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Abstract

Complete active space self-consistent field theory (CASSCF) calculations and
subsequent second-order perturbation theory treatment (CASPT2) are discussed

in the evaluation of the spin-states energy difference (AHelec) of a series of seven

spin crossover (SCO) compounds. The reference values have been extracted from a
combination of experimental measurements and DFT + U calculations, as discussed
in a recent article (Vela et al, Phys Chem Chem Phys 2015, 17, 16306). It is
definitely proven that the critical IPEA parameter used in CASPT2 calculations of
AHele, a key parameter in the design of SCO compounds, should be modified with
respect to its default value of 0.25 a.u. and increased up to 0.50 a.u. The
satisfactory agreement observed previously in the literature might result from an
error cancellation originated in the default IPEA, which overestimates the stability
of the HS state, and the erroneous atomic orbital basis set contraction of carbon

atoms, which stabilizes the LS states.



Introduction

Spin crossover compounds (SCO) are fascinating materials from the point of view
of quantum chemistry.l3 Their ground and first-excited spin states may be
interchanged upon application of a variety of triggering effects such as light,
pressure or temperature, being the latter the most common.#> For instance, when
those materials are based on an Fe!l ion, the low-lying spin states correspond to a
singlet (Low-Spin, LS, S = 0) and a quintuplet (High Spin, HS, S = 2).6 Typically, the
LS state is favored by enthalpy (AH), whereas the HS state is stabilized by the
larger vibrational and electronic entropy (AS) that results from the population of
antibonding Metal-Ligand bonds and the electron unpairing, respectively. Due to
the nature of the two spin states involved and the small energy difference between
them, it becomes a challenging task to quantify their relative stability, or even
elucidating which is the ground state. To this purpose, CASPT2 (second-order
perturbation theory on top of a Complete Active Space self-consistent field
calculation) has been the workhorse of the chemistry community to accurately
calculate AH,.in isolated SCO molecules, and has been successful in the
quantification of adiabatic’® and vertical energy differences.” However, in the
design of CASPT2 methodology, an IPEA parameter had to be incorporated to
correct the energy of the electron excitations from (and to) the active space
orbitals. Its default value of 0.25 atomic units (a.u.), proposed by Ghigo et al. in
2004,19 was obtained after analyzing the performance of the CASPT2 method to
reproduce the dissociation energies of several binuclear species and the excitation
energies of N2 and benzene and, thus, seems far from the spin state problem
tackled in the quest for AH,... This issue has carried some controversy: recent
studies by Kepenekian et al.11 and Lawson Daku et al.12 have advocated for the use
of larger IPEA shifts, whereas Rudavsky et al.” found that a better agreement is
achieved with the default value. Whatever the case, it does not seem a good idea to
develop a rather sophisticated methodology such as CASPT2, and leave its
energetic accuracy depend on a parameter that has been only benchmarked for
one type of problematic. Of course this problem is only relevant when very tiny
energy differences are involved (few tens of k] mol-1), but this is precisely the case

of adiabatic energy gaps in SCO compounds.



In the present article we will provide definitive evidence that the adequate IPEA
value to study this class of compounds must be increased up to about 0.5 a.u., twice
the value proposed originally. The main advance of this work with respect to Refs.
[11] and [12] is that very recently, in a article devoted to the application of the
DFT + U approach to study SCO compounds,!? we obtained accurate estimates of
the thermodynamic magnitudes of interest, including AH,,., thereby obtaining
sound reference values and allowing for an accurate benchmark of the IPEA
parameter. Furthermore, our new calculations imply other advantages. (i) They
have been performed in other SCO molecules never analyzed before, thus
extending the number of benchmarked molecules. (ii) We have used molecular
geometries optimized in the solid-state, thus eliminating any possible error
associated to gas-phase geometries. (iii) Finally, and more important, they take
into account the recently-discovered error!#4 in the relativistic ANO-RCC basis set
for C atoms used in Molcas.!> We will comment on the importance of this technical
error on the SCO studies performed so far with this computational package, and
demonstrate that, fortuitously, it actually contributed to diminish the error

associated with the standard IPEA value in previous inspections.

This manuscript is organized as follows. In the methods section, we present the
strategy that we followed in ref. 13 to extract the thermodynamic magnitudes from
experimental data, the computational details, and an introduction to the IPEA
parameter. We must note here that the seven compounds used as a dataset in this
paper are the same that we used in this recent manuscript, with chemical
formulae: Fe(phen)2(NCS)2 (1),1> [Fe(abpt)2(NCS):] (2),1¢ [Fe(abpt)2(NCSe):] (3),16
Fe(bapbpy)(NCS): (4),'7 Fe(HB(pz)3)2 (5),8 Fe[H2B(pz):]2(bipy) (6)!° and [Fe(1-
bpp)][BF4]2 (7).2° Those compounds have a common structural characteristic, they
display a FeNg core, probably the largest family of inorganic SCO materials (see
Figure 1).6 Then, in the results section, we will present and discuss the results; in
particular, we will definitely prove that an IPEA value of ca. 0.5 a.u. is more
adequate to represent the spin state energetics of this class of materials, with some
exceptions that we will comment and, finally, we will summarize the conclusions

that can be extracted from this piece of work.



Methods

A thermally-driven spin transition occurs when the higher enthalpy of the LS state
is overcome by the favorable entropy contribution of the HS state at T1/2. At this
temperature, AG is equal to zero and the transition temperature T1,2 can be

obtained from:

T _ AHtot(Tl/Z) (1)
Y2 AS10i(Ty2)

where AX = X(HS) - X(LS). As defined in statistical thermodynamics, both
enthalpy and entropy can be decomposed in multiple terms accounting for
electronic, rotational, vibrational and translational differences between the two
spin states involved in the transition. Usually, the contribution of the rotational
and translational terms is neglected, as they are not expected to contribute

significantly, and only the electronic and vibrational terms are taken into account

(eq. 2 and 3).
AHtot(T) = AHelec + AHvib (T) (2)
AStot(T) = ASelec + ASvib (T) (3)

We must note here that the value that is usually computed as the energy difference
between spin states corresponds to AH,.., and once the vibrational correction
AHyip is included, the resulting magnitude can be compared to the experimental
enthalpy estimate AH¢.: obtained usually from DSC measurements. In recent work,
we have described a strategy to extract the AH,,. directly from experimental data
and after the evaluation of AHvib , ASvib and ASelec.!® We did so for compounds
1-7 and used the obtained AH,,. values as a reference for the parametrization of
the Hubbard-like U-term that best describes the energetics of those compounds
within the DFT+U framework. As a result of this study, we were able to obtain
accurate AH,,. values of the studied SCO molecules both in the crystalline phase

and in the gas phase (isolated), using the best parametrization of U to conduct this



study. The original purpose of evaluating AH,,. in isolated molecules was to

quantify the effect of the intermolecular interactions. However, the obtained AH,,.
ref
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values for the isolated molecules, hereafter referred to as AH
to analyze the performance of different computational methods working in gas

phase. Within this context, in the present paper we have fine-tuned the IPEA
ref
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ref

elec

parameter used in the CASPT2 approach to reproduce those AH_’ values. The

reader is referred to ref. 13 for further details on how the AH_;’ values were

obtained.

Computational details

Molecular geometries

The molecular geometries upon which the CASPT2 treatment was subsequently
applied were obtained by performing a variable-cell geometry optimization of the
crystalline phase of the SCO compounds at the corresponding spin state. Those
calculations were performed using the Quantum Espresso package (QE),?! the PBE
functional within the spin unrestricted formalism, the D2 correction of Grimme,
Vanderbilt pseudopotentials, a I'-point sampling of the Brillouin zone. For the
variable-cell geometry calculations we used a Hubbard-like U term of 2.5 eV,
applied on the d orbitals of Fe, within the DFT+U methodology. This value was
selected prior to its benchmark based on adiabatic energy differences (U = 2.65
eV), but we could confirm that the use of U= 2.5 eV or U = 2.65 eV yielded the same

crystalline structures.

CAS(10,12) and CASPTZ calculations

Using those optimized geometries, a complete active space self-consistent field
(CASSCEF, also referred to as CAS) calculations have been converged for all HS and
LS states. All active spaces include the 3d and 4d orbitals of iron, together with the
N(p)-Fe(d) o-orbitals, yielding a total of 10 electrons in 12 orbitals, namely
CAS(10,12). This active space has been proposed in the literature®?223 to be

adequate to describe such materials, since it includes the non- dynamical (or



static) correlation of the Fe atom, as well as the most important contributions to
dynamical correlation. Then, using the CAS(10,12) wavefunction, all the remaining
dynamic correlation has been included with a posterior CASPT2 treatment on the
whole set of orbitals, excluding the deep-core orbitals (1s of C, N and B, 1s, 2s, 2p,
3s and 3p of Se, and 1s, 2s and 2p of Fe and S).

In CASPT2, the zeroth-order Hamiltonian is built using one-electron Fock-type
operators?* and, according to this formulation, the diagonal terms of the Fock

matrix can be written as!0:

1
Fpp = _E(Dpp(lp)p +(2-Dypp)(EA)) (D)

where Dy, is the occupation of orbital p, and IP and EA are its ionization potential
and electron affinity, respectively. For empty and fully-occupied orbitals, Fyp
becomes, respectively, EA and [P, whereas for partially-occupied orbitals, one

obtains:

1
F,, =—=(UP), + (E4A),) (5

P73
However, it was seen in the early days of the CASPT2 method that this formulation
overestimated the stability of open-shell systems and that, instead, it was
preferable to obtain Fj, = —IP for excitations from a partially-occupied orbital and
Fpp = —EA for excitations into a partially-occupied orbital. In order to remove this
systematic error, a modification of the zeroth-order Hamiltonian was proposed
and the following shifts were added to the diagonal terms of the Fock matrix (ie.

Fyp, see eq. 4):

1 1
(E4) _ _
o, = EDpp((IP)p — (EA),) = 7Dwe  (6)

1P 1 1
0;5 )= _5(2 - Dpp)((lp)p - (EA)?’) - _E(z =~ Dpp)e @)



The first one (eq.6) is applied when exciting into an active orbital and the second
(eq.7), when exciting out of this active orbital, therefore resulting in the desired -
EA and - IP energies, respectively. Given that the definition of (IP), and (EA), is
difficult, their energy difference is replaced by a single averaged parameter,
namely the IPEA shift (¢ in eq. 6 and 7) and the scope of this work is, precisely, to
determine the adequate value of this parameter to obtain the correct adiabatic

energy differences between the LS and HS state of Fell-Ng based SCO compounds.

All CASSCF-CASPT2 calculations have been carried out with the Molcas 8.0
package. We have used ANO-RCC basis sets, designed to include the scalar
relativistic effects with the following contractions: [3s2p1d] for C,2> [7s6p5d3f2g]
for Fe,2> [2s] for H,26 [4s3p1d] for S,27 [5s4p2d1f] for Se,2” [3s2p1d] for B27 and,
finally, we have divided the N atoms in two groups. (i) Those coordinated to Fe,
which have been described using the [4s3p2d1f] contraction, and (ii) the
remaining atoms, for which we have used the [4s3p1d] contraction.?’ It must be
noted that this level of contraction in the basis set has been found to be a good
compromise between accuracy and computational cost?2 The Cholesky
decomposition has been employed to treat the two-electron integrals in all the
calculations. Notice that the use of the erroneous (e) or the corrected (c) basis set

for the C atoms does not imply a change in its contraction. In this sense, it is known

IPEA,e

elec and

that larger contractions would lead to smaller differences between AH

IPEA,c
AHelec



Results

Most CASPT2 calculations of SCO systems in the quantum chemistry community
have been traditionally performed using the Molcas package.* Very recently, an
error has been detected on the definition of the relativistic ANO-RCC basis set for
carbon atoms, which has been present in versions 6.4-8.0 of this program, that
span 2006-2014. Although it is now corrected, this error has been present in the
wide majority of the CASPT2 calculations performed for SCO systems. However,
the results obtained using this methodology have been quite successful and, thus,
one can intuitively think that its effect on the energetics of different spin-states
and, consequently, on 4H.c, must be small. Moreover, one would expect that the C
atoms do not strongly affect the energy of the spin states, since there is no direct
bonding or coordination between Fe and C atoms in FeN6-based SCO molecules. In
this section we will first demonstrate that the error in the ANO-RCC basis set of C
is, on the contrary, quite important, and that is has been somehow hidden by the
use of the default IPEA value. The combination of the erroneous basis-set (e) and
the default IPEA (0.25 a.u.) (AH2>¢) has generally worked pretty well due to an
error-cancellation that will be carefully analyzed. Therein we will demonstrate

that the combination of the corrected basis set (c) and the default IPEA=0.25 a.u.

(AH22%) leads to an increased disagreement of the obtained electronic enthalpy

elec
ref

and the reference values (AH,,,

see section 2). Finally, in subsection 3.2 we will
benchmark the adequate IPEA that must be combined with the corrected ANO-RCC
basis set to achieve quantitative agreement for each of the seven studied
compounds. In this sense, all along the results sections we have evaluated the
quality of a given approach in terms of the absolute error, and if it successfully
predicts the ground spin state of the material (P or 0). We would like to stress that
the values calculated in this manuscript do not incorporate the contribution of the

vibrational enthalpy Hvi» , nor that of the intermolecular interactions, that we

quantified in ca. -5.7 k] /mol and ca. +5 kcal/mol, respectively, in previous work.13

Default IPEA analysis



A first set of calculations has been performed using the default IPEA parameter
(0.25 a.u.) and the erroneous ANO-RCC basis set (AHJ2>¢, see Table 1 and Figure
2). The results are moderately-good, with four ground spin states properly
characterized (compounds with ¢ in Table 1) and a mean absolute error (MAE) of
13.6 kJ]/mol (~0.14 eV). However, our analysis clearly reflects that, in general, the
HS state is over-stabilized using this parameterization. Those incorporate two
errors that will be analyzed in this paper: (i) the parametrization of the IPEA shift,

and (ii) the basis set. In order to clarify the contribution of both errors, we have

performed the same type of calculations using the corrected ANO-RCC basis set for

0.25,c

C, recently included in a newer version of Molcas (AH,;>"",

see Table 1 and Figure
2). The agreement of this set of results is clearly worse than the one shown in
Table 1 for the AH)>>¢ values. More precisely, the MAE is now 20.6 kJ/mol (~0.21
eV) and the the correct ground state is only predicted for two compounds (5 and
7). The comparison of the results shown so far indicates that the error associated
to the basis set is ca. -7.1 kJ/mol (ie. the MAE associated to AH>>¢ - AH }2>¢), with
an even larger over-stabilization of the HS state. In any case, once the error in the
basis set is corrected, the MAE obtained for those seven compounds must be only
ascribed to the quality of the IPEA parametrization. Therefore, one can
immediately see that the default IPEA of 0.25 a.u. is not adequate to study the spin-
state energetics of SCO compounds. Indeed, for some compounds the associated

error is more than three times larger than the reference electronic

enthalpy (AH") itself.

elec

Extraction of benchmarked IPEA parameter and comparison.

At this point, once we have demonstrated the important errors associated to the
default IPEA parameter, we now benchmarked its value to reproduce AHgle;;. New
CASPT2 calculations have been performed to obtain the evolution of AHec as a
function of the IPEA parameter, within the range of 0.0 to 0.75 a.u. (see Table 2).
Then, a second order polynomial equation has been used to interpolate the exact
IPEA value that reproduces AHeec . The resulting benchmarked IPEA parameters

lie between 0.35 a.u. and 0.66 a.u., with an average value of 0.53 a.u. (see Table 2).

Interestingly, one may notice that the seven values seem to be distributed into two

10



subsets; for compounds 1-4 and 6, its value is ca. 0.6 a.u., whereas for compounds
5 and 7, it is considerably lower (ca. 0.35 a.u.). This observation will be analyzed in
more detail in the following paragraphs but, in any case, it becomes clear that it is
necessary to use an IPEA value larger than the default (0.25 a.u.), and closer to 0.5
a.u. The use of this average value to describe the spin gap of the seven SCO
compounds leads to a MAE of 6.6 k]/mol (see Table 3 and Figure 2), significantly
better than the one obtained in the previous section using a 0.25 a.u. value (20.6
k]J-mol-1, see Table 1). Furthermore, and more important, the ground spin state is

correctly described for all compounds except for 2.

In order to understand why we have obtained two subsets of benchmarked values,
we have analyzed the energy contribution of all types of excitations as a function of
the IPEA shift for all compounds and spin states. Interestingly, the energy
contribution of the different types of excitations is always modified by roughly the
same amount, irrespectively of the compound studied and within a spin state,
which indicates that the IPEA shift is actually having the same effect on all AHeiec
values not only qualitatively but also quantitatively. For instance, the energy

difference between AH>¢ and AH?>is ca. 23 kJ-mol! for all compounds and,

similarly, the differences between AH > and AH)/>° are, respectively, ca. 41
k]J-mol-1, and ca. 58 kJ-mol-! (values can be extracted from Table 2). Therefore, one
cannot ascribe the appearance of the two subgroups of values to a different
behavior of the IPEA shift on the excitation energies. This leads to the conclusion
that the origin for such observation is either found in wrong reference values for

compounds 5 and 7, or in the intrinsic behavior of the CASPT2 method.

Regarding the first possibility, one might have doubts on the quality of the
reference value that we have taken for compound 5, since the U value
benchmarked for this compound in ref. 13 (2.97 eV) held also the largest deviation
from the mean value arising from the seven evaluated compounds (2.65 eV).
Considering that all FeNg-based compounds should present similar U and IPEA
parameters, the fact that both benchmarked values are more deviated from the

average in the case of compound 5, might be taken as an indication that the

reference value adopted to that purpose might be erroneous. Indeed, if AH.; for 5
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was ca. 35 k] /mol instead of 22.9 k] /mol, the resulting U and IPEA values would be
both in line with those benchmarked for the remaining compounds. However, the

hypothesis of a bad AH;eefC value does not seem to hold for compound 7 for two
reasons: first, because its benchmarked U value was, in contrast to that of
compound 5, similar to the average value (2.60 vs. 2.65 eV) and, second, because
the reference value was successfully used in a previous study?® to explain the
characteristics of its crystal packing, which would have not been possible if such a
large error were to be present. In turn, we have seen that the disagreement of the

CASPT2 energies obtained without any IPEA shift (AH %:%¢), with respect to AH"*/ is

elec elec
already smaller for compounds 5 and 7 (ca. 30 k] /mol, subtracting AH ¢ - AH;’;’; )
than for the remaining ones (ca. 50 k]J/mol). Therefore, the fact that compounds 5
and 7 require a smaller [PEA value is just because the unmodified zeroth-order
Hamiltonian (IPEA=0.0 a.u.) is already showing a better performance for them. In
conclusion, we cannot provide any clear explanation for the presence of this two
subgroups of benchmarked IPEA values. However, it is worth commenting that
such scenario was also found in ref. 11, in which one of the six compounds

analyzed therein also displayed a notably different behavior, with an adequate

IPEA value that was estimated to be ca. 0.2 a.u.

Conclusions

The objective of the present paper was to provide a sound benchmark of the
adequate IPEA parameter to be used when describing the spin state energetics of
FeN6-based SCO compounds. To do so, we have first analyzed the performance of
CASPT?2 using the default value of 0.25 a.u., and seen that the mean absolute error
(MAE) associated to this scheme is 20.6 k]J/mol. This value was accidentally
improved to 13.6 k]/mol due to an error in the definition of the ANO-RCC basis set
for C atoms present in the previous versions of the Molcas package. In any case, the
default parameterization implied a relative overestabilization of the HS state,
which may reach 300% of the reference value itself and, as a consequence, the spin

state ordering was correctly described only for 2 compounds. After, we have
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identified the [PEA parametrization that reproduces the reference adiabatic energy

differences (AH;“’ZC) of the seven studied compounds, and seen that a value of ca.
0.5 a.u. reduces the error of the CASPT2 method up to a MAE of 6.6 k]/mol. More
importantly, the ground state of all but one of the studied compounds are correctly
described under this parametrization. Notably interesting has been the appearance
of two subgroups of benchmarked IPEA parameters centered in notably different
values (ca. 0.6 and 0.37 a.u.) that we have traced down to the accuracy of the

CASPT2 methodology itself.

Overall, this study demonstrates the moderately-good accuracy of the CASSCF-
CASPT2 method in its default implementation, since a MAE of ca. 20 kJ/mol is far
better than that of the most-standard DFT functionals, but also advocates for the
adoption of larger IPEA values in order to improve even more the quality of the
results and to correctly predict the ground state of this class of compounds. As
commented in the introduction, this paper is benefited from the recent publication

of sound reference values for the adiabatic energy differences between the HS and
ref
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LS states of seven SCO compounds (AH,, ), which is the most important difference
with respect to other similar papers!1? that also advocated for the adoption of
IPEA=0.5 a.u. Finally, we encourage the implementation of the NEVPT2 scheme,?°
31 a most-promising and parameter-free alternative to CASPT2, in a robust
computational package capable to handle the size and the number of orbitals

associated to the typical SCO architectures.
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Figure 1. High-spin structures of the seven compounds studied herein, namely:
Fe(phen):(NCS)2 (1), [Fe(abpt)2(NCS)2] (2), [Fe(abpt)2(NCSe):] (3), Fe(bapbpy)(NCS): (4),
Fe(HB(pz)s)z (5), Fe[HzB(pz)2]2(bipy) (6) and [Fe!l(1-bpp)][BF4]2 (7).
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Figure 2. Comparison between the reference adiabatic energy differences (AHerlee]; , black)

and (left) the values obtained with the default IPEA of 0.25 and the erroneous basis-set

(AHgl‘ics'e, white), (middle) IPEA 0.25 a.u. and the corrected basis-set (AHgl'ics‘C, stripes),
and (right) IPEA 0.53 a.u. and the corrected basis set (AH0'53’C , light gray).
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Table 1: Comparison between reference adiabatic energy values (AH;?;) elec

and those obtained with the default IPEA parameter (0.25 a.u.) and with the erroneous (e)
and corrected (c) basis set.

amgl | amg eror angzEe eror

1 6.9 -8.2 (%) -15.1 -16.8 (x) -23.6

2 7.6 -16.4 (%) -24.0 -22.5 (%) -30.1

3 5.9 -12.0 (%) -17.9 -18.0 (%) -23.9

4 23.2 6.1(v) -17.1 -0.8 (%) -24.0

5 229 22.7(Y) -0.2 15.0 (V) -7.9

6 259 7.1(v) -18.9 -0.1(x) -26.0

7 15.9 13.9 () -1.9 6.9 (V) -9.0
Mean Absolute Error 13.6 20.6

Table 2: Comparison between reference adiabatic energy values (AH;CZC) and those

obtained with different IPEA values (from 0.0 to 0.75 a.u.) and the corrected (c) basis set.

Also given the IPEA value (in a.u.) that reproduces AH;Z}; . All energy values are given in
kJ-mol-1.
AHJpe  AHQE®  AHGRE  AHYE | AHGT | Benchmarked P
1 -39.0 -16.8 1.7 17.7 6.9 0.57
2 -46.1 -22.5 -3.7 12.9 7.6 0.66
3 -41.7 -18.0 0.7 17.1 5.9 0.57
4 -24.2 -0.8 18.0 34.5 23.2 0.57
5 -7.8 15.0 334 49.8 229 0.35
6 -23.3 0.1 18.7 35.3 25.9 0.60
7 -14.8 6.9 24.5 40.2 15.9 0.37
Average 0.53
ref

Table 3: Comparison between the reference adiabatic energy values (AH,,,.) and those
obtained with IPEA = 0.53 au. and the corrected (c) basis set. Agreement in the
description of the ground state is displayed with v or X (in brackets). All energy values are
given in kJ-mol-1.

AH)YC AH:,‘,ZC (Spin State) Error
1 3.9 6.9 (¥) 3.0
2 -1.3 7.6(x) -8.9
3 3.1 5.9 (v) 28
4 20.4 23.2 (V) 28
3 35.8 229 (V) +12.9
6 21.1 25.9 (v) 4.8
7 26.8 15.9 (v) +10.9

Mean Absolute Error 6.6
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phen= 1,10-phenanthroline,

abpt= 4-amino-3,5-bis(pyridin-2-yl)-1,2,4- triazole

babpby= N-(6-(6-(pyridin-2-ylamino)pyridin-2- yl)pyridin-2-yl)pyridin-2-amine
pz= pyrazine

bipy= 2,2'-bipyridine

1-bpp=2,6-di(pyrazol-1-yl)pyridine
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