking 1 as HS reference, this value corresponds 

to a HS fraction of about 12% (ESI, Fig. S5†). Partial photo-conversion in SCO systems is usually 

attributed to light penetration issues in the whole amount of the sample or to fast competing 

relaxation pathways available even at cryogenic temperatures. The latter may be related to spectral 

overlap of the photo-excitation/de-excitation bands, or to strong vibronic coupling between the 
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metastable HS and the ground LS states (adiabatic phonon relaxation), as suggested by the high 

temperature of SCO interconversion.58   

 

 

Fig. 4 Temperature dependence of the χMT product between 1.8 and 400 K of 2 in the dark (black 

circles), under irradiation with 532-nm light at 10 K (red circles) and upon heating after irradiation 

(green circles); inset: determination of the TLIESST value. 

 

After switching the light off, the χMT plot was recorded (Fig. 4, green circles) as the temperature 

was gradually increased at a rate of 0.3 K min–1, following standard TLIESST protocol.21,25,59 At first, 

the χMT plot increased due to the zfs of the photo-induced HS iron(II) ion and reached a maximum 

value of 0.46 emu K mol–1 forming a plateau from 16 to 20 K. Afterwards, a monotonic decrease of 

the χMT plot was observed upon warming up until the curve reached the values found without 

irradiation, at around 75 K. A TLIESST value of 38 K was determined from the minimum of the 

dχMT/dT-vs-T curve (Fig. 4, inset). 

 

Theoretical calculations 

Theoretical calculations on this kind of compounds have been reported in recent years,60 aiming at 

describing the ground state,61,62 the LIESST phenomenon63 and the impact of crystal packing62,64 on 

the spin state. The HS-LS dualism is here investigated through analysis of the energies and the 

atomic charges of the optimised structures of both ligands and complexes. 

Geometry optimizations were performed on the cations [Fe(bpp-R)2]
2+ in the gas phase, starting 

from the geometries experimentally found in the X-ray structures of 1 and 2·MeCN and imposing 

the same spin configuration as determined by magnetic measurements (below 300 K for 2), that is S 

= 2 for 1 and S = 0 for 2. Calculations provided structural parameters in very close agreement with 
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the experimental ones (Tables 2 and 3), confirming that the two compounds occupy in the solid 

state two stable minima in their respective Potential Energy Surface (PES). In particular, the clear 

distinction between the distorted and the undistorted octahedral geometries shown by 1 and 

2·MeCN, respectively, has been accurately reproduced.  

In the attempt to rationalize the different magnetic behaviour shown by 1 and 2, and the mutual 

effect between their spin configuration and structural properties, geometry optimizations were 

performed also on the complexes in their opposite spin configurations (i.e., S = 0 for 1 and S = 2 for 

2), starting from the hypothetical undistorted and distorted geometries, respectively. Well defined 

minima have been obtained, where the geometry of complex 1 was similar to that of 2 at low spin 

and the geometry of complex 2 was similar to that of 1 at high spin (see last columns of Tables 2 

and 3). For both compounds, the HS distorted structure was found to be more stable than the LS 

undistorted one by 13.2 (1) and 13.7 kcal mol–1 (2). These results indicate that intermolecular 

interactions, neglected in the present gas-phase calculations, should be responsible for the 

unexpected stabilization of the LS structure observed for 2 in the solid state at temperatures below 

400 K. In fact, 1 shows only weak C–H···O interactions in its crystal structure and assumes the 

lowest energy configuration. By contrast, the network of relatively strong intermolecular H bonds in 

2·MeCN can favour the population of the relative minimum on its PES with respect to the absolute 

one.  

Owing to the important role played by enthalpy and entropy contributions in determining the 

relative stability of the spin states of the complexes,62,64 thermal analysis at 298 K was also 

performed. While the same ∆GHS→LS free energy variation from the distorted HS to the undistorted 

LS state was obtained for 1 and 2 (16.3 kcal mol–1), a slightly larger enthalpy variation was 

obtained for 2 with respect to 1 (∆HHS→LS = 13.2 vs. 11.3 kcal mol–1, respectively), suggesting an 

even stronger impact of crystal packing in stabilizing the LS state for 2. 

Plots of the frontier Molecular Orbitals (MOs) mainly localized on the iron(II) centre are 

reported in ESI, Fig. S6† together with the corresponding energies and the d-orbital contributions. 

By considering the unoccupied and the doubly or singly occupied MOs closest in energy, we 

computed energy gaps equal to 134.97 and 72.28 kcal mol–1 for the LS and the HS states of 1 and 

135.04 and 73.94 kcal mol–1 for the corresponding states of 2. Such quantities can be related to the 

ligand field strengths at the iron(II) ion, 10Dq, providing 10DqLS/10DqHS ratios equal to 1.87 and 

1.83 for 1 and 2, respectively. These results are in agreement with the relationship proposed by 

Halcrow et al.,18 who connected 10DqLS/10DqHS with the sixth power of the average Fe–N bond 

length ratios in the HS and LS states, (rHS/rLS)6, equal to 1.82 and 1.81 for 1 and 2, respectively 
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(Tables 2 ad 3). Moreover, such ratios are significantly greater than 1.74, the value typically 

observed for compounds showing SCO,3 further confirming that at molecular level both compounds 

share the same behaviour without any expected SCO transition. 

The atomic charges of the four optimized structures and of the free ligands were determined 

through NBO analysis,47 following an approach of demonstrated validity66 (ESI, Table S3†). In the 

two free ligands, the overall charge of the R groups is close to zero, implying that the substituents 

do not affect the charge distribution in the bpp backbone. By consequence, the three nitrogen atoms 

involved in the coordination to the metal have the same negative charges in the two cases, with the 

pyridyl nitrogen atom more negative (–0.42 e) than the pyrazolyl ones (about –0.26 e). The two 

ligands are thus expected to exhibit comparable donor power to the iron(II) centre. Irrespective to 

the R substituent, the residual charge on the metal is indeed close to zero in the LS state or +0.91 e 

in the HS state. Furthermore, the residual charge of the COOMe and triolH3 groups in all cases 

remains low and almost constant (0.10–0.12 e). This analysis indicates a similar effect of ligand 

electronic character on the coordination geometry. 

 

Discussion 

Computational analysis on the gas-phase cations [Fe(bpp-R)2]
2+ of 1 and 2 indicates that in both 

cases the HS configuration is the most stable one, even including temperature effects. The two bpp-

COOMe and bpp-triolH3 ligands appear to exert comparable electronic influence on the spin state of 

the iron(II) ion, as evidenced by quite similar computed charges and geometrical parameters when 

the same spin configuration is considered (compare data of columns HS (S = 2) and those of 

columns LS (S = 0) in Tables 2 and 3). It then results that the different magnetic behaviour of 1 and 

2 observed in the solid state should be ascribed to the different patterns of intermolecular 

interactions in their crystal structures. Taking into account similar anion-cation electrostatic 

attractions due to the use of perchlorate in both compounds,64 H bonds are the main structural motif 

differentiating the two structures from each other. Relatively strong67 O–H···O bonds connect 

molecules of 2 on either sides forming linear, infinite chains that develop approximately parallel to 

the N{py}–Fe–N{py} bond direction. The almost optimal arrangement of H bonds along these 

chains (O–H···O angle measures 163.0°) is possible only with a concomitant N{py}–Fe–N{py} 

angle φ close to 180°, a geometry which promotes the LS configuration of the metal ion. This 

would suggest that H bonding can be considered as the driving force for the adoption of a LS 
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configuration by 2, until the entropy-driven stabilization of the HS state sets in at sufficiently high 

temperatures.  

A scenario similar to the one observed in 2 holds in two other members of the [Fe(bpp-R)2](X)2 

family, namely [Fe(bpp-pPy)2H](ClO4)3
27 and [Fe(bpp-COOH)2](ClO4)2.

31 In the former, the 

complex cations are arranged in supramolecular chains through (N–H)+···N hydrogen bonds 

involving the 4-Py substituents (N···N = 2.654 Å). Distortion angles are φ = 174.9° and θ = 87.2° 

and the compound displays a 2-K wide thermal hysteresis loop with T½↑ = 287 K and T½↓ = 285 

K.27 In [Fe(bpp-COOH)2](ClO4)2, a chain-like supramolecular structure is also attained via a pair of 

complementary H bond interactions between 4-carboxylic groups (O···O = 2.671 Å). In this case, 

distortion angles (φ = 180° and θ = 87°) are within 1° from those we found in 2 and the compound 

also exhibits SCO above room temperature, with T½↑ = 384 K, T½↓ = 381 K and TLIESST = 60 K.31 

The lower TLIESST observed in 2 (38 K) suggests a decrease in the thermal activation barrier to the 

relaxation of the metastable HS phase. This finding, along with the lower photo-converted HS 

fraction at low temperature and the higher T½, fits into the Inverse Gap Energy Law introduced by 

Hauser58 and points out a high energy difference between the two isomeric spin forms of 2. 

Interestingly, the organization of deprotonated [Fe(bpp-triol)2]
4– units into 1D chains with 

[MnMo6O18]
3+ polyoxometallate (POM) fragments was found to further increase T½, leading to a 

stable LS configuration up to 400 K, with a similar effect as H bonds.49 Unfortunately, no X-ray 

structural data are available for this hybrid compound. 

Compound 1 can be also compared with [Fe(bpp-COOH)2](ClO4)2
31 and [Fe(bpp-Me)2](ClO4).

22 

Once the possibility to form H-bonded 1D chains is removed via esterification of the carboxylic 

fragment, the weak C–H···O/π intermolecular interactions in the crystal packing of 1 lead to a very 

distorted cation, which is then stabilised in the HS state at all temperatures. [Fe(bpp-Me)2](ClO4)
22 

features secondary interactions similar to 1, but the lower steric hindrance of the methyl group leads 

to a ‘terpyridine embrace packing’ of the cations and then thermally-induced HS↔LS conversion. 

 

Conclusions 

The present work describes two new members of the [Fe(bpp-R)2](X)2 family, which reside well in 

the overall mosaic drawn by Halcrow et al. for this class of compounds (see Fig. 5 for a φ vs. θ plot 

based on the available X-ray structural data,7,8,22,26,31 including those for 1 and 2). It also adds 

important insights into the role of intermolecular contacts in promoting and modulating spin 

conversion. Although the two ligands display the same donor power to the iron(II) centre, as 
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outlined by NBO charges, 1 (R = COOMe) possesses a heavily-distorted octahedral coordination 

environment (φ = 158.77(5)° and θ = 80.738(12)°) that hampers the SCO from its thermodynamic 

HS state, even under applied pressure. On the other side, 2 (R = triolH3) features a much more 

regular coordination sphere (φ = 179.30(15)° and θ = 87.414(34)°) and a LS state up to 400 K, 

when a thermally induced SCO sets in; at cryogenic temperatures, 2 displays photo-magnetic 

properties through LIESST effect with TLIESST = 38 K.  

 

 

Fig. 5 Plot of the values of θ vs. φ from the [Fe(bpp-R)2](X)2 compounds for HS (����) and LS (����) 

complexes that remain in that spin state at all tested temperatures, and for complexes in their HS 

(�) or LS (�) state which undergo SCO upon cooling or heating, respectively. When more than one 

independent molecule is present in the crystal structure, the mean value is reported as unique point. 

Compounds subject of the present paper are highlighted as filled black diamonds (�). 

 

Since our theoretical studies indicate that both complexes have a thermodynamic HS state in the 

gas phase, intermolecular interactions must provide the supplementary energy contribution 

necessary to invert the stability of the spin configurations and afford a LS state in 2 below 400 K. In 

the solid state, the [Fe(bpp-triolH3)2]
2+ cations are indeed involved in a network of relatively strong 

H bonds with the formation of infinite chains through O–H···O contacts and the presence of 

interchain N–H···O linkages. This approach stresses out the idea that SCO behaviour can be actively 

modulated by functionalization of the ligands without directly affecting their coordination towards 

the iron(II) centre, but simply exploiting their potential in giving specific intermolecular 

interactions. Furthermore, as a certain aim in our future research, the triolH3 fragment can act as 

tripodal ligand for the well-known propeller-like Fe4 SMMs68 and afford multi-responsive 

compounds similar to the bimetallic MnIII-FeII 1D chains comprising alternating POMs and SCO 

centres recently reported.49 
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