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Abstract

We conducted a study on the performance of the local hybrid exchange-correlation

functional PBE0r for a set of 95 experimentally-characterized iron spin crossover (SCO)

complexes [V. Vennelakanti et al., J. Chem. Phys. (2023)]. The PBE0r functional is a

variant of PBE0 where the exchange correction is restricted to on-site terms formulated

within the basis of local orbitals. We determine the free parameters of the PBE0r

functional against experimental data and other hybrid functionals. With a Hartree-Fock

(HF) exchange factor of 4%, the PBE0r functional accurately reproduces the electronic

and free energy trends predicted in prior DFT studies for these 95 complexes using

the B3LYP functional. Larger values of HF exchange stabilize high-spin states. The

PBE0r-predicted bond lengths tend to exceed the experimental bond lengths, and bond

lengths are less sensitive to HF exchange. The predicted SCO transition temperatures
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T1/2 from PBE0r correlate moderately with the experimental transition temperatures,

showing a slight improvement compared to the previous modB3LYP-predicted T1/2.

This study suggests the PBE0r functional as computationally cost-effective and offers

the possibility of simulating larger complexes with accuracy comparable to other global

hybrid functionals, provided the HF exchange parameter is carefully optimized.

Introduction

Spin crossover (SCO), which is the change in spin multiplicity under the influence of external

perturbation, represents one of the most interesting phenomena in the field of coordination

chemistry due to its wide application, including optical switches and memory devices.1–4

This phenomenon predominantly manifests in compounds containing metals with electronic

configurations ranging from d4 to d7. Mononuclear iron(II) complexes are among these

extensively studied SCO molecular systems.4,5 In octahedral Fe(II) complexes with a d6

configuration, SCO can be induced thermally, optically, or by varying pressure, leading to

transitions between the high-spin (5T2) and low-spin (1A1) states, accompanied by notable

structural changes. The accurate description of energy differences between different spin

states is crucial for the correct prediction of SCO phenomena, particularly in the context of

new information processing devices.

Advanced electronic structure methods are necessary to accurately model Fe(II) com-

plexes, particularly when assessing the energetics of the spin states. Among these approaches,

two widely used wave-function-based methods are single-reference methods like CCSD(T)6

and multi-reference methods such as CASPT2.7,8 CCSD(T) and CASPT2 are considered reli-

able methods to obtain reference data for benchmarking other theoretical methods. However,

notable discrepancies between CCSD(T) and CASPT2 have also been reported,9,10 highlight

potential limitations when using these methods for generating reference data. CCSD(T) is

inadequate in providing accurate descriptions for systems with strong multiconfigurational

character, including Fe(II) complexes in their low-spin (LS) states. Moreover, the very high
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computational cost of calculations, which scale as O(N7) with system size, in CCSD(T)

restricts its applicability to complexes comprising only a few tens of atoms. Computation-

ally feasible variants of CCSD(T) method, such as domain-based local pair natural orbital

(DLPNO-CCSD(T)) approach,11–14,14–16 for studying medium- and large-sized complexes

have been developed. Several CASPT2 studies reveal a systematic bias towards high-spin

(HS) states largely attributed to an inadequate treatment of outer-core 3s3p correlation ef-

fects, when compared to reference data calculated with CCSD(T).10,17,18 To overcome this

bias of CASTP2 towards HS states, Phung et al. proposed a combined CASPT2/CC ap-

proach, which involves treating correlations of valence electrons with CASPT2 with a larger

basis set and semi-core correlation with CCSD(T).19

Single-reference methods based on density functional theory (DFT), where static and

dynamic correlation effects are partially incorporated, provide computationally effective al-

ternatives to multiconfigurational methods for studying large SCO systems. While DFT-

predicted complex geometries and structural properties are very accurate, the energetics of

spin-states are strongly dependent on the exchange-correlation functionals. There has been

extensive discussion in the literature regarding the choice of the most appropriate XC func-

tional for describing SCO complexes, with no complete consensus has been reached thus far.

Ab-initio Hartree-Fock theory (HF)20 tends to show a preference for the HS state, while

pure DFT functionals typically favor the LS state. The semi-local XC functional GGA and

meta-GGA consistently overestimate the stability of the LS states.21–23 A middle ground

is reached using hybrid DFT functionals, which incorporate a fraction of HF exchange. In

general, the global hybrid and range-separated functionals perform better than GGA and

meta-GGA.23–25 However, ideal parameter selection remains a major concern for hybrid

functionals. Several previous studies consistently show that the accurate prediction of the

ground state requires a small proportion, often as small as 10−15%, of exact-exchange in

global hybrids and short-range exchange within range-separated hybrids.23,26 While several

past studies have evaluated the appropriateness of this HF exact exchange choice in small
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iron-based model systems,23,26,27 comprehensive examinations on larger complexes featuring

diverse ligands and varying ligand-field strengths are warranted.

A recent study on [FeII(NH3)6]
2+ by Römer et al.23 benchmarked global hybrid PBE028

and B3LYP,29 the range-separated hybrid CAM-B3LYP,30 and the recently proposed lo-

cal hybrid functional PBE0r31 against reference values for spin-splitting energies calculated

with correlated coupled-cluster calculations. The study shows a good agreement between

the recently proposed PBE0r and CCSD(T). However, the performance of the PBE0r func-

tional against the large experimental data set remains to be tested. Within local PBE0r

functional, the wave functions represented in augmented waves are mapped onto a basis set

of local orbitals. The long-range screening of the Coulomb interaction is achieved by only

including exchange terms in the basis set of these local orbitals while excluding off-site terms,

significantly reducing computational costs. In this work, we test the predictive capabilities

of the above local hybrid functional PBE0r by studying a comprehensive dataset comprising

95 Fe(II) complexes from reference;26 from now on we refer to it as SCO-95. We determined

a parameter range for the free parameter in the PBE0r functional to accurately describe the

spin-splitting energies, geometries and SCO transition temperatures T1/2 of these complexes.

Methods

The PBE0r hybrid functional31–33 is a range-separated variant of the global PBE0 hybrid

functional.28 The PBE0r functional restricts exact exchange contributions to on-site terms,

whereas the long-range inter-site exchange contributions are treated within the density func-

tional approximation. The exchange-correlation energy EPBE0r
XC in the PBE0r functional is

given by

EPBE0r
XC = EPBE

XC +
∑
R

αR(E
HF
X,R − EDC

X,R) (1)
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where EPBE
XC is the PBE functional34 and EHF

X,R is the on-site Hartree-Fock exchange en-

ergy for site R. EDC
X,R is a double-counting correction, which subtracts exchange contributions

that are taken into account by both EHF
X,R and EPBE

XC . The HF mixing strength is controlled

for each site R by the factor αR. The on-site HF exchange terms EHF
X,R, which include both

the valence-valence as well as the valence-core exchange interactions, and the double count

correction EDC
X,R are computed on an atom-centered tight-binding orbital basis. The Kohn-

Sham orbitals are mapped onto this atom-centered tight-binding orbital basis. A set of local

orbitals {χR} is constructed for every atomic site R. The local orbitals are atom-centered

Hankel functions, that are augmented at their center by partial waves after including one

scattering wave to the partial wave set.35 Each orbital |χRa⟩ localized at the atom R has a

corresponding local orbital projector |π̃Ra⟩. These local orbital projector functions |π̃Ra⟩ are

constructed carefully to minimize the deviation of the state

|ψ′
n⟩ =

∑
R

∑
a∈R

|χRa⟩⟨π̃Ra |ψn⟩ (2)

from the KS state |ψn⟩. The HF exchange energy EHF
X,R for atom R is expressed as

EHF
X,R = −1

2

∑
abcd∈R

ρR,cdUR,dabcρR,ba (3)

where the local Coulomb tensor elements UR,dabc for site R are computed by using the Laplace

multipole expansion of the Coulomb interaction. Here, the elements of the one-particle

density matrix ρR,ab are defined as

ρR,ab =
∑
n

fn⟨π̃Ra |ψn⟩⟨ψn|π̃Rb
⟩ (4)

are obtained by projecting the occupancies fn of the KS wavefunctions |ψn⟩ onto the local
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orbitals. The double-counting correction term

EDC
X,R =

∑
R

∫
d3r⃗

nR(r⃗)

n(r⃗)
nR(r⃗)ϵxc(r⃗), (5)

where, ϵxc(r⃗) is the exchange-correlation energy per electron of the PBE functional is calcu-

lated by expressing the electron density into local contributions nR(r⃗) defined as

nR(r⃗) =
∑
ab∈R

⟨r⃗, σ|χRa⟩ρab⟨χRa|r⃗, σ⟩. (6)

The total density n(r⃗) in Eqn 5 is represented by the one-center expansion of the density,

constructed using the partial waves used in the augmentation of the wave functions.32

Although this local approximation resembles DFT+U, the PBE0r functional treats all

electrons equally without the need to selectively target specific orbital shells. The PBE0r

functional also includes the exchange interaction between core and valence electrons. Another

difference to the DFT+U method is form of the double-counting correction. In PBE0r

the double counting correction subtracts the the local terms of the DFT exchange that

correspond to the terms of the additional Fock term EHF
X .32 PBE0r accounts for on-site

exchange interactions between atomic orbitals within the same atom. This interaction splits

initially degenerate states into filled orbitals and empty orbitals. These bands are similar to

the upper and lower Hubbard bands, with their separation approximately proportional to

the Hubbard U value in DFT+U.

Recently, several range-separated hybrid functionals have been proposed36,37 which show

improvement over global hybrids in the prediction of band gaps, lattice parameters, and

thermochemical properties.38,39 The global hybrids tend to overestimate long-range exchange

effects. The range-separated hybrid functionals split the exchange potential into short-range

and long-range parts. The free parameters in these functionals are the range separation

parameter ω and the HF mixing parameters in both the short- and long-range limits. The

widely used HSE range-separated functional36 incorporates 25% HF exchange exclusively for
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the short-range part while the exchange interactions in the long-range part are treated at the

PBE level. In HSE06,37 the value of the range separation parameter ω is set to 0.11 bohr−1.

When ω = 0, the HSE functional approaches PBE0. On the other hand, HSE becomes PBE

for ω → ∞.

The range-separation and the screening of the Coulomb interactions in PBE0r functional

is achieved by excluding the HF exchange matrix elements involving tight-binding orbital

localized on different atoms. The cutoff of the exchange interaction depends on the spread of

the localized tight-binding orbitals. The PBE0r results converge to HSE06, which includes

exact HF exchange within the approximate 9 bohr radii, by going beyond the PBE0r’s on-

site approximation and incorporating HF-exchange terms that involve local orbitals centered

on atoms linked by short distances, including nearest and next-nearest pairs. The PBE0r

functional also has close similarity with the local hybrid functionals. In PBE0r, the HF

exchange terms are partitioned into atomic contributions, which allows the optimization

of each atom’s exact exchange admixture. This is similar to the concept of local hybrid

functionals, which incorporate a position-dependent admixture of the HF exchange through

a local mixing function.

This study explores the efficacy of the local hybrid functional PBE0r in describing the

spin crossover behavior for a large set consisting of Fe(II) complexes curated and studied

by Vennelakanti et al.26 with 23 DFAs, including B3LYP,29,40,41 M06-L,42 and TPSSh func-

tionals.43,44 In the original work, the set of 95 Fe(II) spin crossover complexes was curated

by requiring that the structures had been isolated in both the low-spin and high-spin states,

with high quality crystal structures available for both states. It also required that there be

a discernible difference in the metal-ligand bond between the two spin states to ensure that

a true spin transition had been captured. In addition, the T1/2 was successfully recorded for

the majority (i.e., 76 of 95 complexes) or approximated as the average of the temperature

at which the low-spin and high-spin structures were crystallized. As a consequence of these

curation criteria, these complexes feature mostly nitrogen-coordinating ligands with vary-
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Figure 1: Representative examples of Fe(II) complexes from SCO-95 dataset studied in this
work. Optimized geometry of all 95 complexes in HS as well as LS states, can be found in
the Supplemental Material. Iron, nitrogen, carbon, hydrogen, sulfur, and oxygen are shown
in blue, red, gray, white, green and yellow respectively.

ing denticity from monodentate to hexadentate. A small minority of complexes coordinate

the metal with sulfur instead. Figure 1 displays representative examples of the complexes

studied in the present work.

Calculation Setup

Calculations reported in this paper were performed within the DFT framework45,46 using

the projected augmented plane-wave method.47 All calculations are carried out with the

CP-PAW code.48 The augmentation of the PAW method includes the 3d, 4s, 4p, orbitals on

Fe, 1s orbital on H, the 2s, 2p, 3d orbitals on B, C, N, O, and F, the 3s, 3p, 3d orbitals on

P, S, and Cl, and the 4s, 4p, 3d, 5s orbitals on Br, and the 4s, 3d, 4p orbitals on I. The

auxiliary wave functions are expanded up to a plane-wave cutoff of 40 Ry, and the auxiliary

density to a plane-wave cutoff of 80 Ry. The matching radii rcl/rcov, in units of covalent

radius, used in the construction of partial waves are 0.90 for Fe, 1.20 for H, 0.95 for Br, 0.85

for B, C, I, and Cl, and 0.75 for N, O, S, and F. The tight-binding orbitals includes the 1s

8



orbital of H, the 2s and 2p orbitals of O, the 3d and 4s orbitals of Fe, the 2s and 2p orbitals

of B, C, N, and F, the 3s and 3p orbitals of P, S, and Cl, the 4s, 4p, and 3d orbitals of Br,

and the 4d, 5s, and 5p orbitals of I. The input setup file for these calculations is provided in

the Supplemental Material. The calculations were performed using a periodic arrangement

of Fe(II) complexes, employing a unit cell size that ensures a separation greater than 10

angstroms between periodic images of molecules. The long-range electrostatic interaction of

periodic images is also removed, as detailed in reference.49

Figure 2: ∆EHS−LS calculated for SCO complexes in SC0-95 data set with
PBE/PW with frozen core approximation versus ∆EHS−LS calculated with PBE/def2-
TZVP//PBE/LACVP*.

Results and discussion

First, we look at the dependence of the calculated HS and LS state energy difference

∆EHS−LS=EHS−ELS on the choice of the basis-set. Here, EHS and ELS represent the

energy of the HS and LS states in their optimized geometries, respectively. The calculated

∆EHS−LS values are sensitive to the parameters for the matching radius rcl/rcov of the Fe

atom used in the construction of partial-waves. We determine suitable rcl/rcov values to

ensure that the deviations in ∆EHS−LS calculated from our plane-wave with frozen core
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approximation compared to previous calculations26 with def2-TZVP50 for the PBE func-

tional fall within the acceptable range of -3 to 3 kcal/mol. The PBE/def2-TZVP energies

for SCO complexes are calculated using geometries optimized with the LACVP∗ basis set,

which includes an effective core potential for iron and heavier elements.51,52 Full details of

the calculations are provided in Vennelakanti et al.26

Figure 2 shows the parity plots of ∆EHS−LS with the PBE functional between def2-

TZVP (PBE/def2-TZVP//PBE/LACVP*) and the plane-wave (PBE/PW) basis sets. The

spin splitting energies obtained with the PBE/PW with rcl/rcov=0.90 values for Fe-atom are

consistently in good agreement with those obtained with PBE/def2-TZVP//PBE/LACVP*.

Throughout this work, we use rcl/rcov=0.90 for the Fe atom.

TIHTAF

Figure 3: Experimental vs PBE0r Fe-ligands bond lengths for Fe(II) complexes in SCO-95.
Red and blue circles indicate SCO complexes at high temperature with high-spin configura-
tion and at low temperature with low-spin configuration, respectively. The solid black line is
the parity line. A representative SCO complex with refcode: TIHTAF is shown in the inset.
Hydrogen, carbon, nitrogen, and iron are shown in white, gray, red, and blue, respectively.
Green circles denote the bond lengths for the representative SCO.
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hdFe�Li err (Å)

Figure 4: Histograms showing the distribution of average Fe–ligand bond length errors with
with PBE and PBE0r, top to bottom: PBE, PBE0r (α=2.5%), PBE0r (α=4.0%) and PBE0r
(α=7.5%). Bond length errors are computed between experimental low-temperature crystal
structures and geometries optimized with PBE and PBE0r in the LS state. The bin-width in
these plots is 0.02 Angstrom. The dashed vertical black line is the zero-axis. A representative
SCO complex with refcode: BINZUW is shown in the inset. Hydrogen, carbon, nitrogen,
and iron are shown in white, gray, red, and blue, respectively. A red triangle on top of a bar
indicates the average Fe–ligand bond length errors of the inset complex.
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Figure 5: Left: Histograms showing the distribution of spin-splitting electronic energies
∆EHS−LS calculated with PBE (blue) and PBE0r with the HF exchange factor α=4% (green)
and α=7.5% (red). The gray vertical line represents the zero axis. The bin-width in these
plots is 2.0 kcal/mol. Right: PBE and PBE0r versus modB3LYP (aHF=10%) calculated
∆EHS−LS. The blue solid circles indicate the PBE results and the green and red solid
circles indicate the PBE0r results with the HF exchange α = 4.0 and 7.5 %, respectively.
A representative SCO complex with refcode: NIGXUV is shown in the inset. Hydrogen,
carbon, nitrogen, and iron are shown in white, gray, red, and blue, respectively. For the left
pane, a red triangle above a bar indicates ∆EHS−LS of the inset complex. For the right pane,
yellow circles denote ∆EHS−LS corresponding to the reference complex in the right inset.

Effect of Hartree-Fock exchange parameter α

We use LS and HS state geometries calculated with the PBE functional to carry out further

structural optimizations using the local hybrid PBE0r for each Fe(II) complex in SCO-95.

The energy convergence criterion is set to 1x10−6 Hartree. We examined the dependence of

the geometries and spin-splitting energies ∆EHS−LS of Fe(II) complexes in SCO-95 on the

choice of the HF exchange factor α, which specifies the exact exchange weight in PBE0r, as

discussed in the Method section. We keep the HF exchange mixing α the same for all atoms.

Figure 3 displays a comparison between metal-ligand bond lengths in PBE-optimized

geometries and experimental high-T and low-T structures corresponding to the HS and LS

states. Across these complexes, the experimental average Fe-metal bond lengths are con-

sistently larger in the HS state, which is accurately predicted by PBE and PBE0r (α=2.5,

4.0, 5.0, 7.5 and 10%). The PBE and PBE0r bond lengths for both the LS and HS states

are typically longer than their experimental bond lengths. There are noticeable differences
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between the bond lengths predicted by PBE and those observed experimentally in com-

plexes where the experimental average metal-ligand bond lengths are comparable in both

low-temperature and high-temperature structures. This includes complexes represented by

refcodes: VIFNAC, GETTEH, NIGXUY, EXARAY, and YUYHOR.

Figure 4 displays the metal-ligand bond length errors for the LS states for SCO-95.

Here, the bond length error is defined as the difference between the predicted average Fe-

ligand bond length ⟨dFe−L⟩ using PBE0r (where ⟨dFe−L⟩ =
∑6

i=1 dFe−Li
for octahedral Fe

complexes) and the corresponding experimental average Fe-ligand bond length. The HF

exchange factor α has very little effect on bond lengths. 67% of the complexes optimized

using PBE display positive bond length errors, with similar percentages of approximately

75% and 63% observed for PBE0r-calculated complexes using HF exchange α = 4% and

10%, respectively. These results contrast with earlier studies involving global hybrids, where

delocalization errors, particularly in the LS states, indicated that the bond lengths were

sensitive to the HF exchange.26 The HF exchange terms in the PBE0r functional not only

exclude the long-range exchange but also the offsite bond exchange, which involves the

density of one site interacting with that at nearby sites. The absence of such exchange terms

between the Fe atom and its ligands in PBE0r explains the reduced effect of the HF exchange

factor α on the bond lengths in the LS states. This offsite exchange, present in the global

and range-separated hybrid functional, affects the delocalized states with stronger covalent

bonding, such as the LS states of Fe(II) complexes in this context.

Figure 5-left presents a comparison of ∆EHS−LS values computed using PBE and PBE0r

(α=4.0 and 7.5%) functionals. The positive ∆EHS−LS values observed for all SCO complexes

with both PBE and PBE0r (α=4.0%), except for one case with PBE0r, suggest that the

LS states are more stabilized. However, the smaller ∆EHS−LS values obtained with PBE0r

(α=4.0%) indicate the reduced stability of the LS states compared to PBE. We also compared

∆EHS−LS values from PBE0r at different α with those from a previous study using a modified

version of the global hybrid B3LYP (modB3LYP) of the same SCO-95 dataset of Fe(II)
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complexes. Previously, modB3LYP with a 10% HF exchange mixing was identified as the

optimal choice for accurately predicting the SCO behavior across the majority of complexes

in SCO-95. We observe that PBE0r with a 4.0% HF exchange ratio predicts a ∆EHS−LS

distribution that closely resembles the corresponding values predicted by modB3LYP with

a 10% HF exchange. This optimum value of α is in line with the small HF exchange values

found in earlier DFT studies of transition metal oxides and Fe(II) complexes employing the

same PBE0r functional.23,31,53

With the exceptions of outliers WIHQIQ, ECODIM, and NIGXUY, the difference in

∆EHS−LS predicted by modB3LYP (aHF=10%) and PBE0r (α=4%) is less than 4.5 kcal/mol.

We attempt to identify any common features among these complexes that may explain the

observed differences in the calculated ∆EHS−LS values. Notably, while ECODIM has two

nitrogen atoms replaced with boron, WIHQIQ has three nitrogen atoms replaced with sulfur.

The outlier NIGXUY is hexakis monodentate complexes.

Raising the HF exchange α in PBE0r further from α=4% to 5% results in 13% com-

plexes exhibiting negative ∆EHS−LS values, suggesting stabilization of the HS state for

these complexes. With a 7.5% HF exchange, the PBE0r calculated ∆EHS−LS values for all

SCO-95 complexes, except WIHQIQ, become negative. This trend aligns with the findings

of modB3LYP, which also demonstrated a preference for HS states with higher HF exchange

ratios.26

Entropy contribution and Gibbs free energies

The role of entropy cannot be ignored in the spin transition of SCO systems at finite temper-

atures.54–56 In Fe(II) complexes, similar electronic energies for different spin states trigger

a thermally induced spin crossover. The HS state, which has longer metal-ligand bonds,

tends to have a larger vibrational entropy.57–59 This entropy effect becomes more prominent

at higher temperatures and is largely responsible for the experimentally observed transi-

tion from LS to HS. We calculate the Gibbs free energies of the complexes in the SCO-95
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Figure 6: Histogram showing the distributing spin-splitting Gibbs free energies (∆GHS−LS)
for 95 SCO complexes in SCO-95 with PBE ((top-left)) and PBE0r at different HF exchange
α values from 2.5 % (top-right) to 4.0 %(bottom-left) and 7.5% (bottom-right) in the PBE0r
functional. The bin-width in these plots is 2.5 kcal/mol. The solid gray vertical lines
represent zero axes in all the plots. A representative SCO complex (refcode: JAVQIJ) is
shown in the inset, and the bin that contains its property value is marked with a red star
in each panel. Hydrogen, carbon, nitrogen, oxygen and iron are shown in white, gray, red,
green, and blue, respectively.
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dataset to investigate the efficacy of the PBE0r functional in describing the SCO behav-

ior. To determine the free energies, we use the zero-point energy and entropic contributions

(i.e., electronic, rotational, and vibrational components) obtained with T=300 K using the

modB3LYP functional and LACVP* basis-set from the previous study on isolated gas phase

molecules.26 For electronic entropy, a constant configurational electronic entropy contribu-

tion of 0.9595 kcal/mol is considered for high-spin states (S=2) of Fe(II) complexes within

SCO-95, where the degeneracy is 2S+1=5. Since the average thermodynamic corrections to

free energy are found to be consistently similar in reference26 across all aHF values, we only

use the free energy corrections calculated with modB3LYP with aHF = 10%.

Figure 6 illustrates how the free energy difference ∆GHS−LS varies when calculated using

PBE and PBE0r with different HF exchange: α= 0, 4.0, and 7.5%. Incorporating the

entropy term T∆S into the spin-splitting energy differences ∆EHS−LS calculated from pure

PBE and PBE0r with a small HF exchange (α=2.5%) continues to favor the LS states. This

preference is evident in the positive free energies ∆GHS−LS for all complexes under PBE and

94% of complexes under PBE0r (α=2.5%). As α increases, the positive values of ∆GHS−LS

decrease, indicating a reduced stability of the LS states. Slightly negative values for free

energy changes ∆GHS−LS are observed for 6% of complexes already at small HF exchange

α=2.5%. As α reaches 7.5%, all but two SCO complexes exhibit negative ∆GHS−LS values,

suggesting that the free energy favors the HS states. The PBE0r calculated ∆GHS−LS values

for the SCOs consistently show a few outliers (refcodes: WIHQIQ, QAXQIR, YAGYUB,

SESNEM, WEXVON and ZERDOS, UXOHEW GOGSAZ, and LAGJEK) across all HF

exchange factors α. Among these, SESNEM, LAGJEK and YAGYUB display a slightly

stronger preference for HS states, while the complexes WIHQIQ, WEXVON, UXOHEW,

ZERDOS, GOGSAZ and QAXQIR lean towards LS states.

The PBE0r functional with α=4% predicts ∆GHS−LS values predominantly falling within

the range of -5.5 to 5.5 kcal/mol, suggested as an optimal range to describe the SCO behavior

in previous studies on the same SCO-95 dataset. The PBE0r with α=4% predicts ∆GHS−LS
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of 90% of SCO-95 complexes within this ideal range. The complexes that are not predicted to

be SCO complexes are WIHQIQ, QAXQIR, YAGYUB, SESNEM, WEXVON, and ZERDOS,

UXOHEW GOGSAZ, and LAGJEK. With a slightly higher α=5%, a smaller fraction, 74%,

of complexes have their ∆GHS−LS values predicted within the optimal range of -5.5 to 5.5

kcal/mol.

DIHCUV

Figure 7: Top: Comparison between the experimental SCO transition temperature T1/2 and
PBE0r predicted T1/2 for 95 complexes in the SCO-95 database. Bottom: Deviation between
modB3LYP and PBE0r predicted T1/2 values for the same SCO dataset. In both left panels,
PBE0r T1/2 estimated values utilize thermodynamic corrections obtained from modB3LYP
(aHF = 0%), while the right panels use thermodynamic corrections with modB3LYP (aHF =
10%). The blue symbols represent 76 complexes from the SCO-95 dataset with available
experimental T1/2 exhibiting reported single-step SCO behavior. The green symbols denote
the remaining 18 complexes, where we consider their experimental T1/2 as the average of
experimental low-temperature and high-temperature crystallization values. Solid black lines
depict the parity lines. The red symbol highlights the T1/2 values for a representative Fe(II)
complex with refcode: DIHCUV which is shown in the inset of the top-left. Hydrogen,
carbon, nitrogen, and iron atoms are depicted in white, gray, red, and blue, respectively.
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Estimated spin crossover transition temperature T1/2

We determine the theoretical spin crossover temperature, denoted as T1/2, for all complexes

in SCO-95 using PBE0r. This relies on identifying the temperature at which the Gibbs

free energies of the HS and LS states are the same. This relationship is expressed as

T1/2 = ∆HHS−LS/∆SHS−LS. The entropy corrections for the spin states of each complex

were obtained from thermodynamic calculations at T=300 K. Here, we assumed that the

temperature dependence of these entropic corrections was negligible. We used the zero-point

energy, the thermal vibrational energy (electronic, rotational, and vibrational), and the en-

tropic contribution obtained with the modB3LYP at 10% HF exchange from the previous

study26 to estimate the T1/2 values.

The SCO transition temperatures T1/2 for majority of complexes predicted from PBE0r

tends to be out of range of the experimentally reported SCO transition temperature if the

calculated values ∆GHS−LS are not within -5 to 5 kcal/mol. The PBE0r with α=4% predicts

T1/2 that fall largely within the range of experimentally reported T1/2 of 0 to 450 K. In Figure

7-top, we present a comparison between PBE0r predicted T1/2 and experimental T1/2. The

experimental T1/2 is available for 76 complexes with reported single-step SCO behavior

reported in the SCO-95 dataset. For the remaining 18 complexes in the SCO-95 dataset

where T1/2 is not available or a two-step SCO behavior is reported, we consider the average

of experimental low-temperature and high-temperature crystallization values.

The PBE0r predicted T1/2 distribution using thermodynamic corrections obtained from

modBPLYP with different HF exchange aHF=0% and aHF=10% remain largely similar.

The T1/2 predictions from PBE0r (α= 4%) with modBPLYP(aHF = 10%) thermodynamic

corrections of 79% complexes fall within 0-450 K. Outlier systems include five complexes

with negative T1/2 (refcode: DUBFOY, ECODIM, SESNEM, JIQDET and NALPIB) and

16 complexes with T1/2>450. The negative T1/2 estimated for ECODIM can be attributed to

its negative entropic spin-splitting energies ∆SHS−LS, while the negative enthalpy changes

predicted for the others explain their predicted negative T1/2. Of the 18 complexes with
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PBE0r estimated T1/2>450, ZERDOS, WIHQIQ, WEXVON, and QAXQIR have notably

large positive changes in enthalpy.

The PBE0r functional shows improved performance with approximately 78% of its pre-

dicted T1/2 values falling within the experimental T1/2 range 0-450 K, compared to 63%

for modB3LYP (with aHF = 10%). The outliers ECODOS, NALPIB, QAXQIR, WEXVON

WIHQIQ, and UXOHEW stand out due to the significant gaps between their experimentally

observed T1/2 values and those predicted by PBE0r.

In the lower panels of Figure 7, the predicted T1/2 of modB3LYP is compared to the T1/2

calculated using PBE0r. The PBE0r calculations of T1/2 uses thermodynamic corrections

with modBPLYP at aHF = 0% and 10% from the earlier study by Vennelakanti et al.26 Un-

like the spin-splitting energies ∆EHS−LS and ∆GHS−LS, the SCO transition temperatures

estimated with PBE0r and modB3LYP do not exhibit a strong correlation. "The PBE0r T1/2

values calculated using thermodynamic corrections estimated with modB3LYP (aHF = 10%)

show a stronger correlation with modB3LYP (with aHF=10%) T1/2 values, compared to those

calculated using thermodynamic corrections with modB3LYP (aHF = 0%). The prior inves-

tigation on SCO-95 with modB3LYP highlights a significant dependence on the predicted

T1/2 values on the vibrational entropies. Instead of explicit PBE0r calculated thermody-

namic corrections, using the thermodynamic contributions computed with modB3LYP for

estimating T1/2 by PBE0r in our present study may contribute to the deviation observed

between the predicted T1/2 values.

Conclusions

This work studied an extensive set of 95 different iron SCO complexes with local hybrid

functional PBE0r. This same set of SCO complexes was previously studied using the modi-

fied B3LYP functional with varying HF exchange fractions and 23 other density functional

approximations, including TPSSh and M06-L. Overall, the PBE0r predictions of T1/2 are
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largely consistent with modBPLYP with a few outliers. Our results for both electronic

∆EHS−LS and Gibbs free ∆GHS−LS spin-splitting energies predicted with different HF ex-

change factors α are consistent with the previous calculation that indicates an overall change

in the preferred ground state from LS to HS with an increasing fraction of HF exchange in the

modB3LYP functional. Although the predictions of the SCO transition temperatures T1/2

by PBE0r with an HF exchange mixing factor of α = 4% are consistent with modB3LYP,

they have limitations in accurately reflecting experimental T1/2 trends.

Supplemental Information

The supplemental information contain the following: optimized geometries of SCO in both

high-spin (HS) and low-spin (LS) states, predicted transition temperatures, example input

setup files used for optimizing electronic structure and geometries with PBE0r, and the

predicted electronic energies and Gibbs free spin-splitting energies.
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