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ABSTRACT: Calculation of transition temperatures T,,, for coordination shell approximation

thermally driven spin-crossover in condensed phases is challenging,
even with sophisticated state-of-the-art density functional approx-
imations. The first issue is the accuracy of the adiabatic crossover

energy difference AEy; between the low- and high-spin states of hope fixst, second fuyll
the bistable metal—organic complexes. The other is the proper 103
inclusion of entropic contributions to the Gibbs free energy from =2

the electronic and vibrational degrees of freedom. We discuss the &
effects of treatments of both contributions upon the calculation of

thermochemical properties for a set of 20 spin-crossover materials

using a Hubbard-U correction obtained from a reference ensemble spin-state. The U values obtained from a simplest bimolecular
representation may overcorrect, somewhat, the AEy; values, hence giving somewhat excessive reduction of the T/, results with
respect to their U = 0 values in the crystalline phase. We discuss the origins of the discrepancies by analyzing different sources of
uncertainties. By use of a first-coordination-sphere approximation and the assumption that vibrational contributions from the
outermost atoms in a metal—organic complex are similar in both low- and high-spin states, we achieve T/, results with the low-cost,
widely used PBE generalized gradient density functional approximation comparable to those from the more costly, more
sophisticated r’SCAN meta-generalized gradient approximation. The procedure is promising for use in high-throughput materials
screening, because it combines rather low computational effort requirements with freedom from user manipulation of parameters.

B INTRODUCTION A contemporary experimental goal is to find appropriate
combinations of transition metals and ligands to give a T/,
value at or close to room temperature.'””*° Pursuit of
operation at or near ambient temperature, rather than low
temperatures, is motivated by the prospect of myriad
applications of these materials as actuators, displays, sensors,
memory storage, magnetic resonance imaging, spintronics, or
molecular electronics.”’ ~** Understanding the effects of the
physical and chemical characteristics of the ligand choice upon
the spin transition is key to guiding the design of materials with
such tailored properties.”

For that endeavor, the Kohn—Sham density functional
electronic structure scheme®® offers an efficient, yet com-
petitive, alternative to wave function or perturbation-based
methods for property computation. The accuracy of the

Spin-crossover transitions may be seen as the result of additive
collective inter- and intramolecular effects arising from an
ensemble of molecular units in a sample." Crossovers usually
are classified as gradual, abrupt, and stepped. They can be
either complete or incomplete.” For the thermodynamic limit
of weakly coupled molecules, the total magnetic moment is the
ensemble average over the local magnetic moments from all
molecules in the system.’ Starting at low temperatures, a
typical crossover material has a vast majority of the molecules
in such an ensemble in the low-spin (LS) state. As the
temperature rises, the individuals switch to a high-spin (HS)
state until an equilibrium is reached, with an equal population
of molecules in LS and HS states in an ideal solution model. At
that point, the Gibbs free energy difference for the two
populations is zero. Further increase in temperature continues
the conversion until the vast majority of the population reaches
the HS state. The analogous picture holds for the reverse

Kohn—Sham total energy is influenced, strongly, by the choice
of exchange-correlation density functional approximation. In

situation, with the two paths sometimes differentiated by Received: May 24, 2023
hysteresis resulting from differing conversion energetics.”> For Revised:  August 22, 2023
the spin conversion phenomenon, one can define the transition Published: September 5, 2023

temperature at population equilibrium as T, = AH/AS,
calculated from the enthalpy and entropy differences, AH and
AS, respectively, along the heating or cooling paths.®””
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large-scale materials calculations, computational cost-effective-
ness is a strong motivation for use of generalized or meta-
generalized gradient density functional approximations.’’
Those have shortcomings for the treatment of d-electrons.
They, of course, have a central role in spin equilibrium
molecules. In quantum chemistry those shortcomings often are
addressed by mixing such functionals with a fraction of sin%le—
determinant exchange to yield global,’® range-separated,””*’
and local hybrids.*" Because of computational cumbersome-
ness, condensed matter applications often resort to the
Hubbard model** for the needed corrections via the so-called
DFT+U approach.*

Meaningful use of comparatively cost-effective approxima-
tions obviously should deliver T/, values comparable to the
experimental ones, preferably without requiring intervention or
manipulation. As noted, the thermodynamic potential relevant
to thermally driven spin conversion is the LS-to-HS Gibbs free
energy change. Assuming that the intermolecular coupling in
the material depends only weakly on the molecular spin-states,
the Gibbs free energy of the material is expressed by an ideal
solution model that includes the Gibbs free energy of the
individual molecules in the LS and HS states and the ideal
entropy of mixing, to wit

G = asGys + (1 — ay5)Grg — TS, (1)

Here ayg denotes the fraction of HS states and the entropy of
mixing is
Six = —kpNy (s In[agg] + (1 — agg) In[1 — aygg])

()
N, is Avogadro’s number and kg is the Boltzmann constant.
The thermal evolution of the spin transition in eq 1 can be
described via the equilibrium condition**

[ aG ] —o
0ayg Tp

= AEy, + AE, + PAV — TAS,,

()

(4)

1 -«
— kgN, T ln[iHS
Oy

with aygs = 1/2 at Ty, determined through a numerical
method. The key energy difference, AEy; = Eyg — E, is the
adiabatic molecular crossover energy calculated from the total
energy difference between the high- and low-spin config-
urations, Eyg and Eg, respectively. The vibrational free energy
difference between the LS and HS states, AF,;, = AEj —
TAS,;, includes the terms AE; and AS,;, from the vibrational
contributions to the energy and entropy, respectively, that
depend nonlinearly on T. Those are readily obtainable from a
set of independent harmonic oscillators on the normal
coordinates of the molecule. See ref 45 for detailed
expressions. Since the enthalpy contribution from the volume
expansion is smaller at atmospheric pressure, we neglect the
term PAV. In addition, AS. = ASy,;, + AS,, + ASpey;, where
the leading term is the spin entropy AS,,;, = kgN, In[(2Sys +
1)/(2S.s + 1)] associated with the change in total spin S ¢-to-
Sus, whereas the entropy variation due to orbital degeneracy,
AS, 4, and Fermi entropy, ASg.,;, usually are neglected.

As already noted, the narrow d-bands that are central to the
properties of bistable materials usually are not described well
by comparatively simple density functional approximations.

7647

That shortcoming has motivated extensive investigation of
hybrid density functionals for the calculation of spin crossover
in isolated molecules.**™>> As a matter of context, we remark
that proper Kohn—Sham evaluation of hybrid approximations
requires use of the optimized effective potential.‘%_58 That,
however, is not the customary choice because of the significant
computational resources required. Instead, the generalized
Kohn—Sham procedure almost always is used with such
exchange-correlation approximations. Even that choice, how-
ever, has significance for the purpose of computational
screening of crystalline phases of crossover materials because
the evaluation of single-determinant exchange with a plane-
wave basis set is computationally costly and because methods
such as projector augmented waves for reducing the cost have
not been developed for hybrid functionals.

Those drawbacks are circumvented reasonably effectively by
correcting relatively simple exchange-correlation approxima-
tions with Hubbard-U treatment of the d-electrons. Applica-
tion of the scheme to thermodynamics and the calculation of
T, have been reported.59_63 Because the cornerstone of this
approximation is the magnitude of the U and ] parameters for
the interactions between parallel and anti-parallel spins, there is
active research on devising methodologies for determining
appropriate, or better suited, U and ] without steering or fitting
to experimental data.®*~®®

In the setting of spin crossover, unfortunately those methods
can give drastically inaccurate U values or fail to give any
meaningful value at all.®’ To address that, recently we
introduced an effective Hubbard-U correction, Uy = U — J,
determined from a spin-state built from a linearly mixed
ensemble of the pure LS and HS states.”” Compared with the
uncorrected density functional approximation, the method-
ology improves, significantly, the calculated AEy; values for a
representative set of metal—organic molecules. The present
work extends our analysis to the calculation of T, of
crystalline phases of spin transition materials via the use of the
U, values from that new methodology. We start by comparing
the differences in the calculated AEy; for solids versus
molecules and later focus our attention solely on the materials.
We discuss the influence of uncertainties on our choice of
methodology and the possibility of computing T,,, by
restricting vibrational entropic contributions to those from
the harmonic frequencies from the metallic core of the metal—
organic complex. That approximation assumes that the rest of
the vibrational contributions largely cancel between the spin-
states. For the widely used, simple PBE exchange-correlation
approximation,” "’ results for PBE+U,g with this methodology
suggest an encouraging compromise between accuracy and
speed, a combination we deem to be attractive for high-
throughput strategies that make use of intensive computing
resources. Note that our goal is not exact reproduction of the
experimental transition temperature but rather the ability to
screen thousands of candidates with low computing effort and
in reasonable timings using simple estimates of T)/,. Finally,
we notice that utilization of U values derived from the
simplest molecular representation of the ensemble may
overcorrect the calculated AEy; for solids. That, as we show
by an example, leads to an underestimation of T/, when all of
the degrees of freedom for a representative test case are
considered. Arguably because those U values are calculated
only on molecules, they take account only of intramolecular
interactions and lack information about the intermolecular
interactions characteristic of the crystalline phase.

https://doi.org/10.1021/acs.jpca.3c03520
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B COMPUTATIONAL DETAILS

The test set of complexes we considered and their reported
T, values are given in Table 1. The set consists of 20

Table 1. Metal-Organic Complexes in the Test Set Sorted
by Metallic Ion”

Complex Ton Ref. U Ty
[Cr(L,)(depe),] cr 74 31.13 (1.35) 171
[Mn(L,tren)] Mn™ 75 29.52 (1.28)  40-50
[Mn(3,5-diBr-sal,323)][BF,] ~ Mn™ 76  29.06 (1.26) 175

4.
[Mn(L,)][PFq4] Ma™ 77 2929 (127) 131
[Mn(Cp'™e),] Mn" 78  25.83 (1.12) 303
[Mn(Cp'),] Mn" 79 2606 (1.13) 215
[Mn(Cp"*),] Mn! 79 2629 (1.14) 300
[Fe(acac),(trien)][PFq] Fe'! 80  44.51 (1.93) 200
[Fe(qgsal-Br),][NO,] Fe'll 81  46.35 (2.01 232
q 2 3
[Fe(3-OMe-salen), ][ PF] Fe'l! 82 44.97 (1.95) 164
[Fe(phen),(NCS),] Fe'! 83 4681 (2.03) 177
p
[Fe(stpy),(NCS),] Fe'! 84  47.50 (2.06) 109
[Fe(bpp);][BF,], Fe!l 85 4428 (1.92) 256
[Fe(H,B(pz),),(bipy)] Fell 86  46.58 (2.02) 160
[Fe(tzpy),(NCS),] Fe'! 87  47.04 (2.04) 118
[Co(terpyridine), ] Co! 88 3828 (1.66) 200
[Co(H,(fsa),en)(Py),] Co" 89  36.67 (1.59) 121
y
[Co(terpyrindone),][ClO,], Co!! 90 37.36 (1.62) 172
pyr 4
[Co(papl),] Co" 91 3828 (1.66) 150
[Co(MeO-terpy),][BF,], Co" 92 3690 (1.60) 250
Py 4

“The experimental transition temperatures, taken from refs 52 and 73,
are in Kelvin. The effective Hubbard-U, U = U — ], are in kcal/mol
(eV) and are from ref 70. depe = 1,2-bis(diethylphosphino)ethane,
Litren = tris(2-((pyrrol-2yl)methyleneamino)ethyl)amine, 3,5-diBr-
sal,323 = 2,2'-(2,6,9,13-tetraazatetradeca-1,13-diene-1,14-diyl)bis-
(4,6-dibromophenolato), L, = (2,2-(2,6,9,13-tetraazatetradeca-1,13-
diene-1,14-diyl)diphenol), Cp'™¢ = methylcyclopentadiene, Cp"®" =
tert-butylcyclopentadienyl, Cp"**® = tert-butylcyclopenta-1,3-diene,
acac = acetylacetonate, trien = triethylenetetramine, qsal-Br = (N-8-
quino-lyl)-5-Br-salicylaldiminate, 3-OMe-salen (2-(((2-
(ethylamino)ethyl)imino)methyl)-6-methoxyphenolato-N,N’,0),
phen = phenanthroline, stpy = 4-styrylpyridine, bpp = (2,6-di(pyrazol-
1-yl)pyridine), H,B(pz), = dihydrogen bis(pyrazol-1-yl)borate, bipy
= bipyridine, tzpy = (3-(2-pyridyl)(1,2,3)triazolo(1,5-a)pyridine),
H,(fsa),en = 3-formylsalicylic acid-ethylendiamine, papl = 1-(2-
pyridylazo)-2-phenanthrol, MeO-terpy = 4’-methoxy-2,2':6'-terpyr-
idine.

speciessz’73 distributed as one CrY, three each of Mn'™, Mn",
and Fe, and five each of Fe! and Co ions. It is a subset of
the test set used in ref 70, comprised of those complexes with a
reported T',.

All calculations were done with VASP 6.2”° with the
generalized gradient approximation PBE and meta-generalized
gradient approximation r*SCAN exchange-correlation density
functionals.”"”*°* For PBE+U,; we used the effective
Hubbard-U values from ref 70 shown in Table 1. These
were obtained following the steps depicted in Figure 1 using
the mean value ensemble methodology from a bimolecular
sample of the solid. The choice of projector augmented wave
potentials was the same as that in ref 70. The plane-wave
kinetic energy cutoff was set to 600 eV, with an auxiliary
support grid used for evaluation of the augmentation charges.
Nonspherical corrections to the electron density gradient were
included, and the precision tolerance was set to the choice
labeled accurate. The threshold for self-consistent field
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Build ensemble average using the LS and HS states

|

( Optimize geometry )

i

Compute U using linear response

)

Figure 1. Workflow used in ref 70 for the calculation of the Hubbard-
U, value for each of the spin-crossover complexes. From the top, first
is isolation of the bimolecular sample from a supercell, second is
geometry relaxation for that sample, and third is determination of U

. . 65
using a linear response procedure.”

convergence was set to 107 eV and tightened to 1077 eV
for the calculation of harmonic frequencies. Those were
calculated through a finite differences approach with a step size
of 1072 A. The Gaussian smearing width was chosen as 107
eV. The geometries of the crystalline phases were optimized
with the conjugate gradient algorithm until forces were smaller
than 107 eV A7, using a k-point density of 0.2 A™!, and the I’
g-point for phonon computations. Single molecules were
calculated with the same set of computational choices. We
placed them in orthorhombic boxes with at least 10 A of
vacuum in each direction but used the I" point to calculate the
total energy.

Transition temperatures were treated by considering the
thermal evolution of the Gibbs free energy difference as a
function of temperature and solving eq 4 numerically to
determine T ,.

B RESULTS AND DISCUSSION

We begin by focusing our discussion on the key contribution
to eq 4 for a proper description of the spin transition, namely,
the adiabatic total energy difference AEy;. Figure 2a illustrates
the behavior of AEy; when calculated on the molecular
complex or the crystalline phase. The first thing to note is that
the choice of density functional matters, as does the choice of
sample representation, isolated molecule versus crystalline. A
meta-GGA such as ’SCAN delivers a balanced description of
molecules and their condensed phases. This balanced behavior
is well documented in the literature.”* In contrast, a GGA such
as PBE provides better results for molecules than for solids in
the form of smaller, thus more realistic, AE; . The counterpart
parametrization for solids, PBEsol,”” behaves oppositely to
PBE. Perhaps unsurprisingly, PBEsol+U is competitive with

https://doi.org/10.1021/acs.jpca.3c03520
J. Phys. Chem. A 2023, 127, 7646—7654
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Figure 2. (a) Adiabatic spin-crossover energies, AEy; = Eyg — Ejg,
calculated on the molecular complexes and their respective crystalline
phases, with both the PBE and r*SCAN density functionals. (b, c)
Distribution of the deviation AAEy; for AEy; calculated on a
molecular representation and the solid for both density functionals.
The color gradient in all panels depicts the magnitude of the
difference between the results obtained on the molecule and the
crystalline phase.

PBE+U when appropriate empirical U values are used.”””® The
overwhelming popularity of PBE however compels the use of it
in this case.

Second, parts b and c of Figure 2 also show that AEy;
computed on molecules and condensed phases differs by as
much as about +5.77 kcal/mol (£250 meV), with the largest
discrepancies corresponding to [Cr(I,)(depe),] and [Fe-
(tzpy),(NCS),] for both density functionals. In general, the
mean absolute deviation on the 20-complex T, data set is 2.2
and 1.87 kcal/mol (95 and 81 meV) for PBE and r*SCAN,
respectively. By considering these mean deviations, a AAE,,
value of ~2.3 kcal/mol (100 meV) accounts for an uncertainty
in AT;;, of ~100—150 K, as extracted from the correlation
between these two quantities for different choices of Uy in
Figure 3, taking [Fe(qsal-Br),][NO;] and [Fe(tzpy),(NCS),]
as illustrative examples. Several reasons may account for the
differences between results on molecules and solids. For
instance, isolated molecules have fewer steric constraints
compared to the condensed phase; hence, the number of
accessible conformers for an isolated molecule is larger than
those for a molecule in the aggregate. Conversely, an isolated
molecule obviously accounts only for intramolecular inter-
actions and evidently does not represent the cooperative
interactions intrinsic to solid binding.

Intermolecular collectivity, however, is important in
thermally driven spin-state transitions. Indeed, most of what
is known experimentally about spin conversion is from the
investigation of solid phases. Therefore, we studied the
contributions to AF,, in eq 4, as related to the harmonic
vibrational frequencies, and their behavior with respect to
different choices of coordination sphere approximations. A
particular objective was to find a good compromise between
the computing effort and accuracy. We classified vibrational
contributions into four groups:
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AFE, [keal/mol (eV)]

Figure 3. Correlation between the transition temperature T/, in
Kelvin, and the spin-crossover energy AE,, = AEy + AE,,,, in units
of keal/mol (eV), corrected with the zero-point energy AE,,,, for the
crystalline phases of the [Fe(gsal-Br),][NO;] and [Fe(tzpy),(NCS),]
spin transition materials, for 46.12 kcal/mol < Uy < 69.18 kcal/mol
(2eV<Ug<3eV).

e A - The zeroth approximation, with AF, = 0. The
vibrational contributions are neglected.

A, - The first coordination sphere approximation, with
AFy,, calculated from the harmonic frequencies using the
transition metal center and the first atoms coordinated
to it, while keeping the rest of the atoms in the unit cell
at fixed positions.

A] - The second coordination sphere approximation,
with AFy, calculated from the harmonic frequencies
using the transition metal center and up to the second
atoms coordinated to it or, if possible, the first closed
rings surrounding the metal center, whereas the rest of
the atoms in the unit cell remain fixed in place.

A, - The full set of vibrational frequencies, as in eq 4,
that accounts for all the degrees of freedom from the
atoms in the unit cell.

To gain insight into the relative importance of these
contributions without relying upon complexes in the test set,
which implicitly would be equivalent to calibrating to them, we
considered an additional system, not in the test set, namely, the
homoleptic complex [Fe(tBu,gsal),] with the asymmetric
tridentate ligand tBu,qgsal = 2,4-di(tert-butyl)-6-((quinoline-8-
ylimino)methyl)phenol.”

Figure 4 compares the four A, approximations for
[Fe(tBu,gsal),] computed with PBE and PBE+U4 with U
= 47 kcal/mol (2.04 eV) from ref 70. The convergence for
AE,, = AEy, + AE,,, including the zero-point energy AE,,,
in going from Al to A, is depicted in Figure 4a. Note that
these contributions to the Gibbs free energy do not depend on
T. Results show that the first coordination sphere approx-
imation A] captures most of the vibrational contributions to
AE,,, for this complex, with AE,, differing by 0.52 and 0.59
kcal/mol (22 and 26 meV) for PBE and PBE+U,g, respectively,
with respect to the result A, using the full degrees of freedom
in the material. Overall, since AE,, is smaller than 2.3 kcal/
mol (100 meV) for the PBE+U,; treatment, the associated

https://doi.org/10.1021/acs.jpca.3c03520
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Figure 4. Dependence of (a) AE,, = AEy + AE,,. and (b) Ty
obtained from eq 4, upon the number of coordination shells included
in the determination of the vibrational contributions for both PBE
and PBE+U, for the crystalline phase of the complex [Fe(tBu,qgsal),].
U, = 47 kcal/mol (2.04 eV) is from ref 70. Panel (a) displays AE,
values in kcal/mol (meV) vertically in the bars for PBE or above them
for PBE+U,g. The arrows depict the decrease in AE,, due to AE,,
for a given coordination shell approximation relative to the A values.
In both panels, the color gradient illustrates the associated T ,.

uncertainty on the calculated T, is expected to be important
for the use of that approximation. Hence, turning to the
calculated T, ,,, Figure 4b depicts behavior parallel to that of
AE,, with both density functional approximations, but here we
further consider the magnetic and vibrational contributions to
G that depend on T. The T,,, with any of the four A -type
approximations in conjunction with PBE is overestimated by
essentially an order of magnitude with respect to the
experimental reference of 117 K. In contrast, PBE+U,¢ goes
from overestimating to underestimating T}, in going from A)
to A,. What this shows is that the mean-value ensemble
utilized with the simplest molecule-only ensemble gives a U
that is oversized when used in the condensed phase vibrational
context. The underestimation of T/, is due to the oversized
U, for [Fe(tBu,gsal),]. That, in turn, can be compensated by
using the A] approximation, with T, results in close
agreement with experiment.

That compensation again raises the issue of uncertainties.
The U, values reported in ref 70 were obtained only from the
two closest molecules in a supercell. One expects, therefore,
those values to be biased toward molecular properties in the
sense that they neglect, entirely, crystal field effects upon spin
crossover. That neglect leads to oversized U, values for solids.
More specifically, the methodology discussed in ref 70 results
in uncertainties of approximately +2.3 kcal/mol (+100 meV)
for the calculated U that, in turn, manifest themselves roughly
as an accumulated 50 K uncertainty on T /,. For PBE+U in
particular, the message in Figure 4 is clear. Oversized U
values may be obtained from a mean value ensemble spin
reference. The overly large magnitude, though seemingly useful
for AEy; comparisons, can overcorrect the calculated T/,
value for [Fe(tBu,qgsal),] when considering all degrees of
freedom as in the A, case. We argue that one of the main
causes of this behavior involves the choice of representation
used to determine U, and the associated uncertainty on the
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calculation of T,,,. A way to counteract part of the
overcorrection for solids would be to build a reference spin-
state for the mean-value ensemble that uses a supercell formed
by the cluster expansion approximation.' "% That, however,
would implicate substantial, possibly prohibitive, additional
computational cost as well as the need to determine a reliable
protocol independent of user intervention. Those issues go far
beyond the scope of this work.

That same reasoning makes it plausible, at least, that there is
a range of coordination shells such that the change in T/, due
to the uncertainty in U,g is similar to the difference in AF
for distinct choices of shells. The uncertainty magnitude is,
however, system specific. That motivates the use of the first
coordination sphere approximation, A,. It avoids the need for
more expensive approximations to AF, due to the intrinsic
uncertainty in AE, from the choice of density functional and
the U associated with the methodology. Our ansatz further
assumes that contributions to G from the frequency-dependent
terms can be neglected as one moves away from the metallic
core, a result of near cancellation between the LS and HS
states. Therefore, it is highly plausible that the leading terms
contributing to T/, are dominated primarily by the differences
of the vibrational frequencies from the atoms directly
coordinated to the transition metal, as is the case in the A,
approximation.

On the basis of the foregoing rationale, we used the A
approximation to calculate T,,, for the metal—organic
complexes in the test set. Figure 5 shows that the transition
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Figure 5. Correlation between calculated transition temperatures,
T$%5, with the PBE, r’SCAN, and PBE+U,; density functional
approximations and the reported experimental values, T}, using a
continuous black line to depict the full correlation between both
quantities. A first coordination sphere for the harmonic vibrational
modes was employed for AFy;,. The mean signed error, MSE, and
root-mean-square error, RMSE, are reported in units of Kelvin.

temperatures calculated on the crystalline phases using the
PBE density functional are on the order of 10° K, whereas the
experimental references are on the order of 10* K. The set of
T,), values calculated with the more sophisticated r*SCAN
improves over PBE. We alert the reader that T, results for the
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crystalline phase of [Cr(I,)(depe),] are not reported for
r*SCAN nor PBE+U,¢ because they predict a negative AE,,.

Different behaviors are observed for PBE+U.. Figure S
shows that this approximation reduces the overestimation in
T,/, with respect to the values obtained with PBE and
competes in accuracy with the more sophisticated r*SCAN
density functional, with mean signed errors of 516 and 510 K,
and root-mean-square errors of 671 and 557 K, for PBE+U 4
and r*SCAN, respectively. See the inset in Figure 5. The PBE
+U,¢ approximation, therefore, is a quantitative improvement
over the uncorrected PBE density functional. Though the
results still are not quantitatively accurate on a system by
system basis, the trend comparison for PBE+U.; versus
r*SCAN is favorable in that the T/, results are moved closer
to experiment without the significantly greater cost in
computing resources and user management required for
r’SCAN.

It also is important to highlight that results with the PBE
+U.,¢ approximation compete in accuracy with those reRorted
for isolated molecules using the global hybrid TPSSh,””'** that
includes 10% of computationally costly single determinant
exchange. However, transition temperatures with either PBE
+U,p r*SCAN, or TPSSh still are twice as large as those
computed for isolated molecules with the empirically
calibrated B3LYP* density functional,'” that mixes 15% of
single determinant exchange instead, resulting in AEy; closer
to the experimental reference. In this sense, the combination of
mean-value-ensemble U, and the first coordination sphere
approximation is of significant potential value for system
screening. Moreover, since the mean value ensemble method
does not depend upon fitting to experimental data for the
calculation of the U, parameters and it provides a more
reasonable correction to AEy,”" the methodology may be
attractive for use with automated high-demanding workflows
for materials research, targeted to identifying potential spin
transition materials. Further studies could then use computa-
tionally expensive methodologies, e.g., ’SCAN, range-sepa-
rated or local hybrids, GW,'™ to achieve a better under-
standing of these individual systems.

B CONCLUSION

We discussed three sources of uncertainties for the calculation
of transition temperatures, namely, at least 100 to 150 K
whether the computation relies on isolated molecules or the
crystalline phase, an additional 50 K from the magnitude of the
Hubbard-U parameter, and a system-dependent uncertainty
from the choice of coordination shell approximation for the
computation of the vibrational contributions to the Gibbs free
energy.

Assessment of the Hubbard-U mean value ensemble method
on the thermodynamic evolution for a set of experimental spin
transition materials revealed that the PBE+U, 4 approximation
provides results with an accuracy comparable to that obtained
with the more elaborate r*SCAN density functional approx-
imation. Their mean absolute error and root-mean-square
error differ by 6 and 114 K, respectively, in favor of r*'SCAN.

Overall, we suggest that the improvement in T/, observed
for PBE+U,; compared to the uncorrected PBE density
functional approximation, may provide a computationally
feasible, non-empirical, alternative for efficient high-throughput
screening, as well as identification, of spin-crossover materials
for later refinement with more sophisticated electronic
structure approaches.
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