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Abstract 

The Strongly-Constrained and Appropriately Normed (SCAN) functional has been 

tested towards the calculation of spin-state energy differences in a dataset of 20 spin-

crossover (SCO) systems, ranging from d4 to d7. The results shown that SCAN 

functional is able to correctly predict the low-spin state as the ground state for all 

systems, and the energy window provided by the calculations falls in the approximately 

range of energies that will allow for SCO to occur. Moreover, because SCAN is a pure 

meta-GGA functional, one can use such method in periodic calculations, accounting 

for the effect of collective crystal vibrations and counterions in the thermochemistry of 

the spin-transition. Our results validate this functional as a potential method for in silico 

screening of new SCO systems at both, molecular and crystal packed levels. 
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1. Introduction 

Spin-crossover molecules are very appealing systems either experimentally, due to their 

switching abilities that can be harnessed for electronic devices, or from the theoretically 

point of view, because of the computational challenge that accurate calculation of spin-

state energy differences represents. From the experimental point of view, thousands of 

compounds showing such property have been characterized, mainly through magnetic 

measurements to determine their transition temperature T1/2  between the low- and high-

spin states. To computationally model such property, theoretical studies can adopt 

different strategies: (i) Despite that the magnetic properties are usually determined in 

solid-state powder samples, in most cases only molecular calculations are performed. 

(ii) The calculation of the transition temperature T1/2 involves the inclusion of entropic 

contributions and, consequently the computation of the vibrational energies. This fact 

is particularly demanding because small errors in the vibrational energies results in 

relatively large errors in the entropic contributions, furthermore, in periodic boundary 

conditions (PBC) approaches the equivalent phonon calculations are arduous due to the 

lack of analytic derivatives.1-4 (iii) Many theoretical approaches have been employed 

to calculate the low- high-spin state electronic energy difference. Surprisingly, highly-

accurate post Hartree-Fock methods, such CASPT2 or NEVPT2 do not provide much 

better results than DFT approaches.5-8 Taking into account these points, the most 

common theoretical approach is to study qualitatively the spin-crossover systems by 

performing molecular calculations.5, 9-16 If the low-spin state is only below 10-12 

kcal/mol more stable than the high spin state, such difference can be compensated with 

the entropic contribution and thus, the system is suitable to exhibit spin-crossover 

behavior. However, the quantitative calculation of the transition temperatures, as 

mentioned above, present many drawbacks. In order to solve some of these problems, 

DFT methods seem to be an appropriate approach because it is possible to perform 
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molecular or periodic systems calculations, analytic gradient and frequencies in 

molecular calculations but numerically in the PBC approaches, and relatively accurate 

low-high spin state energy differences. Regarding this last point, recently, we have 

established a benchmark set of 20 spin-crossover systems including examples of all the 

first-row transition metal showing such property (see Fig. 1) and moreover, they present 

a sharp low-high spin transition to have a well determined transition temperature. 

Among the high number of exchange-correlation functionals tested, only the hybrid 

meta-GGA TPSSh functional provides the right description of the ground state for the 

whole set of molecules, and relatively small low-high energy differences. The goal of 

this study is to apply the meta-GGA Strongly-Constrained and Appropriately Normed 

(SCAN) functional to verify is this non-hybrid functional can achieve similar accuracy 

to determine low-high electronic energy differences. This will facilitate its application 

in PBC approaches to handle the whole unit cell where the calculation of exact-type 

exchange is problematic, and it requires huge amounts of computer time.  SCAN 

functional was developed to satisfy the all 17 exact constrains of a meta-GGA 

functional and consequently, is not empirical and usually, it provides results closer to 

the hybrid functionals than other pure meta-GGA ones. Due to its nature, the SCAN 

functional has attracted a lot of attention and has been tested for several applications 

already.17-21 

 

2. Results and Discussion 

 

A total of 20 spin-crossover systems were computed using the TPSSh and SCAN 

functionals. For each system, the electronic energy difference (i.e, E = EHS-ELS) was 

computed. In Table 1 we present the results for both functionals. The results for the 
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TPSSh functional have been also used to validate the computational methodology and 

transferability of the results (see SI). 

 

 

Figure 1. Data set of SCO molecules used in this work. Each row corresponds to a 

given electron configuration (d4 to d7). L1 = 1,2-bis(Diethylphosphino)ethane-P,P', L2 

= tris(2-((Pyrrol-2-yl)methyleneamino)ethyl)amine, L3 = 2,2'-(2,6,9,13-

Tetraazatetradeca-1,13-diene-1,14-diyl)bis(4,6-dibromophenolato), L4 = 2,2'-

(2,6,9,13-tetra-azatetradeca-1,13-diene-1,14-diyl)bis(phenolato), L5 = η5-

methylcyclopentadiene, L6 = η5-tert-butylcyclopentadienyl, L7 = η5-1,3-tert-

butylcyclopentadienyl, L8 = N1,N4-bis(acetylacetonato)triethylenetetramine, L9 = 

ethylenebis(acetylacetoneiminato), L10 = 3,4-dimethylpyridyl, L11= 2-(((2-

(ethylamino)ethyl)imino)methyl)-6-methoxyphenolato-N,N',O, L12 = bis(1,10-

phenanthroline-N,N'), L13 = 4-styrylpyridine, L14 = (2,6-Dipyrazol-1-yl)pyridine), L15 

= dihydrogen bis(pyrazol-1-yl)borate, L16 = 2,2'-bipyridyl, L17 = 3-(2-

pyridyl)(1,2,3)triazolo(1,5-a)pyridine, L18= 2,2':6',2''-terpyridine, L19 = 3-

formylsalicylic acid-ethylendiamine, L20 = 2,2':6',2''-terpyridin-4'-ol), L21 = 10-

((pyridin-2-yl)diazenyl)phenanthren-9-olato, L22  = 4'-methoxy-2,2':6',2''-terpyridine. 
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Table 1. Electronic energy differences for all spin-crossover systems studied in this 

work. All energies in kcal/mol. 

 

System Molecule Mn+ ETPSSh ESCAN/SG2 ESCAN/SG3 ref. 

S1 [Cr(L1)2I2] CrII 6.54 11.66 11.49 22 

S2 [Mn(L2)] MnIII 4.27 4.98 8.06 23 

S3 [Mn(L3)][BF4] MnIII 5.53 6.24 8.54 24 

S4 [Mn(L4)][PF6] MnIII 4.12 4.97 7.21 25 

S5 [Mn(L5)2] MnII 11.19 5.05 10.08 26 

S6 [Mn(L6)2] MnII 10.67 5.03 10.39 27 

S7 [Mn(L7)2] MnII 9.40 4.98 10.19 27 

S8 [Fe(L8)][PF6] FeIII 9.78 5.11 11.29 28 

S9 [Fe(L9)( L10)2] FeIII 11.45 11.41 17.61 29 

S10 [Fe(L11)2][PF6] FeIII 10.69 8.10 14.28 30 

S11 [Fe(L12)2(NCS)2] FeII 6.13 8.96 13.50 31 

S12 [Fe(L13)4(NCS)2] FeII 8.53 9.61 16.85 32 

S13 [Fe(L14)2][BF4]2 FeII 9.31 15.24 20.41 33 

S14 [Fe(L15)2(L16)] FeII 9.36 14.48 23.22 34 

S15 [Fe(L17)2(NCS)2] FeII 5.00 10.10 11.75 35 

S16 [Co(L18)2]I2 CoII 3.00 8.89 10.44 36 

S17 [Co(L19)(Py)2] CoII 2.29 4.79 8.34 37 

S18 [Co(L20)2][ClO4]2 CoII 2.14 4.10 10.08 38 

S19 [Co(L21)2] CoII 3.78 14.02 11.80 39 

S20 [Co(L22)2][BF4]2 CoII 6.59 8.24 10.06 40 

 

From Table 1, one can see that the SCAN functional correctly predicts the ground state 

for all systems in the data set, something only attained by the TPSSh functional.1 The 

effect of zero-point energy correction and dispersion correction using Grimme’s D341 

scheme implementation over the electronic energy differences have been also evaluated 

for the SCAN functional (Table 2). Similarly, to previously reported results, ZPE 
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corrected energy gaps are smaller, while the inclusion of dispersion effects increases 

the electronic energy differences between the two spin-states. Furthermore, it is also 

worth noting with the SCAN functional are much better than those provided by the pure 

meta GGA TPSS (see Table S2).42 

 

Table 2. Electronic energy differences in kcal/mol (E) for all spin-crossover systems 

studied in this work, as well as the zero-point energy correction (ZPE) and empirical 

dispersion within the Grimme’s D3 scheme (D3) correction. Last column corresponds 

to the corrected electronic energy difference (EC = E + ZPE + D3). All energies in 

kcal/mol  

System E ZPE D3 EC  

S1 11.66 -1.64 1.55 11.57 

S2 4.98 -1.95 4.33 7.36 

S3 6.24 -0.99 0.59 5.84 

S4 4.97 -1.49 0.92 4.40 

S5 5.05 -1.40 1.16 4.81 

S6 5.03 -1.02 3.90 7.91 

S7 4.98 -0.54 6.21 10.65 

S8 5.11 -2.10 2.31 5.32 

S9 11.41 -1.28 1.73 11.86 

S10 8.10 -3.77 6.09 10.42 

S11 8.96 -3.75 -1.87 3.34 

S12 9.61 -1.50 -1.37 6.74 

S13 15.24 -1.71 2.72 16.25 

S14 14.48 -2.36 1.34 13.46 

S15 10.10 -2.25 -6.07 1.78 

S16 8.89 -0.59 -4.28 4.02 

S17 4.79 -0.18 -3.37 1.24 

S18 4.10 -0.65 6.04 9.49 

S19 14.02 -1.62 1.70 14.10 

S20 8.24 0.22 2.09 10.55 
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One of the drawbacks of the SCAN functional is the large dependence with the radial 

points of the grid and the requirement of highly dense grids to converge the energy 

values. Thus, we repeated the calculation with the Q-Chem code of the S13 system with 

the larger SG-3 grid (99 radial 590 angular, see Computational detail section) of 20.41 

kcal/mol of electronic energy difference, this value is slightly higher than the obtained, 

15.24 kcal/mol, with the SG-2 grid (75 radial 302 angular). In the Turbomole code, the 

suggested grid for the SCAN functional has 2475 radial points. The calculated low-

high electronic energy difference using such computer code with the same basis set 

than in the Q-Chem code is 19.58 kcal/mol. Thus, this value is close to that found with 

the SG-3 grid with Q-Chem code. Recently, Mejía-Rodríguez and Trickey have 

proposed a deorbitalized version of the SCAN functional by replacing kinetic energy 

density by the Laplacian of the density.43-44 Such new approach (SCAN-L) has a factor 

around three, faster than the original SCAN approach. The calculations were performed 

with the NWChem code using fine (70 radial 590 angular) and xfine (100 radial 1202 

angular) grids and the same basis set, 18.20 and 29.49 kcal/mol, respectively. Thus, the 

results with such functional show slight differences in comparison with the original 

SCAN functional for the calculation of transition metal energetics. 

 

Although the electronic energy differences with the SCAN functional tend to be a bit 

larger than the ones using TPSSh, and therefore the corresponding T1/2 are going to be 

much larger than the experimental ones, the fact that the SCAN functional is a pure 

functional allows us to use it in the study of SCO systems in periodic conditions. This 

has been done for the [Fe(bpp)2][BF4]2 system (S13 with a relatively large experimental 

T1/2 of 256 K, Figure 2), for which the unit cells containing two molecules were used 

in the calculation of the electronic energy differences and also, as a reference system to 

check the influence of the grid size, The periodic calculation will allow as well to 
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determine the influence of the intermolecular dispersion, the intramolecular dispersion 

stabilize the low-spin state 2.72 kcal/mol for the S13 system per unit cell. 

 

 

Figure 2. Unit cell for the [Fe(bpp)2][BF4]2 system (S13) including the two 

crystallographic non-equivalent [Fe(bpp)2]2+ molecules. 

 

 

A second control calculation was to use the PBC module in the Turbomole code 

including approximated approaches to estimate the four-center integrals using PBC but 

applied only to the isolated S13 molecule. The calculated value using such module for 

the S13 molecule is 22.34 kcal/mol. Finally, the periodic calculations including also 

dispersion effects through the D3 approach gives a value of 25.90 kcal/mol (24.2 

kcal/mol without dispersion). This result indicates that there is an increase of the 

difference of the low-high energy difference. This fact is in agreement with the results 

found by other authors previously.2, 4, 45-46 The analysis of the optimized low-spin cell 

parameters with and without dispersion indicates that the values (unit cell volumes 

7802.0 and 8043.2 Å3 with and without dispersion) that are closer to the available 

experimental low-spin structure (unit cell volume of 8697.2 Å3) are those without 

dispersion. This fact corroborates the assumption that SCAN approach includes some 

important dispersion contributions. 
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The calculation of the thermodynamic magnitudes for the periodic model has been 

performed by using the post processing Phonopy code with a k-sampling using a 

48x48x24 mesh in combination with the SCAN energies obtained with Turbomole code. 

The calculation of the phonon modes due to the lack of analytic gradients using a 

numerical approach results in 6N single point calculations being N the total number of 

atoms in the unit cell (132 atoms for the S13 system). The calculated acoustic modes 

that must be strictly zero in  point are negative and have absolute values below 0.3 

cm-1. The calculated entropy difference between high- and low-spin states using the 

optic phonons is 11.3 cal/K·mol per molecule while a value of 12.8 cal/K·mol was 

obtained for one isolated molecule with the SCAN functional using the Q-Chem code. 

Thus, the difference between both values at room temperature is only around 0.4 

kcal/mol. Consequently, the use of discrete molecule to estimate the thermodynamic 

magnitudes could be justified taking into account the complexity of the phonon 

calculation in periodic systems. 

 

Concluding Remarks 

In summary, The SCAN functional has been employed to calculate the energy 

differences between high- and low-spin for a test case of 20 molecules. Such energy 

differences are very challenging from the computational point of view because most of 

the theoretical methods fail not only in a quantitative approach also in the prediction of 

the right ground state and reasonable high- and low-spin energy differences. Previously, 

we shown that hybrid meta-GGA TPSSh functional provided a good estimation of such 

energy differences with the right ground state for the whole set of calculated systems. 

The non-hybrid SCAN functional also gives the right ground state for the whole set of 

test cases being the unique pure DFT functional to provide good results for such 

challenging test (see Figure 3). It is worth noting the well-known large dependence of 
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the results with the grid size using SCAN functional. In comparison with the TPSSh 

functional, the calculated energy differences are slightly larger. Hence, in few cases 

with SCAN values are out the range to have spin transitions below room-temperature 

(entropy can compensate energy differences below 12 kcal/mol) but larger grids 

increase the number of failures 

 

 

Figure 3. High- and low-spin energies for the test case with different exchange-

correlation functionals. The results for the OPBE, M06L, TPSSh and B3LYP* were 

already published.1 Green energy range indicates the region where the energy 

difference can be compensated by the entropy in a usual spin crossover system. 

 

The lack of exact-type exchange contributions in the SCAN functional makes it more 

suitable for calculations with periodic boundary conditions. Thus, we have calculated 

the phonon spectra for the two states of one of the systems and the thermodynamic 

properties were extracted from the calculated frequencies. The results show that the 

calculation of the entropic contributions using isolated molecules provides a good 

estimation of such magnitude in comparison with the more complex phonon calculation 

of the whole unit cell.  
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Computational details 

All Density Functional Theory calculations have been carried out with Q-Chem 5.0,47 

using a 10−8 convergence criterion for the density matrix elements. A fully optimized 

contracted triple-ζ all electron Gaussian basis set developed by Ahlrichs and co-workers 

with polarization functions was employed for all the elements.48 The choice of the basis 

set has been done on the basis of previous results.1 Two functionals were selected in 

this work, the previously used TPSSh functional,49-50 in order to check ourselves, and 

the newly implemented SCAN functional.51. The consistency of electronic energy 

differences with the SCAN functional towards the integration grid has also been tested 

(see SI), and results seem to indicate that the standard integration grid SG-2 from Q-

Chem with an unpruned 75 radial and 302 angular points (recommended for meta-GGA 

functionals) provides with proper results. One system was calculated with the SG-3 

with 99 and 590 radial and angular points, respectively. Molecular and Periodic 

calculations were performed with Turbomole software, version 7.352 in order to 

compare the results with the same triple zeta basis set than the employed with Q-Chem. 

Furthermore, the periodic and molecular calculations were performed were done using 

the riper module using less-diffuse basis sets (pob-TZVP keyword) to avoid linear 

dependence problems and also, an auxiliary basis sets for the resolve identity approach 

(dhf-TZVP keyword). Dispersion effect were included using the Becke-Johnson D3 

method. The grid employed in such calculations was defined through the keywords 

gridsize=5 and radsize=50 that it is the recommended in this code for the SCAN 

functional. The density of radial points also is variable for each element but is much 

larger than those employed with the Q-Chem code, for instance the usual reference for 

first-row atoms (Li-Ne) is 2475 radial points. The calculations were performed for a k-

point mesh (4,4,2) including 32 k-points, these is reduction of 2.0 kcal/mol in 
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comparison with the (2,2,1) mesh with only 4 k-points. NWChem calculations were 

employed to calculate the energies using the Laplacian version of SCAN (SCAN-L) 

using the same basis set and the grid was defined with fine (70 radial 590 angular) and 

xfine (100 radial 1202 angular) grids. 
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