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Abstract 

In the family of spin crossover materials, which undergo thermal conversion between low-spin 

(LS) and high-spin (HS) phases, it is of great interest to study vibrational modes. On the one hand, 

vibration modes are characteristic of the spin state and vibrational spectroscopies are often used 

for monitoring spin-state switching driven by temperature, pressure or light. On the other hand, 

the spin-state thermal conversion is an entropy-driven process and the vibrational entropy change 

represents the main contribution to the total entropy difference between LS and HS phases at solid 

state. However, the discussion of vibrations in spin-crossover materials is often limited at the 

molecular scale. Here we study vibration modes in the [Fe(phen)2(NCS)2] crystal, and we compare 

symmetry-resolved vibrational spectroscopy data performed on single crystal to DFT calculations 

performed in a periodic 3D crystal. We discuss the complex nature of vibrational modes in crystals, 

including vibration of molecules within the crystalline lattice, with different symmetries and 

frequencies. We also highlight the presence of many low frequency libration modes of different 

symmetries. The contribution of vibrational entropy, added to the electronic entropy, provides a 

total entropy difference in the solid state, which is in very good agreement with calorimetric 

measurements. 
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Introduction 

In spin-transition or spin-crossover materials, a good knowledge of vibration modes is of great 

importance for characterizing changes of molecular states, as vibrational spectra are characteristic 

of the spin state due to coupled electronic − structural reorganizations.1-6 In this way, vibrational 

spectroscopy is often used to characterize spin-state switching induced by temperature, pressure 

or light.7-8 The splitting of vibrational modes can also provide a nice signature of symmetry 

breaking.9-12 Vibration modes play a key role for understanding entropy-driven phase transitions 

at thermal equilibrium due to their important contribution to vibrational entropy.7, 13-21 In addition, 

during photoinduced out-of-equilibrium spin-state switching, the coupled structural dynamics 

involves coherent molecular vibrations, allowing for ultrafast spin-state switching.22-27 There are 

numerous experimental and theoretical studies of vibrational modes in molecular spin-crossover 

materials. However, the description of vibrations in molecular crystals is often limited to the 

description of intra-molecular modes of isolated molecules, which is too limiting because vibration 

modes of molecules in crystals are not simple superpositions of intra-molecular modes. On the one 

hand, molecules in crystals exhibit libration modes, corresponding to a mixing of molecular 

displacements and rotation. On the other hand, the crystal design and its symmetry include several 

molecules within the unit cell and generates different molecular vibrations with the same nature 

but different symmetries and frequencies.  

Here we study the prototype [Fe(phen)2(NCS)2] spin crossover system (SCO).13, 27-31 At 

atmospheric pressure it undergoes a weakly first-order phase transition around 176 K on warming, 

from LS (S=0, t2g
6eg

0) to HS (S=2, t2g
4eg

2) states, where t2g and eg orbitals refer to Fe d-orbitals. In 

this work we combine symmetry-resolved vibrational spectroscopies (Raman and infrared) and 

lattice mode calculations based on the frozen mode method. We show that polarized spectroscopic 
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measurements allow for disentangling the different modes with different symmetries, including 

low frequency libration modes or molecular breathing modes. In this way, we estimate the 

contribution of the vibrational entropy change in the frame of crystalline vibrations instead of 

molecular vibrations, considering the global change of vibrational entropy between LS and HS 

states. The results show that many low frequency modes are a mixture of libration and intra-

molecular modes. The obtained entropy difference between HS and LS state, including electronic 

entropy and vibrational entropy, is in very good agreement with heat capacity measurement.17  

 

Experimental Section  

Single crystals of [Fe(phen)2(NCS)2] compound were obtained by slow diffusion adapted from 

Gallois et al. protocol.32 The FeSO4.7H2O, KNCS and 1,10-phenanthroline (phen) reactants were 

used as purchased. The methanol is purified by distillation over Mg under inert atmosphere prior 

to use. A solution at 1.10-3 mol of Fe(NCS)2 in 10 mL of methanol (from the reaction of 

Fe(SO4)2.7H2O and KNCS) and a solution at 2.10-3 mol of 1,10-phenanthroline in 10 mL of 

methanol were firstly prepared. The single crystals were obtained after few days by slow diffusion 

of the two solutions in a H-shape tube under inert atmosphere (1 or 2 mL of the two reactants 

separated with methanol). The single crystals form lozenge plates and we checked crystalline 

orientations by X-ray diffraction. The short lozenge diagonal is the crystalline axis a, the long one 

is the b axis and the perpendicular direction corresponds to the c axis.26-27, 33  

We performed symmetry-resolved vibrational spectroscopy analysis on [Fe(phen)2(NCS)2] 

single crystals. Infrared specular reflectance data (at angle 0°) were obtained on a Hyperion 2000 

microscope coupled with a Bruker vertex 70 spectrometer. The analyzed surface was 100 µm 
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diameter focused with a Cassegrain objective (x20). The collecting cone for this objective had an 

effective half angle of 23.6° (numerical aperture 0.4), as in the case of Raman microscopy (30°), 

the polarization leaks are still limited at these angles. For these both techniques, the spectral 

resolution was smaller than 4 cm−1 FWHM. As previously, we used the HFS600E-PB4 stage from 

Linkam to perform IR reflectance measurements in the LS phase (95 K) by replacing the quartz 

window with a ZnSe window. By inserting a KRS-5 polarizer, we collected the reflected IR 

polarized light for probing the vibration modes with symmetries B2u (y polarization), B1u (z) or B3u 

(x). Additional data are shown in Figure S1. 

Raman Spectroscopy measurements were recorded with an Invia Spectrometer from Renishaw, 

with two different laser wavelengths: 633 nm obtained from a He-Ne laser and 785 nm with a laser 

diode. The microscope objective (x50) focused the laser on a ≃4 µm2 spot on a single crystal, the 

laser power was limited at 0.1 mW to avoid local heating. The low wavenumbers (until 20 cm−1), 

like antiStokes bands, were observed using eclipse filters (Bragg gratings) rather than a notch filter. 

We studied the HS state at room temperature and we used a HFS600E-PB4 stage from Linkam to 

study the LS phase at low temperature phase (130 K). Incident excitation light was linearly 

polarized along the a (x), b (y) or c (z) crystalline axes.28 In the backscattering configuration of the 

microscope, we probed both parallel and perpendicular polarizations of backscattered Raman 

signals by using a linear analyzer for the output. Moreover, a half-wave plate is then added so that 

the light falls in the same way on the grating. In this way, we could selectively probe the modes 

with Symmetries Ag (xx, yy or zz polarizations), B1g (xy), B2g (xz) or B3g (xy). Additional data are 

shown in Figures S2 and S3. 
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Theoretical Calculations 

The phonon calculations at the Brillouin zone center were performed using the frozen-phonon 

method as implemented in the PHONOPY package.34  This required generating 153 structures 

with different atomic displacements in the 204-atom unit cell of this material.  Atomic forces due 

to the displacements were calculated from first principles using the QUANTUM ESPRESSO 

package.35 This is a pseudopotential-based planewave code, and we used the pseudopotentials 

generated by Garrity et al.36  The exchange and correlation interactions were treated using the 

optB88-vdW functional that accurately treats the van der Waals interactoin.37 Basis-set and 

charge-density expansion were done using 50 and 300 Ry, respectively.  A 342 grid was used 

in the Brillouin zone integration.  These calculations were performed using fully relaxed 

structures. The lattice parameters obtained for the low-spin phase are a = 12.7895 Å, 

b = 9.8959 Å and c = 16.8703 Å and for the high-spin phase are a = 13.2098 Å, b = 9.8628 Å, 

and c = 16.9282 Å are in good agreement with experimental data. 26-27 The DFT calculations 

provide then for each mode three important characteristics: the frequency, the symmetry of the 

modes, as well as the atomic motions involved. Since the unit cell contains four molecular units 

made of 51 atoms, there are 5143=612 phonon modes at the center of the Brillouin zone (3 

acoustic and 609 optic). Since the 4 Fe atoms lie on the C2(y) Wyckoff position and the 200 other 

atoms are in general position, the 612 atomic vibration modes in the crystal at the  point of the 

Brillouin zone decompose according to: 

T= 76Ag+76Au+76B2g+76B2u+77B1g+77B3g+77B1u+77B3u.  

Table S2 includes the frequencies of the Ag, Au, B2g, B2u, B1g, B1u, B3g and B3u modes 

calculated with the frozen mode method and numbered with increasing frequency.    
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Results and Discussion 

The [Fe(phen)2(NCS)2] materials crystalizes in the Pbcn space group (Figure 1), with a general 

multiplicity of 8.30, 33 The asymmetric unit corresponds to Fe0.5(phen)(NCS), as the Fe atom is 

lying on a Wyckoff position of C2 symmetry and the other Fe0.5(phen)(NCS) unit is equivalent by 

C2(y) axis along the crystalline axis b. There are 6 additional Fe0.5(phen)(NCS) units in the unit 

cell, equivalent by the different symmetry operators of the space group: the screw axes 21(//a) and 

21(//c), the glide planes b (⊥ a), c (⊥ b) and n (⊥ c) as well as inversion symmetry in between 

molecules. As shown in Figure 1, there are 4 molecules in the unit cell at Wyckoff positions 

(0,y,¼), (½ ,−y+½,¾), (0,−y,¾) and (½,y+½,¼). Therefore the 612 vibrations of molecules in the 

crystal generated by these symmetry operators are much complex than the 147 intra-molecular 

vibrations of isolated molecules. For describing the symmetry of the modes at the  point of the 

Brillouin zone, we use the mmm point group (D2h, Table S1), corresponding to the Pbcn space 

group. The 21 axes correspond to C2(x) and C2(z) axis, while the glide planes b, c and n correspond 

respectively to (yz), (xz) and (xy).  

For pedagogical purpose, we discuss the complexity of vibrational modes with the example of 

the NCS stretching modes. For the isolated molecule, 13, 15, 33, 38-39  there are 2 NCS stretching 

modes: one symmetric with respect to C2(y) molecular axis with in-phase elongations of the two 

NCS, and one antisymmetric with out-of-phase elongations. At crystalline state, since there are 

8 equivalent NCS groups in the unit cell, there are 8 NCS stretching modes; one for each of the 

8 representations of the point group, as shown in Figure 2 and listed in Table S1. Ag, Au, B2g, B2u 

modes are symmetric with respect to the C2(y) molecular axis, while B1g, B3g, B1u, B3u modes are 

antisymmetric (supplementary video 1).  
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Figure 1. Molecular packing of within [Fe(phen)2(NCS)2] crystal, showing 8 half molecules 

equivalent by the symmetry operators of the Pbcn space group: the 2-fold axis along b, the 21 screw 

axes along a and c, the glide planes b, c and n and the inversion symmetry (1̅).  
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Figure 2. Schematic representation of the 8 NCS stretching modes with different symmetries. 

The red arrows represent the relative motion of the N and C atoms (see supplementary video 1). 
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Figure 3 shows symmetry-resolved vibrational spectra obtained from a single crystal of 

[Fe(phen)2(NCS)2]. As indicated in Table S1, Raman-active modes of symmetry Ag, B3g, B2g and 

B1g, can be selectively probed by Raman spectroscopy by adjusting the polarization of the 

incoming laser beam and/or the polarization of backscattered Raman signals with respect to 

crystalline axes. Ag modes were probed with an incident light polarization and backscattered 

Raman both parallel to crystalline axis b (yy configuration), while B3g, B2g and B1g spectra were 

probed in xy, xz and yz configurations. The B3u, B2u and B1u IR-active modes were selectively 

probed by FT-IR reflectivity with polarization along crystalline directions x, y, or z respectively. 

The Au modes are not Raman nor IR active. Spectra are shown for the HS state measured at room 

temperature, with some LS spectra measured at 130 K as well. The 4 Raman and 3 IR active 

NCS stretching modes shift from ≃ 2070 cm−1 in the HS state to ≃ 2110 cm−1 in the LS state. 

Figure S1 shows the absorption of the B1u, B2u and B3u IR active NCS modes, obtained by 

Kramers-Krönig transformation of the polarized IR reflectivity spectra on single crystal. The IR 

absorption spectrum measured on a powder sample corresponds well to the superposition of the 

absorption of the 3 modes around 2061, 2064 and 2076 cm−1, which result apparently in two bands 

due to overlapping.  

We list in Table 1 the measured and calculated frequencies of the 8 NCS stretching modes of 

different symmetries shown in Figure 2. Figure 4 shows the evolution of the vibrational spectra 

computed for the LS and HS phases for the modes with different symmetries. Since the 8 NCS 

modes are the only ones in the 1700 − 3100 cm−1 frequency range (Table S2 and Figure 4), the 

identification of the nature of the modes is easy with atomic motions limited to N and C atoms of 

the NCS groups (supplementary video 1). In the LS state, the calculated frequencies are found 

around 2108 cm−1 for Ag, Au, B2g and B2u modes symmetric with respect to the C2(y) axis, and 
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around 2099 cm−1 for B1g, B3g, B1u and B3u modes. In the HS state these values decrease to 

2048 cm−1 and 2034 cm−1. DFT calculation on isolated [Fe(phen)2(NCS)2] molecule 13, 15, 38-39 also 

indicated that the mode symmetric with respect to the C2 molecular axis is at slightly higher 

frequency than the antisymmetric mode. Our DFT calculations are in quite good agreement with 

experimental data and the frequency shift between HS and LS states is calculated at  = 62 cm−1, 

compared to 44 cm−1 for experimental data.  

Table 1. Measured and calculated frequencies of the 8 NCS stretching modes of different 

symmetries. 

NCS modes 
LS 

(cm−) 

HS 

(cm−) 

  

(cm−) 

Ag measured 2113 2069 44 

Ag calculated 2108 2048 60 

B2g measured  2067  

B2g calculated 219 2048 61 

Au measured    

Au calculated 2106 2045 61 

B2u measured 2108 2061 47 

B2u calculated 2107 2051 57 

B1g measured 2106 2062 44 

B1g calculated 2100 2034 66 

B3g measured  2067  

B3g calculated 2101 2038 62 

B1u measured  2064  

B1u calculated 2097 2032 65 

B3u measured 2117 2076 41 

B3u calculated 2097 2031 65 
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Figure 3. Symmetry-resolved high frequency Raman (top) and IR (bottom) spectra, with high spin 

(HS) state in red and low spin (LS) state in bleu. 
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Figure 4. Evolution of vibrational frequencies of modes with different symmetries, computed for 

the HS and LS crystalline lattices of Fe(phen)2(NCS)2. The red line corresponds to 
𝜈𝐿𝑆

𝜈𝐻𝑆
=1 and the 

blue one (inset) corresponds to 
𝜈𝐿𝑆

𝜈𝐻𝑆
=1.33. 

Figure 4 highlights important frequency shifts below 400 cm−1. The discussion above about the 

splitting of the 8 NCS stretching modes of different symmetries is also relevant for many other 

modes, for which vibration is localized. For example, there are also 8 NCS stretching modes 

corresponding to Ag, B2g, B2u, B1g, B3g, B1u and B3u symmetries. In our calculation, these NCS 

modes are found around 820 cm−1, while for isolated molecules the frequencies are found around 

770 cm−1 or 850 cm−1.13, 38 Our experimental and theoretical data reveal different modes in this 

frequency range, including Fe-N and ligand stretching modes. We assign the NCS modes to the 

modes with different symmetries observed around 850 cm−1. 
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It is well-known that the frequencies of the Fe-N stretching modes of the FeN6 octahedron are 

strongly affected by the change of spin state, because in the LS state (S=0, t2g
6eg

0) the Fe-N bonds 

are stronger than in the HS state (S=2, t2g
4eg

2). For Fe(phen)2(NCS)2, a totally symmetric breathing 

mode was identified as shifting from 151 (LS) to 97 cm−1 (HS).8, 13, 27-29 For a perfect FeN6 

octahedron with Oh point symmetry, there is a single totally symmetric Ag breathing mode, for 

which the 6 Fe-N bonds elongate in phase.22 However, describing the totally symmetric nature of 

breathing modes is more difficult in the case of Fe(phen)2(NCS)2. On the one hand, the molecule 

is made of 3 independent N atoms (NCS, NP1 and NP2 as shown in Figure 1), which result in 3 

totally symmetric Fe-N breathing modes of A symmetry in the C2 molecular point group. On the 

other hand, Fe-N stretching modes also couple to ligand modes (torsion and stretching). 

Consequently, there are many intra-molecular modes exhibiting Fe-N stretching character. There 

are 3 types of Fe-N stretching modes: the breathing modes with in-phase elongations of the 6 Fe−N 

bonds on a given molecule, the stretching modes symmetric with respect to the C2(y) molecular 

axis and the antisymmetric stretching ones. In our DFT calculations, the Ag mode exhibiting 

frequency shift from 109 cm−1 (HS) to 174 (LS), has a pronounced breathing nature of the 

phenanthroline ligand and especially Fe-NP1 bonds, while the Fe-NCS bonds are mainly bending. 

The Au mode shifting from 124 cm−1 (HS) to 170 (LS), the B2g mode shifting from 127 cm−1 (HS) 

to 167 (LS) and the B2u mode shifting from 107 cm−1 (HS) to 172 (LS) exhibit similar in-phase 

breathing of 2 molecules and out-of-phase breathing of 2 others molecules in the unit cell 

(supplementary video 2). Figures S2 and S3 show additional Raman measurements performed with 

xx, yy and xy configurations and 785 nm probe. In average, the frequencies of these different 

breathing modes increase by ≃50% between HS and LS states. Figure 5 shows low frequency 

modes observed here with Raman spectroscopy and TD-THz spectroscopy data for the B2u and B3u 
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modes published previously.28 The Ag Raman data confirm the frequency increase by more than 

50% of the breathing mode from LS (161 cm−1) to HS (101 cm−1) states. These data also show 

several modes with different symmetries but similar frequencies, which can be identified as 

breathing modes of different symmetries in the HS state: Ag (101 cm−1), B2g (97 cm−1) and B2u (93 

cm−1). Similar conclusions are found from calculations for others symmetric stretching modes. 

The Ag mode shifting from 165 (HS) to 186 cm−1 (LS) exhibits in-phase stretching of the Fe-NP1 

bonds, while the Fe-NP2 bonds stretch out-of-phase and the Fe-NCS parts are mainly bending. 

There are 3 corresponding modes with same character with symmetries B2g (shifting from 153 to 

185 cm−1), B2u (168 to 188 cm−1) and Au (156 to 187 cm−1). The Ag mode shifting at 145 cm−1 

(HS) exhibits in-phase stretching of the Fe-NP2 bonds and there are 3 corresponding modes with 

same character with symmetries B2g (147 cm−1), B2u (147 cm−1) and Au (149 cm−1). The Raman 

data for the Ag modes in Figure 5 confirm large frequency increase for other modes from 128, 166, 

175 and 281 cm−1 in the HS state to 176, 196, 247 and 373 cm−1 in the LS state, which corresponds 

roughly to 
𝜈𝐿𝑆

𝜈𝐻𝑆
= 1.33 (inset Figure 4). In this frequency range, our calculations reveal also 

antisymmetric Fe−N stretching modes with B1g, B1u, B3g, B3u symmetries and almost rigid ligand. 

There are higher frequency modes exhibiting both Fe−N and ligand stretching character, such as 

HS Ag modes at 718, 1052, 1212, 1308, 1328, 1429 or 1542 cm−1. However, these modes at high 

frequency are not so populated, even at room temperature, and their contribution to vibrational 

entropy is limited. Therefore, we focus our attention on low frequency modes below 400 cm−1. 

 In addition to vibrational modes localized around the FeN6 octahedron, there are low frequency 

modes localized on the ligand, such as the butterfly modes of the phen. The 8 symmetry-equivalent 

phenanthroline groups in the unit cell give rise to 8 butterfly modes, corresponding to the different 
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symmetries in the crystal. There are 4 symmetric butterfly modes with respect to C2(y) molecular 

axis; Ag (HS: 137 cm−1, LS: 129 cm−1), Au (HS: 117 cm−1, LS: 104 cm−1), B2g (HS: 103 cm−1, LS: 

100 cm−1), B2u (HS: 135 cm−1, LS: 128 cm−1) and 4 asymmetric butterfly; B1g (HS: 120 cm−1, LS: 

90 cm−1), B1u (HS: 140 cm−1, LS: 137 cm−1), B3g (HS: 142 cm−1, LS: 142 cm−1), B3u (HS: 119 cm−1, 

LS: 126 cm−1). The frequency of the modes strongly depends on symmetry, which dictates the 

relative motion of one ligand with respect to the ones of adjacent molecules.  

The frequency splitting of the modes with symmetries is characteristic of their partial libration 

nature. Indeed, for molecular crystals in addition to intra-molecular modes, there are inter-

molecular modes. On the one hand, inter-molecular modes in crystals combine intra-molecular 

vibrations to generate lattice modes of different symmetries, as explained above for the 8 NCS 

modes for example. On the other hand, there are many low frequency libration modes, mixing in 

a first approximation molecular rotations and translation, which can also contribute to vibrational 

entropy and which are often neglected with molecular-based approaches of vibrational spectra.3 
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Figure 5. Low frequency and symmetry-resolved Raman (top) and IR (bottom) spectra. 
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Libration modes can be introduced in the frame of the rigid body approximation: each "half 

molecule" is considered as rigid with 6 degrees of freedom (3 translations + 3 rotations). In the 

case of [Fe(phen)2(NCS)2] there are therefore 24 libration modes, including 3 acoustic modes. 

Because libration modes involve heavy particles and weak bonding compared to intra-molecular 

covalent bonds, their frequencies often fall below 100 cm−1. Figure 5 shows that there are many 

modes, of different symmetries, in this spectral range. Most of DFT calculations performed on 

spin transition materials focused on isolated molecules and discussions of libration modes are 

lacking in the literature. Periodic DFT calculations were also performed on the same compound, 

but the analysis focused on the role of localized ligand–iron vibrations (110 − 430 cm−1) and 

projected out translational and rotational motions of molecules in the crystal.40 We will show 

hereafter that some libration modes can exhibit a significant contribution to vibrational entropy 

change due to their low frequency and large relative shift between HS and LS states.  

High frequency modes like the 8 NCS modes have strongly localized intramolecular nature, 

as other atoms are almost frozen moving. However, in the low frequency range many modes have 

both intra-molecular and libration nature, with a relative translation of the center of mass of the 

molecules within the crystal or rotation of the molecular axes. Most of the modes strongly affected 

by the spin transition (Figure 4) have more or less pronounced libration nature. This means that in 

addition to the intra-molecular reorganization accompanying spin transition, the anisotropic lattice 

contraction can strongly affect the libration modes as the lattice parameters a and c increase on 

warming, while b decreases.30 The libration nature of the "intramolecular" modes within the crystal 

translates in the splitting of their frequencies, and their different changes upon spin transition, due 

to inter-molecular (re)organization. This is the case for example of the breathing modes, with 

≃20% frequency splitting of Ag, Au, B2g and B2u modes (107−127 cm−1 for HS and 167−174 cm−1 
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for LS) or ≃30% frequency splitting of butterfly modes (103−137 cm−1 range for HS and 

100−129 cm−1 for LS). These frequencies are higher in our solid-state calculation compared to 

calculations on isolated molecules,13, 38 which may be also due to the partial libration nature of the 

modes. On the contrary, the localized NCS stretching modes exhibit almost no libration nature 

with a very limited frequency splitting <0.2% for symmetric (Ag, Au, B2g and B2u 2106-2009 cm−1) 

or antisymmetric (B1g, B3g, B1u and B3u 2097-2101 cm−1) modes. 

There are also lattice modes with pronounced libration nature and limited intra-molecular 

motions. Figure 6 and video 3 show different types of libration modes. Mode number 4 (HS) 

with B1g symmetry corresponds to a relative sliding of almost rigid molecular layers and its 

frequency increases by 30 % from HS (24.2 cm−1) to LS (31.5 cm−1). Mode number 5 (HS) with 

B3g symmetry corresponds to rigid molecular rotation / translation and its frequency increases 

from 32 (HS) to 34.4 cm−1 (LS). Mode number 7 (HS) with Ag symmetry is a screwing mode 

corresponding to a rotation around the C2(y) axis and a translation along y. Its frequency is 

weakly affected by spin-state change (from 36.1 cm−1 to 36.3 cm−1). Mode number 14 (HS) with 

symmetry B2g also exhibits combined rotation and translation and its frequency increases from 

49 to 53.1 cm−1. Mode number 16 (HS) with B3g symmetry corresponds to a dimerization mode 

of molecular layers and its frequency increases from 50.2 to 50.8 cm−1.  

These results illustrate that vibrational modes in molecular crystals have various natures, such as 

molecular translation or rotation, molecular breathing or torsion, as well as bond stretching or 

bending. In many cases the modes have hybrid characters. However, many low frequency modes 

exhibit large frequency shifts during spin state switching, with 1 <
𝜈𝐿𝑆

𝜈𝐻𝑆
< 1.33 (Figure 4), and 

contribute therefore strongly to vibrational entropy.  
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Figure 6. Libration modes of [Fe(phen)2(NCS)2] molecules within the crystalline network, for 

which almost rigid molecule exhibit relative translations and/or rotations. 
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As recently reviewed by Nicolazzi,3 the spin crossover phenomena at thermal equilibrium can 

be understood through the Gibbs energy difference between the HS and LS phases:  

G = H + S   (1) 

where H represents the enthalpy difference between HS and LS states3, 41 and S = SHS− SLS is 

the entropy difference.3, 7, 13-21. For [Fe(phen)2(NCS)2] S = 48.78 J.K−1.mol−1 was extracted from 

calorimetric measurements.17, 42 S includes different contributions, due to the different 

microstates accessible in HS and LS configurations: 

S = Sel + Svib + Strans + Srot  (2) 

Sel is the electronic entropy variation, which originates from the different numbers of 

microstates, characterized by different spin (and eventually orbital) momenta, accessible in HS 

and LS states. For an FeII system like [Fe(phen)2(NCS)2] the spin multiplicity changes from 5 in 

HS (S=2) state to 1 in the (S=0) state. Therefore, the electronic contribution to entropy change, 

Sel = Rln(5) = 13.38 J.K−1.mol−1, represents only a small fraction of the entropy change.  

The vibrational entropy difference Δ𝑆𝑣𝑖𝑏 = 𝑆𝑣𝑖𝑏
𝐻𝑆 − 𝑆𝑣𝑖𝑏

𝐿𝑆  is associated with the frequency changes 

from 𝜈𝜆
𝐿𝑆 to 𝜈𝜆

𝐻𝑆 of different vibration modes  between LS and HS states, which modify phonon 

populations and therefore HS and LS vibrational entropies. In the low frequency approximation, 

where ℎ𝜈𝜆 ≪ 𝑘𝑇, the vibrational entropy can be simplified8 and reaches 

Δ𝑆𝑣𝑖𝑏 = 𝑅∑ ln⁡(
𝜈𝜆
𝐿𝑆

𝜈𝜆
𝐻𝑆)𝜆    (3) 

There are many modes for which  1 <
𝜈𝐿𝑆

𝜈𝐻𝑆
< 1.33 (inset Figure 4) and therefore Δ𝑆𝑣𝑖𝑏 > 0.  

Different approaches were proposed in the literature to estimate Δ𝑆𝑣𝑖𝑏 for [Fe(phen)2(NCS)2], 

based on IR and Raman measurements and DFT calculations.6, 8, 13, 15 By considering mainly the 
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15 vibration modes of an idealized Fe-N6 octahedron, the vibrational entropy difference was 

estimated to 20 J.K−1.mol−1, with a significant contribution of the breathing mode to  

Δ𝑆𝑣𝑖𝑏 = 2–4 J.K−1.mol−1 due to its huge frequency shifts. By using the approximation that the 15 

vibrations modes 𝜆 of the FeN6 octahedron are equally affected by the change of spin state, with  

𝜈𝜆
𝐿𝑆

𝜈𝜆
𝐻𝑆 = 1.3, the vibrational entropy difference was estimated to 32.7 J.K−1.mol−1. By assessing 

individual contributions from different vibrational modes, Ronayne et al underlined that only the 

first 29 low-frequency modes (<400 cm−1) contribute to vibrational entropy and found Δ𝑆𝑣𝑖𝑏 = 44 

J.K−1.mol−1. Figure S4 shows vibrational entropy changes obtained in this way from our 

calculations, based on frequency shifts calculated between HS and LS states.  

However, this approach based on equation (3) has some limits. First, it requires identifying clearly 

the corresponding HS and LS 𝜆 modes to calculate the 
𝜈𝜆
𝐿𝑆

𝜈𝜆
𝐻𝑆 ratio for each mode, which is not so 

easy for all the modes, as the nature of the atomic motions often change between LS and HS states. 

In addition, some modes are spectroscopically silent, like the Au modes, or too weak to be detected 

in one phase or both. This precludes accurate calculation of vibrational entropy based on 

experimental data only. Finally, equation (3) is valid when ℎ𝜈𝜆 ≪ 𝑘𝑇𝑆𝐶𝑂, where 𝑇𝑆𝑇 is the spin 

transition temperature (𝑇𝑆𝑇 ≃ 176 K for [Fe(phen)2(NCS)2]). This approximation is therefore valid 

for 𝜈𝜆 ≪ 100 cm−1, which excludes Fe-N stretching modes. It is therefore relevant to use DFT 

calculation for including globally the contribution of all the modes to vibrational entropy.  

Hereafter we propose a more global approach to calculate the vibrational entropy of the 609 optical 

modes, based on the frequencies extracted from our DFT calculations, including intramolecular 

and intermolecular vibrations with different frequencies and symmetries, as well as lattice libration 
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modes. We calculated the vibrational entropy difference Δ𝑆𝑣𝑖𝑏 = 𝑆𝑣𝑖𝑏
𝐻𝑆 − 𝑆𝑣𝑖𝑏

𝐿𝑆  by considering the 

total contribution of the 609 optical modes  for different spin states: 

𝑆𝑣𝑖𝑏
𝑆𝑆 = 𝑅⁡∑

{
 
 

 
 

−ln⁡(1 − 𝑒−
ℎ𝜈𝜆
𝑆𝑆

𝑘𝑇 ) +
ℎ𝜈𝜆

𝑆𝑆

𝑘𝑇

1

(

 𝑒
(
ℎ𝜈𝜆
𝑆𝑆

𝑘𝑇
)

−1

)

 

}
 
 

 
 

𝑆𝑆
𝜆      (4) 

where the superscript SS stands for HS or LS spin state and 𝑇 = 𝑇𝑆𝑇 = 176 K.  

Figure 7 shows the contributions to vibrational entropy of the different modes in the crystal in 

the LS state (blue) and in the HS state (red), in the spectral range below 300 cm−1 where 

vibrational entropy is dominant. The modes above 400 cm−1 contribute much less to the total 

vibrational entropy change, due to low population and weaker frequency shift. The total 

contributions to vibrational entropy spans from 3.61 J.K−1.mol−1 for B2g modes to 

4.62 J.K−1.mol−1 for B1g modes and the total vibrational entropy change for the 609 optical 

modes reaches Δ𝑆𝑣𝑖𝑏 = 32.97⁡J.K−1.mol−1. 

 Here again we can highlight the important contribution of stretching modes, like the Ag 

breathing mode shifting from 109 cm−1 (HS) to 174 (LS), with Δ𝑆𝑏𝑟𝑒𝑎𝑡ℎ𝑖𝑛𝑔
𝐴𝑔

 = 0.87 J.K−1.mol−1. 

The four breathing modes shown in Figure S4 (Ag n°68,  Au n°66, B2g n°65, B2u n°67) of the four 

molecules in the unit cell have a total contribution Δ𝑆𝑏𝑟𝑒𝑎𝑡ℎ𝑖𝑛𝑔 = 3.2 J.K−1.mol−1 similar to the 

one estimated in previous studies for isolated molecule.6, 8, 13, 15  However, there are many 

libration modes (Figure 6) at low frequency contributing to vibrational entropy change, such as 

the B2g rotational mode shifting from 49  to 53.1 cm−1 or the B1g sliding mode shifting from 31.5 

(LS) to 24.2 cm−1 (HS) with Δ𝑆𝑙𝑖𝑏 = 0.55 J.K−1.mol−1. The contribution to vibrational entropy 
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change of libration modes below 100 cm−1 is 4.2 J.K−1.mol−1. We underline again that the 

simplified approximation of the vibrational entropy, Δ𝑆𝑣𝑖𝑏 = 𝑅∑ ln⁡(
𝜈𝜆
𝐿𝑆

𝜈𝜆
𝐻𝑆)𝜆  is valid for 

𝜈𝜆 ≪100 cm−1. Using this expression for the breathing mode shifting from 174 (LS) to 109 cm−1 

(HS) overestimate its contribution to 3.84 J.K−1.mol−1 compared to 3.44 J.K−1.mol−1 obtained 

from equation (4). The contribution of higher frequency modes, like NCS torsion mode shifting 

from 313 (LS) to 285 cm−1 (HS) is even more overestimated with Eq (3) to 0.78 J.K−1.mol−1 

compared to 0.48  J.K−1.mol−1 with Eq (4). 

In principle, we should not consider only the frequencies of Brillouin zone center modes, but 

the ones of all phonon modes within the Brillouin zone, with a dispersion of the phonon 

frequencies 𝜈(𝑘) with their wavevector 𝑘. Since such calculations cost too much simulation 

time, it is more reasonable to consider a global softening of the phonon branches from LS to HS 

states, and therefore a constant 
𝜈𝜆
𝐿𝑆(𝑘)

𝜈𝜆
𝐻𝑆(𝑘)

 ratio for the different k modes of a  branch. In addition to 

optical modes, acoustic modes also contribute to entropy change due to their frequency shift 

characterized by the speed of sound change. Here again a global softening of the acoustic modes 

can be considered to change as the speed of sound ratio between LS and HS states, which is of 

the order of 1.1. Equation (3) is valid for the 3 acoustic branches of the crystal made of unit cells 

including 4 molecules, and the vibrational entropy change of the acoustic branches reaches: 

Δ𝑆𝑎𝑐 =
3

4
⁡𝑅⁡𝑙𝑛(1.1) = 0.6  J.K−1.mol−1

. 
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Figure 7. Contribution to vibrational entropy of the optical modes of different symmetries in the 

spectral range below 300 cm−1. Red bars correspond to HS state and blue bars to LS state. The 

arrow in the B1g panel corresponds to the variation of vibrational entropy for mode 4 shifting from 

31.5 (LS) to 24.2 cm−1 (HS). The total vibrational entropy difference Svib given in panels for each 

symmetries is given in J.K−1.mol−1. 
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Conclusions   

This work highlights the complexity of lattice vibrations in molecular crystals made of unit 

cells including several molecules. Symmetry-resolved spectroscopic measurements allow for 

selectively probing the frequencies of lattice modes with similar nature but different frequencies, 

and their frequency splitting is a signature of the libration nature of the modes and of the effect 

of the inter-molecular packing, as highlighted by DFT calculation. Experimental and theoretical 

calculations show that most of the modes are strongly affected by the spin transition, and 

especially the ones below 400 cm−1, which are also the ones with the strongest contribution to 

vibrational entropy. However, the frequency change of the modes is strongly symmetry 

dependent. The different respective contributions to entropy change give a total entropy 

difference Δ𝑆 = Δ𝑆𝑒𝑙 + Δ𝑆𝑣𝑖𝑏 + Δ𝑆𝑎𝑐 = 46.95 J.K−1.mol−1, which is very close to the 

experimental value of 48.78 J.K−1.mol−1.  

Our work confirms the important role of vibrational entropy in the entropy-driven spin-crossover 

phenomena, as underlined by previous pioneering studies, which is enriched by libration modes 

and inter-molecular modes of different symmetries in crystals. 
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Supporting Information. The following files are available free of charge. 

The supplementary pdf contains the character table of the point group mmm (Table S1) the list of 

the frequencies of the modes (Table S2), a comparison on powder and single crystal IR data 

(Figure S1), additional Raman data (Figure S2 and S3) and the contribution of the different 

modes to vibrational entropy Figure S4. Supplementary videos show the NCS modes (video 

1), the Ag, Au, B2g and B2u breathing modes (video 2) and libration modes (video 3). 
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