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ABSTRACT: 

This study focuses on investigating the impact of an external stimuli of temperature on spin 

crossover in coordination complexes composed of Fe(phen)2 (NCS)2, where (phen) stands 

for 1,10-phenanthroline). Based on the structure of the coordinating ligand sphere, these 

complexes are capable of thermally induced spin transitions or (SCO: spin crossover) from a 

low-spin (LS) to a high-spin (HS) state. We have shown that this unique effect lowers the 

equilibrium temperature and increases the HS fraction at lower temperatures. Due to both short- 

and long-range molecular interactions, the crossover proceeds as a function of temperature, 

resulting in a first-order phase transition. The complex Fe(phen)2 (NCS)2 contains Fe(II) 

surrounded by six nitrogen atoms. Our aim is to explore the thermodynamics of spin crossover 

systems to simulate bistable behaviors and multistep conversions observed in first- order spin 

transitions. These transitions are driven by the cooperative interactions of SCO molecules 

within the crystal structure, leading to the observed bistability. 

 

𝟏. 𝐈𝐧𝐭𝐫𝐨𝐝𝐮𝐜𝐭𝐢𝐨𝐧: 

Transition-metal ion complexes can undergo a 

fascinating phenomenon called spin transition (ST) or 

spin crossover (SCO) under specific conditions such as 

temperature, pressure, light, electric or magnetic fields 

[1]. During spin transition, the spin state of the central 

metal ion changes, leading to significant alterations in the 

electronic configuration and physical/chemical 

properties of the complex molecule. Notably, SCO 

compounds exhibit changes in magnetic properties and 

color, making them highly desirable for various 

spintronic applications such as switches [2], display and 

memory devices [3], sensors [4], electrical and 

electroluminescent devices [5], and MRI contrast agents 

[6]. The concept of "magnetic isomerism" or the initial 

thermal spin state shift (spin transition, spin crossover) 

was first introduced more than eighty years ago by 

Cambi, Szegö, and Cagnasso [7]. In their study, they 

investigated the magnetic characteristics of a series of 

iron(III) dithiocarbamate complexes by varying the 

substituents on the dithiocarbamate ligand. Through 

magnetic susceptibility measurements, they observed 

that some samples displayed magnetic moments 

equivalent to five unpaired electrons, indicating a high- 

spin state (HS), while others exhibited magnetic 

moments corresponding to only one unpaired electron, 

indicating a low-spin state (LS) at room temperature. 

Interestingly, a third category of compounds has 

been discovered, exhibiting unique magnetic behavior 

where they display high-spin (HS) characteristics at room 

temperature but undergo a gradual transition to low-spin 

(LS) behavior as they are cooled [8], [9]. Subsequently, 

extensive studies were conducted on various iron(III) 

spin   crossover   (SCO)   complexes such as {FeO6}, 

{FeO3 S3},   {FeS6},   {FeN2 O2 S2},   {FeN3 O3},   or 

{ FeN6}. More than three decades after the initial 

discovery of thermal spin transition, the first iron(II) 

coordinated   complex,   {Fe(phen)2(NCS)2}   (phen = 
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1,10 − phenanthroline), was reported to undergo a 

thermally induced spin transition between the HS and LS 

states at 175 K [10], [11]. Since then, numerous iron(II) 

SCO compounds have been reported [12], [13], and to a 

lesser extent, some coordination compounds of 3d 

transition metals like cobalt(II) [14], as well as 

cobalt(III), chromium(II), manganese(II), 

manganese(III), and nickel [15], [16]. However, the 

occurrence of thermal spin transition in coordination 

compounds of the 4d and 5d transition metal series is 

rare, which can be explained by ligand field theory [17]. 

In 2013, Philipp Gütlich and colleagues 

conducted a comprehensive study on the fundamental 

aspects of spin crossover in iron coordination 

compounds. They explored various aspects, including 

electronic structure, thermodynamics, and recent 

advancements in the field. The research highlighted the 

potential applications of spin crossover compounds in 

optical switching devices, memory devices, and 

spintronic components. Additionally, the article 

addressed the challenges and opportunities that lie ahead 

for the future development of spin crossover materials 

[18]. 

 
 

In 2015, Samir F. Matar and colleagues published 

a paper discussing the application of computational 

methods in studying spin crossover (SCO) complexes. 

The research focused on investigating the LS/HS 

switching phenomenon that occurs in response to small 

variations in temperature, pressure, or light, including the 

Light-Induced Excited Spin-State Trapping (LIESST) 

process. The study showcased the capabilities of 

computational methods in examining the properties and 

behavior of SCO complexes at various levels, ranging 

from isolated molecules to extended solids. This research 

highlights the potential of computational approaches in 

advancing the understanding of SCO materials [19]. 

 
 

In 2017, Lars Kreutzburg and collaborators 

conducted a computational study on the spin crossover 

complex [Fe(phen)2(NCS)2]. Their research involved 

calculating the enthalpies of all 16 spin configurations 

and determining the spin couplings using an Ising-like 

model. Monte Carlo simulations were then employed to 

estimate the interaction parameter G, which characterizes 

the cooperativity of the spin transition. The study 

demonstrated that the estimated value of G aligned with 

experimental findings, indicating the potential of this 

approach in predicting the impact of modifications to 

spin crossover complexes on the spin transition. This 

work offers valuable insights into the understanding and 

design of spin crossover systems [20]. 

 
 

In 2019, Jordi Cirera and Eliseo Ruiz conducted a 

comprehensive review of computational methods 

employed for determining thermochemical properties 

and transition temperatures in spin-crossover (SCO) 

systems. The study focused on elucidating trends 

observed in various families of SCO molecules and 

investigating the influence of chemical modifications on 

the ligand-field surrounding the metal center. The 

findings of this research contribute to the understanding 

of SCO systems and offer valuable insights for the design 

of new SCO systems with tailored properties [21]. 

 
 

In 2020, 

Saho Kajikawa and Azusa Muraoka conducted a study 

focusing on the application of density functional theory 

(DFT) calculations to identify a functional that 

effectively captures the energy gap, electronic state, and 

infrared spectra of a Fe(II) spin-crossover complex. The 

selection of an appropriate functional was guided by 

comparing the calculated enthalpy difference with 

experimental values. The study also revealed significant 

structural variations around the Fe atom upon 

optimization, and the vibrational intensity was found to 

be influenced by the spin state of the complex [22]. 

 
 

In 2022, Yachao Zhang conducted a study 

investigating the influence of substrates on the thermal 

spin crossover (SCO) behavior of [Fe(phen)2(NCS)2] 

when deposited on metallic surfaces and 2D materials. 

Utilizing first-principles calculations, the study found 

that the SCO phenomenon is maintained on hexagonal 

boron nitride and molybdenum disulfide, whereas low- 

spin states dominate on metal surfaces. The spin 

transition temperature was observed to be highly 

dependent on the surface environment, with the effect 

attributed to modifications in electronic structures and 

molecular vibrations upon adsorption [23]. 
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2. The model 

2.1 Entropy driven spin-crossover 

The enthalpy and entropy variations can be 

dissected into different components. The change in 

enthalpy (ΔH) consists of two distinct parts: the 

temperature-independent electronic contribution denoted 

as ΔHel and the vibrational contribution represented as 

ΔHvib. Likewise, the change in entropy (ΔS) can be 

decomposed into various contributions accounting for 

statistical disorder. 

ΔS = ΔSel + ΔSvib + ΔStrans + ΔSrot …… (1) 

 
The last two components, ΔStrans , and ΔSrot , 

pertain to the entropy changes associated with translation 

and rotation, respectively, and are generally disregarded 

in the solid state. The first component, ΔSel = ΔSorb+ 

ΔSspin, accounts for the electronic entropy variation and 

originates from the disparity in degeneracy (related to 

orbital and spin momenta) between the high-spin (HS) 

and low-spin (LS) electronic states: 

Thus, for Fe(II)-centered spin-crossover molecules 

in octahedral geometry, with s = 2 representing the 

high-spin (HS) state and s = 0 representing the low-spin 

(LS) state, the change in electronic entropy, ΔSel, is given 

by ΔSel = Rln (5/1) = 13.38 J mol−1 K−1 [24]. It's 

important to note that temperature does not influence the 

electronic entropy, favoring the HS state. 

The second term, Svib (vibrational entropy), 

accounts for the variation in intramolecular modes 

between the HS and LS states in the case of isolated 

molecules. When dealing with solid states, the 

contribution from intermolecular vibrations must also be 

considered, although it is often regarded as less 

significant than intramolecular vibrations. However, it 

can be challenging to distinguish between intermolecular 

and intramolecular vibrational contributions as they are 

typically interconnected. The vibrational entropy can be 

expressed as described in Ref. [25] for further detailed 

analysis: 

Svib(T) = R ∑λ (−ln [1 − e−hvλ/kBT] + 

ΔS = R[ln (2L + 1) − ln (2L + 1) ] …….. (2) hvλ 1 ) …….. (5) 

 
and 

orb HS LS kBT exp (hvλ/kBT) 

Where the summation ∑λ runs over all vibration 

ΔSspin = R[ln (2S + 1)HS − ln (2S + 1)LS] .......... (3) 

The perfect gas constant R, as well as the total 

orbital (L) and total spin (S) momenta of the spin state, 

modes. A convenient assumption is the low-frequency 

approximation (hv << kBT), in which case Equation 5 

simplifies to: 

play a significant role in the thermodynamics of the 

system. The contribution of spin degeneracy emerges 

Svib = −R ∑λ (ln 
hvλ) .......... (6) 
kBT 

from the alteration in state degeneracy as the system 

undergoes a transition between low-spin (LS) to high- 

spin (HS) and vice versa. 

Indeed, the vibrational entropy change can be 

described by considering the entropy of an ensemble of 

harmonic oscillators. 

ΔSvib = SHS − SLS = R ∑15
 ln (vLS/vHS) = 

For an ideal spin-crossover (SCO) Fe(II) complex vib vib λ=1 λ λ 

with perfect octahedral symmetry, we observe ΔS = 15Rln (< vLS >/< vHS >) …… (7) 
s λ λ 

Rln (5) = 13.38 J mol−1K−1  and   ΔSorb = Rln (3) = 

9.13 J mol−1K−1. However, in practical scenarios, there 

is typically no orbital degeneracy due to Jahn-Teller 

Considering a perfect octahedron with λ=15 

molecular vibrational modes and adopting the ratio 
⟨vLS⟩/⟨vHS⟩ = 1.3, we find that ΔSvib is calculated to be 

λ λ 

distortion, resulting in the blocking of orbital momentum 

(L) leading to L = 0. Hence, the contribution of the 

orbital momentum to the entropy change is commonly 

disregarded. 

Therefore, the primary contribution to ΔSel is 

attributed to the change in entropy caused by spin 

degeneracy, and this can be expressed as follows: 

ΔSel = R[ln (2S + 1)HS − ln (2S + 1)LS] ……. (4) 

32.7 J mol−1 K−1, which is consistent with experimental 

measurements [26]. 

During spin-crossover, the lengths of metal-ligand 

bonds change, leading to alterations in stretching 

frequencies. These modifications in phonon modes give 

rise to the vibrational component of the overall entropy 

change. In the majority of spin-crossover complexes, the 
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vibrational contribution plays a dominant role in the total 

entropy change [24]. 

On the other hand, the rotational degree of freedom 

of the complexes makes a minimal contribution to the 

length undergoes an abrupt change, resulting in a shift in 

the ligand field strength. The ligand field strength ratio 

between   the   LS   and   HS   states   is   given   by   Eq. 

[
10DqLS   

= (
rHS)

n

],   where n lies   between   5 and   6. 
10DqHS rLS 

entropy change [27]. It can be calculated semi-classically 

using the equation: 
Because rHS is greater than rLS, the ligand field strength 

sharply decreases during the transition from LS to HS. 

ΔSrot = Rln (z 
 

rot 
+ 

3
) …… (8) 

2 
The driving force behind this transition is the change in 

entropy (ΔS), which affects the value of ΔG. As a result, 

where Zrot = ( 
√2  

3
 

) 
π 

 
 

(√π 

σ 
) (kBT) 3/2 (J1J2J3)1/2

 , with 
thermal spin-crossover is often referred to as an entropy- 
driven phenomenon. 

Ji being the moments of inertia and σ as the symmetry 

number. The value of σ is 2 for C2 symmetry and 1 for 

C1 symmetry. Typically, the entropy change due to 

rotation is in the order of 1 𝐽. 𝑚𝑜𝑙−1. 𝐾−1 [24]. 

This implies that the majority of the entropy 

change in thermal spin-crossover is mainly contributed 

by vibrational effects, with electronic effects playing a 

lesser role. In a spin-crossover transition, both ΔH and ΔS 

are positive [27], [28]. The variation in Gibbs free energy 

can be reformulated as: 

2.2 Effect of Metal-Ligand Bond Distance 

The shift from a high spin to a low spin state occurs 

through the transfer of one or two electrons (depending 

on the d-electron configuration) from the higher energy 

eg orbitals (d 2_ 2 and d 2) to the lower energy t orbitals 

(dxy, dxz, and dyz). The eg orbitals directly face the 

approaching ligands along the coordinate axis, while the 

t2g orbitals are situated between the ligand-induced point 

charges. This leads to increased electron repulsion 

between the metal's eg orbitals and the ligand's electron 

ΔG(T, p) = ΔH (1 − 
TΔS

) = ΔH (1 − 
T

 
ΔH T1/2 

) ………. (9) pair, causing the eg orbitals to have higher energy 

compared to the t2g orbitals [29]. 

In this situation, we use the temperature T1/2 = 
ΔH

,
 

ΔS 2.3 Thermodynamics of spin crossover systems 

leading to ΔG = 0. At the T1/2 temperature, the Gibbs 

free energy of both spin states becomes identical, 

resulting in an equal likelihood of both high-spin and 

low-spin states being occupied. This T1/2 value is 

commonly referred to as the half-transition temperature 

and signifies the point where the system is evenly 

balanced between the high-spin and low-spin states. 

This temperature is referred to as the transition 

temperature. Fig.3 illustrates the adiabatic potentials of 

the high-spin (HS) and low-spin (LS) states of a Fe(II) 

spin-crossover complex, plotted against the totally 

symmetric metal-ligand stretching distance (r(Fe-L)). 

Thermal spin-crossover is governed by the zero- 

point energy difference (ΔE0 i.e., ΔG) between the high-

spin (HS) and low-spin (LS) states, which needs to be in 

the order of thermal energy kBT. At T = 0K, ΔG = ΔH, 

making the LS state thermodynamically favored (as ΔH 

> 0). Generally, at temperatures below T1/2, the LS 

state is preferred (since ΔG > 0), while at temperatures 

above T1/2, the HS state becomes favored (due to ΔG < 

0). During thermal spin-crossover, the metal-ligand bond 

The system's spin state is determined by its free 

energy, expressed as G = H − TS, where H is the 

enthalpy, T is the temperature, and S is the entropy. When 

considering a group of Na molecules, the free energy 

difference between the high-spin (HS) and low-spin (LS) 

states can be calculated as ΔG = GHS − GLS = ΔH − 

TΔS at a constant pressure. The state with the lowest free 

energy is considered to be the thermodynamically stable 

phase. The enthalpy term, H, is mainly influenced by 

Hen, which accounts for the variation in zero-point 

energy between the HS and LS states due to changes in 

bond length and ligand field. This energy difference is 

significant and plays a crucial role in determining the 

system's spin state [14], [28]. 

ΔH = HenHS − HenLS ............... (10) 

The LS state has a narrower potential well 

compared to the HS state due to higher metal-ligand bond 

oscillation frequencies [30]. Figure 5(a) provides a visual 

representation of this concept. 

The entropy term, ΔS, consists mainly of two 

contributions: the electronic contribution (ΔSel) and the 

http://www.jchr.org/


Journal of Chemical Health Risks 

www.jchr.org 

JCHR (2023) 13(3), 1423-1434 | ISSN:2251-6727 

1427 

 

 

 

vibration contribution (∆Svib), according to research 

conducted at the University of California, Berkeley. The 

electronic contribution is determined by the ratio of 

degeneracies between the two states and can be 

mathematically described by the following equation: 

the literature, 50% of the sample's molecules are in the 

HS state [33]. 

Now, let's consider the high-spin fraction of HS 

molecules in the sample, denoted as nHS, which varies 

with temperature. For a system with N molecules, there 

ΔS    = N × k × ln [
ΩHS] … … … (11) are two possible configurations: HS with a ratio of 

el a B ΩLS nHS and LS with a ratio of (1 − nHS ). The system's free 

In   the   equation, ΩHS   and   ΩLS   represent   the energy can be expressed as follows: 

degeneracies of the high-spin (HS) and low-spin (LS) 

states, respectively. For Fe(II), the ΩHS/ΩLS = 2S + 
G = nHSGHS + (1 − nHS)GLS − TS 

 
mix … … … … . . (12) 

1 = 5 [31]. The electronic contribution to entropy, ∆Sel 

= 13,38 J. K−1. mol−1 > 0. This factor accounts for a 

small portion of the overall entropy change [53,54,58- 

60]. It's important to note that Jahn-Teller distortions, 

which increase orbital degeneracies, do not contribute to 

a change in entropy [32]. 

The vibrational modes of the molecules, denoted 

as Svib, contribute significantly to the entropy change. 

These modes involve stretching, bending, and 

deformations of the molecules and networks. The 

difference in vibrational entropy, ∆Svib = SvibHS − 

SvibLS > 0 because the density of phonons and 

vibrational disorder is more significant in the high-spin 

(HS) state where the coordination sphere is enlarged, 

compared to the low-spin (LS) state where it is decreased. 

As a result, there exists a temperature, denoted as 

Ttransition, at which equilibrium is reached with ∆H/∆S > 

0 and ∆G = 0. Above this temperature, the 

thermodynamically stable state is HS (∆G < 0), while 

below this temperature, the stable state is LS (∆G > 0). 

At the transition temperature, also referred to as T1/2 in 

The mixing entropy, denoted as Smix , represents 

the entropy contribution when HS and LS molecules are 

perfectly mixed together. It can be mathematically 

expressed as follows: 

Smix = −R[nHSln (nHS) + (1 − nHS)ln (1 − nHS)] 

… … . (13) 

𝟑. 𝐑𝐞𝐬𝐮𝐥𝐭𝐬 𝐚𝐧𝐝 𝐃𝐢𝐬𝐜𝐮𝐬𝐬𝐢𝐨𝐧 

Two significant conclusions can be drawn from 

these findings. Firstly, the high-spin (HS) state exhibits 

greater vibrational entropy, making it more favorable at 

elevated temperatures. Consequently, the entropy change 

in thermal spin-crossover is primarily attributed to the 

vibrational contribution, with the electronic contribution 

playing a comparatively smaller role. Generally, the 

entropy variation ΔS falls within the range of 40 to 80 

J. K−1. mol−1, as opposed to ΔSel which equals 13.38 

J. K−1. mol−1. These thermodynamic properties can be 

determined through calorimetric measurements [27], (as 

shown in Fig.1), while vibrational properties can be 

assessed using Raman and infrared spectroscopies [34]. 

 
 

 
 

Figure 1: (a) The heat capacity of the [𝐹𝑒(𝑝ℎe𝑛)2(𝑁𝐶𝑆)2] crystal changes with temperature. The symbol 𝛥𝐶𝑝 represents 

the abrupt change linked to the spin transition. (b), the graph shows the temperature-dependent variation of entropy for the 

same compound [27]. 
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If   we   take   into   account   N    noninteracting 

molecules, out of which NHS are in the high-spin (HS) 

state, we can define the HS fraction as nHS = NHS / N. 

The equilibrium condition can be expressed as: 

However, it should be noted that this HS fraction is 

mistakenly referred to as the order parameter of the spin 

(
 ∂G  

)
 

∂nHS 
 

T,p 
= 0 ……. (16) 

transition. The Gibbs energy of a spin-crossover (SCO) 

system can be represented as follows: 

By following the thermal evolution of the HS 

fraction (as shown in Fig. 2), the temperature (T) can be 

G = nHS GHS + (1 − nHS )GLS − TS 
 

mix ……. (14) 
determined using the formula: 

The considerable number of ways NHS molecules 
T =

 ΔH   ................... 
(17) 

Rln (
1−nHS)+ΔS 

can be distributed among N molecules in the high-spin 

(HS) state leads to the mixing entropy, which represents 

a loss of statistical information in the system. The 

expression for mixing entropy can be formulated in the 

thermodynamic limit. 

Smix = −kBN[nHSln (nHS) + (1 − nHS)ln (1 − nHS)] 

……. (15) 

nHS 

Where ΔS is calculated as Δs = Rln Ω, with Ω 

representing the effective degeneracy. By substituting 

this value of ΔS, expression (17) can be rephrased as 

ln 
  nHS      = Ωe−ΔH/RT. 
1−nHS 

As a result of the equilibrium condition, we obtain 

the Arrhenius law, expressed as: 

ln 
  nHS  

1−nHS 
= ln Ω − ΔH/RT............ (18) 
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Figure 2: The thermal variation of the HS fraction, nHS (shown as the blue line), for noninteracting spin-crossover (SCO) 

molecules. The temperature at which the HS fraction reaches half of its maximum value is denoted as T1/2. 

 

 
In noninteracting spin-crossover (SCO) molecules, 

a consistent transfer of spins from the low-spin (LS) to 

the high-spin (HS) state is only achievable by increasing 

the temperature. The emission or absorption of latent 

heat, which arises solely from the interactions between 

 
SCO molecules, is directly linked to the occurrence of 

rapid first-order transitions characterized by bi-stability 

phenomena. 

Consequently, an eg → t2g transition often results 

in a reduction of the metal-ligand bond distance (R). As 

HS 

T1/2 

LS 

n
H

S
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the spin crossover (Δ) is dependent on R (Δ 𝖺 1/R5), this 

transition leads to an approximately 10-20% increase in 

Δ. Figure 3 illustrates potential energy curves for the high 

spin and low spin complexes. In the low-spin state, the 

minimum energy occurs at a smaller R value than in the 

high spin state. Figure 3a and 3c represent the ground 

states for high spin and low spin, respectively, while 

Figure 3b shows the equilibrium situation, where the 

energies of both spin states are closely matched, resulting 

in a crossover effect. 

 

 
 

 

        High spin                      Cross-over situation                               Low spin 

Figure 3: Potential energy curves of the LS and HS states of an octahedral SCO complex, (a) high spin complexes, (b) 

cross-over situation, and (c) low spin complexes. 

The figure illustrates potential energy curves for 

coordination complexes with different electronic 

configurations and spin states. High spin complexes have 

weakly bound ligands and more unpaired electrons, 

while low spin complexes have strongly bound ligands 

and fewer unpaired electrons. The cross-over situation 

occurs when the energies of high spin and low spin states 

become equal, allowing for switching between 

configurations. These curves provide valuable 

information about the complexes' stability and behavior 

under varying conditions. 

Figure 6 illustrates how two properties, the 

average Fe − N bond lengths (represented by orange 

circles) and the dihedral angle between ligand 

coordination planes (shown as blue triangles), vary with 

temperature in a single crystal of the [Fe(phen)] 

complex. 

Average Fe − N bond lengths (orange circles): 

This data shows the average distances between the 

central iron (Fe) atom and the surrounding nitrogen (N) 

atoms in the ligands of the [Fe(phen)] complex. The 

values of these bond lengths are measured at different 

temperatures, and the orange circles represent the 

corresponding values. 

Dihedral angle between ligand coordination planes 

(blue triangles): This data represents the angle between 

the planes formed by the ligands that coordinate around 

the central iron atom. The dihedral angle is measured at 

different temperatures, and the blue triangles indicate the 

values at each temperature point. 

The x-axis in the graph represents the temperature, 

and the y-axis shows the respective values of the average 

Fe − N bond lengths (in Angstroms) and the dihedral 

angles (in degrees). 

The crosses on the graph correspond to the structure of 

the [Fe(phn)] complex after it has been heated to 450 K, 

and the solvent molecule has been lost. This data point 

provides information about the complex's behavior at this 

specific temperature and condition. 

Overall, the figure provides a visual representation 

of how the average Fe-N bond lengths and the dihedral 

angles between ligand coordination planes change with 

temperature in the [Fe(phn)] complex. This information 

is crucial for understanding the complex's structural 

characteristics and its response to changes in 

temperature. 
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Figure 4: The average Fe − N bond lengths (represented by orange circles) and the dihedral angle between ligand 

coordination planes (shown as blue triangles) as the temperature varies in a single crystal of the [Fe(phen)]. The crosses 

on the graph represent the structure after heating to 450 K and the loss of the solvent molecule. 

 

 

We can determine the fraction of HS molecules at 
 

nHS 

 
1 
ΔH−TΔS 

 
 

 
… … … . (19) 

a given temperature by analyzing the condition of 1+exp ( 
RT     

) 

thermal equilibrium, where the derivative of Gibbs free 

energy with respect to the fraction of HS molecules 

The theoreticasl values for the compound 

(Fe(phen)2 (NCS)2 are presented in Figure 5, with 
  δG  

| | 
δnHS T 

= 0, enthalpy H = 8600 J. mol−1 and entropy S = 48,78 

J. K−1. mol−1 [27]. 

 

 

 

1 

 
0.8 

 

0.6 

 
0.4 

 

0.2 
 

0 

0 100 

 
200 300 

Temperature [k] 
 

Figure 5: (a) The relationship between molecular system potential energy and metal-ligand bond length rFe-N, during a 

thermal spin transition. Panel (b) represents the spin transition using the equation 19 for Fe(phen)values. The curve nHS 

(T) in panel (b) demonstrates a smooth shape, indicating a gradual spin transition occurring over a wide temperature range. 
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It is important to highlight that the example illustrated 

in Figure 5b does not depict the typical behavior of nHS 

(T) in most experimental scenarios. Smooth transitions 

as shown are only observed in weakly cooperative 

systems, such as diluted liquids or complexes with weak 

intermolecular interactions. In contrast, systems with 

strong intermolecular interactions often exhibit 

cooperative behavior, which can lead to abrupt 

transitions or hysteresis, contrary to common 

expectations [14], [35], [36]. 

The original thermodynamic model proposed by 

Slichter et al. in 1972 is just one of several available 

independent of temperature, without making any 

assumptions about the origin of cooperativity. 

However, recent simulations by Kepenekian et al. 

suggest that electrostatic interactions in the structure, 

particularly in hysteretic complexes, are the primary 

source of Γ. Γ can be expressed as ∆ Q(δVLS − δVHS), 

where ∆Q represents the change in charge on the Fe(II) 

ion, and (δVLS − δVHS) is a term dependent on the 

fluctuation of polarization during the spin transition, 

which strongly depends on crystal stacking. Therefore, 

the equation describing the temperature-dependent 

evolution of the HS fraction can be written as: 

models, such as Ising-like, Sorai, Vibronic, or elastic 

models. However, for the purpose of comparison with 

existing literature and presenting results with a few key 

T(nHS ) =
 ΔH+Γ(1−2nHS) .................... 

(20)
 

Rln (
1−nHS)+ΔS 

nHS 

parameters, we will use the original form of the 

thermodynamic model [37]. 

Rao et al. conducted a study on the spin transition 

in Fe(phen) and found that a more generalized model, 

based on the Kimmermann model, provided a better 

description of the results compared to a domain model 

like the one proposed by Sorai et al. To account for the 

cooperative behavior of the molecules, they introduced a 

cooperative factor denoted as Γ into the Gibbs energy 

equation. This factor Γ is proportional to the product of 

the high-spin (HS) and low-spin (LS) fractions in the 

sample [38], [27], [39]. The parameter Γ can be 

considered as a term in a power series expansion of the 

Gibbs free energy (G) with respect to the variable nHS, 

satisfying the condition (G/nHS) P, T = 0. In this case, Γ 

is a phenomenological constant assumed to be 

The shape of the curve representing the percentage 

of high-spin (HS) molecules as a function of temperature 

is determined by the relative values of ∆H, ∆S, and Γ. 

Fig.6, based on the Fe(phen) scenario depicted in Fig.I, 

illustrates this relationship. The red curve corresponds to 

a value of Γ = 3000 J. mol−1, which is similar to the 

cooperative parameter J2 = 3850 J. mol−1 proposed by 

Rao et al. [40]. On the other hand, the blue curve 

corresponds to a value of Γ = 4000 J. mol−1. The blue 

curve exhibits a "forbidden" shape, indicating the 

presence of thermal hysteresis and bistability in the 

system, where two different HS percentages are observed 

at the same temperature. This observation aligns with the 

observed thermal hysteresis in the spin-crossover (SCO) 

sample. 

 

 

 

 

 

 

 

Figure 6: The variation of the computed HS proportions as a function of temperature using equation 20. The (grey) curve 

is plotted for the case where Γ = 0 J. mol−1, while the( red and blue) curves are plotted for Γ = 3000 J. mol−1 and Γ = 

4000 J. mol−1, respectively. The arrows show the direction of the temperature sweep, while the dashed lines indicate the 

actual thermal hysteresis observed in the blue curve. 
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The spin-crossover process can involve more than 

two spin states depending on the number of metal centers 

in the target molecule. As a result, the spin transition can 

take place in multiple stages. This has been studied in 

various research works. 

𝟒. 𝐂𝐨𝐧𝐜𝐥𝐮𝐬𝐢𝐨𝐧. 

This research centered on the thermal spin 

transition in coordination complexes, specifically 

focusing on [Fe(phen)2(NCS)2]. The study discovered 

that the high-spin state becomes more favorable as 

temperatures increase, primarily due to the rise in 

vibrational entropy. It emphasized the crucial role played 

by thermodynamic properties and cooperative 

interactions in governing spin-crossover behavior, 

leading to bistability. 

By utilizing a thermodynamic approach and 

conducting experimental investigations with 

thermodynamic models, the study offered valuable 

insights into bistable behaviors and multistep 

conversions during first-order spin transitions. It 

identified the cooperative behavior among spin- 

crossover (SCO) molecules in the crystal packing as a 

key factor responsible for bistability. 

The analysis of the Fe(phen) spin transition with 

varying parameters of Γ using thermodynamic models 

and equation 20 yielded different computed proportions 

of high-spin (HS), as depicted in Figure 6. These findings 

significantly advance our comprehension of spin- 

crossover phenomena and the underlying 

thermodynamic properties. Consequently, this research 

holds the potential to influence the development of 

molecular switches and data storage technologies. 
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