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Abstract: The current craze for research around the spin crossover 

phenomenon can be justified to some extent by the mechanical 

properties due to the decrease of volume associated with the transition 

of the metal ion from the HS state to the LS state. As demonstrated 

here, the molecular complex [Fe(PM-pBrA)2(NCS)2] exhibits, on the 

contrary, an increase of the unit-cell volume from HS to LS. This 

counter-intuitive and unprecedented behavior that concerns both the 

thermal and the photo-excited spin conversions is revealed by a 

combination of single-crystal and powder X-ray diffraction 

complemented by magnetic measurements. Interestingly, this 

abnormal volume change appears concomitant with the wide rotation 

of a phenyl ring which induces a drastic modification, though reversible, 

of the structural packing within the crystal. In addition, the light-induced 

HS state obtained through the Light-Induced Excited Spin-State 

Trapping shows a remarkably high relaxation temperature, namely 

T(LIESST), of 109 K, one of the highest so far reported. The above set 

of quite unusual characteristics opens up new fields of possibilities 

within the development of spin crossover materials. 

 

 
The spin crossover (SCO), meaning the modification of the 

electronic configuration of transition metal ions initiated by external 

stimuli such as temperature, pressure, light and magnetic fields [1], 

currently attracts intense interests in coordination chemistry, solid-

state physics and materials science [2]. The SCO in iron(II) based 

molecular compounds, the most studied ones, is associated to 

volume modifications at all physical scales [3]. In such 

compounds, it is very well documented that the high-spin (HS) 

to low-spin (LS) conversion always corresponds to a huge 

decrease of the iron polyhedron volume of about 25%. The latter 

has repercussions on the crystal packing leading to a decrease of 

the unit-cell volume. However, due to the flexibility of the molecular  

and intermolecular  scales the final  HS-LS  unit-cell 
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volume decay is lower, typically into the range of 2-5 % but with 

also some examples reaching more than 10 % [4]. Besides, it is 

well known that the metal coordination-sphere volume modification 

results from a combination of bond-length and distortion 

modifications. The latter is known to play a crucial role in the Light-

Induced Spin-State Trapping (LIESST) phenomenon since huge 

modifications of distortion at the SCO can generate large energy 

barriers to relaxation, associated to high relaxation temperatures, 

T(LIESST) [5]. However, the definitive structure- property 

relationship allowing to rationally design compounds showing very 

high T(LIESST) is still to be definitely stated since other 

parameters than the distortion are probably to be taken into 

account. For instance, photo-excited states (PES) can be 

stabilized by elastically driven cooperativity triggered by a light 

pulse [6]. 

In the context of our efforts to explore the multiscale aspect of 

SCO in molecule-based materials we functionalized the Schiff 

base ligand of the PM-L family to tune both the coordination 

geometry and the intermolecular interactions [7]. The solvent-free 

complexes [M(PM-pBrA)2(NCS)2] (M = Fe (1) and Mn (2) and PM- 

pBrA = N-(2’-pyridylmethylene)-4-bromoaniline; p being for para 

position) were crystallized. Magnetism and crystallography 

approaches, including photo-induced aspects, were performed. 

The structural investigation by X-ray diffraction notably focused on 

the fine description of SCO following a protocol already reported 

[8]. The isomorphic and non SCO-active compound Mn (2) has 

been studied to highlight the particularity of the Fe compound (1) 

SCO features. 

Magnetic measurements suggest (1) shows an abrupt thermal 

SCO with a small hysteresis loop with T1/2↓= 170.2 K and T1/2↑= 

181.4 K, indicating the cooperative character of this compound 

(Figure 1). The hysteresis loop can be reproduced over successive 

thermal cycles under different rate (Figure S1). Moreover, the 

Thermally-Induced (TIESST) and Light-Induced (LIESST) Excited 

Spin-State Trapping allow to trap the high-spin metastable state at 

low temperature. These states can be kept at a relatively high 

temperature leading to the relaxation temperatures T(LIESST) and 

T(TIESST) values of around 109 K as shown in Figure 1. 

T(TIESST) and T(LIESST) above 100 K are quite rare in molecular 

complexes [9]. Interestingly enough, (1) shows the highest 

T(LIESST) of the corresponding family of iron compounds and of 

bidentate-based iron(II) complexes and one of the highest reported 

so far within the whole literature of SCO materials [10]. This 

characteristic represents the first singular feature of this 

compound. 

As shown by Single-Crystal X-ray Diffraction (SCXRD), the 

crystal symmetry (P21/n) is not affected by temperature but the 

variation of the crystal lattice volume is strong at the thermal SCO 

and above all it reveals a very surprising behavior. Indeed, the unit-

cell volume increases from HS to LS (Figure 2a): from 300 K 
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COMMUNICATION 
to 170 K, the unit-cell volume decreases gradually due to thermal 

contraction while it increases abruptly from 170 K to 160 K at the 

SCO, this behavior being reversible by warming. Note that the 

isomorphic Mn compound (2) shows a reversible decrease of the 

unit-cell volume over the whole temperature range by cooling 

(Figure S3). 

 

 
 
Fe2 entities at 300 K, respectively, and 1.956(6) Å to 1.955(5) Å 

at 150 K, showing that both have undergone a full SCO. This usual 

modification of bond lengths is accompanied by a huge variation 

of the distortion of the iron polyhedron (Table S2). The strong 

variation of the bond length distortion (ζ), angle distortion (Σ) and 

trigonal distortion (Θ) [12] at the same temperature (Figure  S4)  

indicate  that  Fe1  and  Fe2  undergo  the  SCO 

concomitantly, in agreement with the magnetic measurement. 
 

(a) 

 
 
 
 
 
 
 
 
 
 

(b) 

 
 
 
 

Figure 1. MT as a function of temperature for (1) showing the thermal SCO 

(black curve), the SCO after thermal quenching at 10K (green curve) and the 

light-induced spin-state trapping (red curve). Insert shows the scheme of the 

molecule. 

 

The increase of the unit-cell volume from HS to LS, as 

observed here appears to be contrary to what has been observed 

so far for the SCO phenomenon and is also confirmed by both 

single crystal (Figure 2a) and Powder X-Ray Diffraction (PXRD) 

(Figure 2b). Note also that SCXRD, PXRD (Figure 2) and 

magnetism (Figure 1) are in excellent agreement in term of 

temperature of transition, as is DSC (Figure S7). XRD data also 

show the co-existence of HS and LS domains which confirms the 

first order nature of the transition. In the SCO temperature region, 

the reversible increase of volume from HS to LS results in fact from 

the strong anisotropy of the unit-cell modifications. As shown in 

Figure S2, when cooling from 200 K to 150 K, the value of a 

decreases by 4.40 % while c increases by 6.55 %. If the anisotropy 

of the unit-cell modifications due to the SCO is a usual fact, it may 

be the first time that a HS to LS conversion is observed as a positive 

expansion. The latter amplitude is accurately determined by 

comparing the volumes of the HS and LS unit-cells at the same 

temperature, the HS one obtained by quenching and the LS one 

by slow cooling. At 80 K, the volumes of the HS (5423.8(3) Å3) and 

LS (5510.8(5) Å3) unit-cells confirm an increase of 1.6 % from HS 

to LS (Table S1). Note that a reverse volume expansion, though 

very tiny compared to the one reported here and only observed in 

association to a LIESST effect, has been observed previously [11]. 

To shed lighlight on the very original aspects of this 

compound, that is, the unprecedented reverse volume 

modification and the very high T(LIESST), the crystal structures in 

the HS and LS states were determined at different temperatures 

and were scrutinized, including the quenched HS at 80 K and 10 

K (Table S1). 

The crystal packing is built from the asymmetric unit that 

contains two independent crystallographic sites for iron(II) ions, 

labelled hereafter Fe1 and Fe2 (Figure 3). The average of the 

bond lengths, <Fe-N>, is 2.183(5) Å and 2.178(6) Å in Fe1 and 

 
 
 
 
 
 

 
Figure 2. The temperature dependence of the unit-cell volume for (1) showing 

the increase from HS to LS determined by (a) SCXRD where the square and 

triangle represent the cooling and warming modes and where the green 

rhombus shows the experimental point obtained by quenching from RT to 80 K 

and by (b) PXRD where low temperature PES experimental points are figured 

by blue stars and relaxed LS ones by red stars. In both figures the increase of 

the unit-cell volume from HS to LS is evidenced. This reverse volume 

modification compared to the usual one is also shown by the higher volume of 

the LS than the HS quenched at 80 K in (a) as well as by the higher volume of 

the LS than the PES one at 10 K. Unit cell at 300 K: a = 16.7235(7) Å, b = 

21.3275(9) Å, c = 16.7294(7) Å, β = 109.419(2) °, and V = 5627.4(4) Å3
 

 
 
 
 
 
 
 
 
 
 
 

Fe1 Fe2 
 
Figure 3. Superposition of the structurally independent two molecular 

complexes, Fe1 that stands for molecule 1 and Fe2 that stands for molecule 2 

between HS at 300 K (blue) and LS at 100 K (red) showing the huge rotation 

and motion of ligands in Fe2. 

 
From LS (80 K) to quenched HS (80 K), the modification of the 

trigonal distortion (ΔΘ) is 96.6 ° and 122.8 ° for Fe1N6  and Fe2N6 

octahedrons respectively. The trigonal distortion is known 
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to be connected to the T(LIESST) value, the higher the distortion 

the higher T(LIESST) [5a]. According to the empirical relationship 

between ΔΘ and T(LIESST) in the family with bidentate ligands, 

the T(LIESST) is expected to be 110 K for this new  complex 1 

(Figure S5), which means the observed T(LIESST) of 109 K from 

photomagnetic measurements fits here perfectly with the 

calculated one from structural data. In other words, the high 

T(LIESST) observed here mainly originates in the high trigonal 

distortion of the coordination sphere. 

Despite SCO originates at the scale of the coordination sphere, 

all scales must be considered in the context of a structure- property 

correlation [3, 12]. Above the coordination sphere, the molecular 

scale shows in the present case a very singular behavior. Indeed, 

as illustrated by the superposition of the atomic positions between 

HS and LS (Figure 3), one of the phenyl rings in Fe2 entity rotates 

by around 67 ° at the SCO. This spectacular and reversible rotation 

in the crystalline state is also observed at a fixed temperature 

when comparing the quenched HS and the LS at 80 K (Figure S6), 

which suggests that this feature is linked to the SCO. Furthermore, 

DSC measurement exhibits clearly only one peak (no other 

transition detectable and no convolution) which confirms that the 

variation of the ligand configuration may be concomitant with the 

SCO (Figure S7). The superposition of molecules at different 

temperatures (Figure S8), also supports that the variation of the 

ligand configuration is concomitant with the SCO. It is quite 

common that SCO is coupled to structural events, like the motion 

of ligands [13], phase transition [14] or order-disorder 

phenomena [15]. However, a huge rotation of ligands as observed 

here is quite rare in SCO materials, especially when reversible, 

though already reported in association with different processes 

[16]. This kind of single- crystal to single-crystal transformations 

without symmetry- breaking is even rare in molecular solids, as a 

general consideration. Reaching 100% PES appears difficult but 

the similarity between the unit-cell parameters of the quenched HS 

and PES (Table S4) clearly indicates both correspond to the same 

crystal structure, which also suggests that the photo-driven 

rotation of the phenyl ring is associated to the SCO. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 4. The temperature dependence of the shortest intermolecular (filled 

rhombus) and intramolecular (empty rhombus) H---H contacts showing the SCO 

behavior, quenched HS points at 80 K and 10 K are obtained by rapid cooling 

from 300 K. 

 

 
Looking at the upper physical scale within the crystal, it is clear 

that the huge conformational ligand variation at the SCO strongly 

modifies the inter-atomic interactions. At 300 K, in HS, 

 

 
 
very short contacts include intramolecular and intermolecular H-- 

-H ones as short as 2.212 Å and 2.138 Å, respectively (Table S3) 

as well as S---S and πpy···πpy as evidenced by Hirshfeld surface 

(Figure S9) [17]. These short distances increase dramatically from 

170 K (HS) to 150 K (LS) (Figure 4). In addition, it is worth noting 

that these two H-H short contacts evolves from 300 K to 

170 K in a manner to be relatively equal in length just before the 

SCO (Figure 4). Since the conformation of the PM-BrA ligand when 

not coordinated is, according to its crystal structure, strongly driven 

by H-H contacts [18], it is highly probable that this situation favors 

the rotation of the ligand. The modifications of the inter- atomic 

contact topology at the SCO, including the significant motion of 

NCS ligands (Figure 3), therefore probably leads the phenyl ring 

to an unstable position (Figure S10), where it may easily be 

perturbed by external stimuli. Note that there is no such 

conformational change in the manganese compound 2 (Figure 

S11), also confirming that the phenyl rotation is indeed associated 

to the SCO. The large variations of intermolecular contacts within 

the solid seem to be closely linked to the expansion of the unit cell 

volume from HS to LS since the above significant modifications of 

the inter-atomic contacts induce an expansion of the lattice along 

the c and [101] directions (Figure S12). 

The ease with which the HS is quenched below 80 K makes 

that, for technical reasons, PXRD was used instead of SCXRD. 

Hence, the PXRD experiments at 15 K using light irradiation to 

convert from LS to PES, were performed to explore the variation 

of unit-cell volume in the light-induced regime. As seen in Figures 

2b and S16, the strongly anisotropic variation of unit-cell 

parameters that issues in the increase of the unit-cell volume at 

the thermal SCO is also observed from PES to LS. 

In summary, the present compound exhibits very unusual and 

impressive features such as: i) a reverse (and reversible) 

expansion of the unit cell volume from HS to LS, never reported 

so far, ii) a thermo- and light-induced rotation of one phenyl within 

the crystal that is concomitant to the SCO, iii) one of the highest 

T(LIESST) known so far that is probably connected to the high 

energy cost of the phenyl rotation and, last, iv) a one-step SCO 

despite multiple independent iron sites which is also quite unusual 

even though already observed [19]. Note that, spectacularly, the 

volume expansion and the phenyl rotation are fully reversible in 

the solid state which reveals the robustness and flexibility of 

molecular based materials. 

It is shown here that the volume variation associated with a 

spin conversion from HS to LS does not always correspond to a 

decrease but can correspond, on the contrary, to an increase in 

volume. Therefore, in future researches and development on SCO 

materials, it should be taken into account that the volume 

modification associated to the SCO can be negative or positive 

depending on the compound but independently of the sense of the 

conversion (HS to LS or LS to HS). This counter-intuitive feature 

extends the fields of interest and probably of application of the 

SCO phenomenon. 
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An unprecedented reverse and reversible volume modification in crystals of the 

molecular complex [Fe(PM-pBrA)2(NCS)2] is observed both for the thermal and the 

photo-induced spin-crossover processes. Probably linked here to a structural 

singularity, i.e. an impressive phenyl ring rotation into the crystal, the increase in 

volume from HS to LS nevertheless opens up new prospects for spin transition 

based materials. 
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