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Abstract

Gd(III)-Gd(III) exchange interactions are central to a number of applications, such as the
magnetocaloric effect or single molecule magnetism. Broken-symmetry density functional
theory is the most widely used computational technique for these calculations, yet no com-
prehensive benchmark has been established. Here, we present the computational analysis
of 27 binuclear Gd(III) compounds in comparison to experimental data and propose a
best-practice workflow. We encourage the explicit treatment of scalar relativistic effects and
the use of a combination of hybrid functionals with different amounts of exact exchange.
Furthermore, we investigated this testbed for structure-property relationships and demon-
strated the use of the recommended methodology on two tetranuclear GA(III) clusters.

Keywords: single molecule magnets; DFT; broken-symmetry; exchange interaction;
magnetic coupling; structure-property relationships

1. Introduction

Understanding how paramagnetic ions interact is of utmost importance to understand
and predict the properties of multinuclear magnetic molecules. Intramolecular interac-
tions, which are generally much stronger than intermolecular interactions, are responsible
for many magnetic properties such as Single Molecule Magnetism (SMM) [1-4] or the
magnetocaloric effect (MCE) used in magnetic refrigerants [5-10]. Furthermore exotic

spin states such as Single Molecule Toroics (SMTs) can only be realized through such

W) Check for updates interactions [11-13].
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exchange coupling are usually small and difficult to calculate. Studying the magnetic cou-
pling for Gd(III) ions is of particular interest, given their special position in the lanthanide
series. As a result of the half-filled 4f-shell, Gd(III) ions do not have any orbital angular
momentum and therefore no first-order spin-orbit coupling (SOC). With rare exceptions,
they do not exhibit any magnetic anisotropy, and the ground state can be described as a
pure S = 7/2 spin state [21]. The lack of a magnetic dipole thus means that two Gd(III) ions
can only interact through exchange interaction pathways.

On a technical level, this implies that computational models do not need to treat
SOC effects, neither perturbatively nor directly. Scalar relativistic effects generally suffice
when calculating Gd(III) compounds [22-24]. Consequently, GA(III) is an important model
system to assess the behavior of its spin-orbit coupled neighbors in the periodic table, such
as Dy(Ill), where strong SOC gives rise to significant magnetic anisotropy. This means
that the interaction between two Dy(Ill) ions includes a dipolar contribution in addition
to the exchange coupling. Gd(III) ions can thus serve as a model in order to investigate
the part of the exchange coupling of this interaction. The measured or calculated magnetic
exchange coupling of Gd(IIl) analogs is often rescaled to the spin of other 4f ions [25],
allowing exchange coupling constants calculated on Gd(IlI) dimers to be transferred to
other 4f elements.

The level splitting resulting from exchange coupling can be modeled using a Spin-
Hamiltonian approach and a Heisenberg-Dirac-van-Vleck (HDvV) operator. This Hamilto-
nian describes an effective coupling constant | between two spins Sy and S5 [5,10,26].

H=—-2]55, 1)
In case of GA(III) dimers, the energies of the spin states can be described as
E(S) = —J[S(S+1) =51(S1+1) = S2(So+1)] with |S; = S3| < S <5145 (2)

with a single variable |. A simple approach to obtain the coupling constant, without
calculation of all spin states by multi-reference methods, is Noodleman’s broken-symmetry
(BS) approach. Here, the energies of the high-spin (HS) state (S = 7) and the so called
broken-symmetry state are successively calculated. To obtain the BS-state, the partially
occupied orbitals are localized and “flipped” at a given magnetic center [27]. The resulting
wavefunction is not a spin eigenfunction but a linear combination of all possible spin states
with alpha and beta spin densities localized at one of the two Gd(III) centers, respectively.
From the BS and the HS states, the effective coupling constant | can be calculated using a
formula proposed by Yamaguchi [28].

Eys — E
] = . HS 352 (3)
< SBS > —< SHS >

The advantage of the BS approach is that DFT can be used to calculate the energies
of these two electronic states which are represented by single determinants. In fact, BS-
DFT calculations on Gd(III) multinuclear compounds have been standard practice for
over 20 years [29,30]. However, the coupling constants are usually rather small, and the
calculated values depend on the respective density functional. Therefore, the calculated
coupling constants are often not in agreement with the experimental data. This raises the
question of whether DFT is a useful method to predict Gd(III) exchange coupling constants.

Previously, BS benchmark studies have been performed on Cu(ll)-dimers and suggest
a strong dependence of the resulting coupling strengths on the functional and, particularly,
on the amount of exact Hartree-Fock exchange [31-35]. There are indications that range-
separated functionals perform slightly better than hybrid functionals [36]. Furthermore,
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multi-reference calculations do not always significantly improve the results obtained by
DFT [37,38]. Similar conclusions have been drawn with respect to exchange coupling
constants of mixed 3d-4f complexes, mainly Cu(Il) and Gd(III) [39,40] but also combinations
with other 3d-metals [41-44] and organic radicals [45].

To the best of our knowledge, no comprehensive benchmark study has been performed
to gauge how different parameters in the calculations influence coupling constants for
Gd(III) dimers obtained using BS-DFT. In comparison to pure Cu(Il)-dimers, investigating
Gd(III) requires another dimension in the calculation, which is the treatment of relativistic
effects. This and the influence of the basis set have been the subject of several studies in the
past, concluding that an explicit treatment of scalar relativistic effects is required, while the
choice of basis sets plays only a minor role [23,46].

For Gd(III) dimers, Rajeshkumar et al. concluded that there is a very minor functional
dependence and that both pure and hybrid DFT calculations yielded similar results for a
set of carboxylate-bridged dimers [24]. However, there is still no broad theoretical study to
determine the limit of BS calculations, and no best practices have been established. The
present study aims to fill this gap. The important question is whether, given the small size
of the magnetic exchange interaction for 4f-compounds, a procedure can be established
for GA(III) dimers (DFT functional, treatment of scalar relativistic effects, basis set) which
yields quantitatively correct size and sign of the magnetic exchange coupling constants as
obtained in experiment.

2. Testbed Molecules

In total, 27 dinuclear Gd(III) complexes were chosen for this benchmark study. All
compounds were chosen to meet the following criteria. They should:

e  Only have one crystallographic distinct molecule in the unit cell.

e Include exactly two paramagnetic Gd(II) and no other paramagnetic ions.

e Cover a wide range of bridging modes and different bridging atoms in order to
capture possible changes in the electronic structure as a result of the different nature
and different distortions of bridging units. The latter is known to have a significant
influence on both the sign and the strength of exchange coupling in transition metal
compounds as described by the Goodenough-Kanamori-Anderson rules [47-49].

e  Be magnetically characterized with at least DC SQUID measurements in order to get
experimental reference values.

e  Cover a wide range of both ferromagnetic and antiferromagnetic interactions.

Using these criteria, the 27 molecules summarized in Table 1 were selected. The
molecular structure of each molecule is depicted in Figures S1-S3.

The selected set of compounds features a wide range of molecules with intramolecular
Gd-Gd distances between 3.246 A and 4.316 A. These include neutral, anionic, and cationic
complexes, compounds with antiferro- and ferromagnetic coupling, as well as mixed-metal
compounds featuring diamagnetic Zn(II) ions.

Most Gd(III) dinuclear compounds reported in the literature involve oxygen-based
bridges, which are mirrored in the compounds selected for this benchmark study. Since
there is such an abundance of O-bridged Gd(III) dimers, an emphasis is put on investigating
the different types of oxygen-based bridges. The compounds studies here thus include
dimers bridged by hydroxides ((20),(25)), alcoholates ((9), (11)-(15), (17), (21), (22), (26),
(27)), carboxylates ((4), (13)-(16), (18)—(20)), carbonates ((10), (24)), nitrates ((11)) and
phosphonates ((23)). In addition, compounds with bridging units based on different
elements are featured with two molecules bridged by carbon atoms (1) and (2), each
molecule bridged via S- and N-based ligands ((3) and (8)) as well as four compounds with
bridging chlorido ligands (4)—(7).
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A range of different fitting algorithms and Spin-Hamiltonians were used in the pa-
pers reporting these compounds. For consistency, the original magnetic data from the
publications were re-fitted here using uniform procedures.

Table 1. References, formulae, bridging atom, Gd-Gd distance, and Gd-L-Gd angles for all structures
investigated in this benchmark.

Bridgin Gd-Gd Gd-L-Gd .
Nr. Formula Atongns & Dist. (A) Angles (°) Coupling  Ref.
@ [(pdl")(pdl' ") (pdl’~2H)Gd, (thf),] C 3.246 81.0-82.3 M [50]
) [KGd,(C7H7)(N(SiMe3),)4] C 4.087 102.9-103.5 AF [51]
3) [{Cp’2Gd(p-SSiPh3)}s] S 4316 101.5 AF [52]
@ [Gd(3-PAA), (1-Cl)y (phen)4[(ClOy), CLO 3.906 89.7 AF [53]
(5) [Gdz(p—Cl)zCL}le(L)z(THF)(,] Ccl 4.376 102.6 AF [54]
6) [Gd(Cy,N)(u-Cl)(THF)], Cl 4.303 102.6 AF [55]
(7) [{(THF),Li(NtBu),S(tBuN),GdCl,},ClLi(thf);,]  Cl 3.835 86.0/89.4 AF [56]
8 [CpoGd{2-NH-4,6-Me;pmj], N 3.811 98.3/100.2 AF [57]
) [Gdy(L3), (L"), (MeOH), ] o) 3.859 110.8 AF [58]
(10) [ZnyGdy (13-CO3), (LP),(NO3),]e2MeOH 0] 4.070 116.8 M [59]
1) [NHEt3],[Gdy(u-NO3),(NO3), (HL), ] 0 3.761 107.9 AF [60]
12) [Gdy(HL),(NO3)4]e2MeCN 0 3.855 108.4 AF [61]
(13) [Gd,(F,HCCOO)s(hypy),] 0 3.880 106.8 AF [62]
14) [Gd,(CIF,CCOO)s (hypy)s] 0 3.866 106.5 AF [62]
(15) [Gdy(Cl,HCCOO)6(H,0), (hypy)s] 0 4.051 107.6 AF [62]
(16) [ZnyGdy Ly Cly (OAc),(MeOH), ] 0 4.081 112.0 FM [63]
17) [Gdy(3m-L4),(L2),(DMF), ] 0 3.815 106.3 AF [64]
(18) [Gdy(iba)s (bipy)z] 0 3.948 106.4 AF [65]
(19) [Gdy L, (OAC)s(MeOH),]e2MeOH o) 4.099 112.0 AF [66]
[Zny Gda (n-OH),(L)2(OAC)s (EtOH)(H,0)]
(20) «2EtOHe1 5H,0 0 3.791 105.6/104.5 AF [67]
(21) [Gd;(dbm), L, (MeOH),]enMeOH 0 3.987 113.0 AF [68]
(22) [Gdy(NO3)4(teaH,), ] 0 3.719 109.3 AF [69]
(23) [Gd{CyN3Hoo(PO3H),(PO3)}(NO3)(H,0)],8H,0 O 4.028 110.1 AF [70]
(24) [(14-CO3)2{ZnLIGA(NO3)}, ]eacetonee2H, O 0 4.045 116.5 M [71]
(25) [Gd(u-OH)(DBP),(THF), 1, 0 3.748 110.5 AF [72]
(26) (HNEt3)[Gdy (HL)(L)] 0 3.896 107.9 AF [73]
27) [Gd,(Hhmb)3(NCS)3]e2MeOHepy 0 3.599 101.1/95.7/100.8 AF [74]

3. Computational Workflow

The crystal structures were taken from the published crystallographic information
files (CIF). In the cases where structures are refined with disorder, only the majority
disorder component was chosen as a model. Any lattice solvent and counterions are
generally neglected. In the first step, both Gd(III) were replaced with Y(III), and a geometry
optimization of the hydrogen positions was carried out at the b3-lyp/def2-TZVP level of
theory [75-79] using the rij-approximation [80,81] and d4-dispersion correction [82,83] in
TURBOMOLE 7.7.1 and 7.8 [84,85]. This was necessary since, in contrast to the positions of
other atoms, bond lengths to hydrogen atoms are generally underestimated in SC-XRD.
The optimized geometries are supplied as xyz-files in the Supplementary Materials.

Ab-initio multi-reference calculations were performed on all GA(III) centers individu-
ally to extract the crystal-field parameters for fitting. As these parameters are defined for
each ion individually, two calculations were performed for every molecule. In each calcu-
lation, one Gd(III) ion was replaced by Y(III), and the properties of the remaining Gd(III)
ion were calculated. The molecule was translated for the Gd(III) position to coincide with
the origin. Firstly, the magnetic orbitals were optimized. To do so, a DFT calculation was
performed using the b3-lyp functional, an x2c-TZVPall all-electron basis [86] for the metal
ions and a def2-TZVPall basis for all other atoms. Relativistic effects were treated through
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one-component X2C-theory [87]. Additionally, the rij approximation was used, as well as
a grid of size 5 and Fermi smearing for reliable convergence. Next, the singly-occupied
natural orbitals were chosen as the active space for Restricted Open Shell Hartree Fock
(ROHF) calculations using a local version of TURBOMOLE by C. v. Wiillen. Here, the
fourth-order Douglass-Kroll Hess approach was chosen to treat relativistic effects [88,89].
A Complete Active Space Spin Orbit Configuration Interaction (CASOCI) [90] calculation
was performed by diagonalizing the full CI spin orbit coupled Hamiltonian within the
active (7 in 7) space using a Davidson algorithm to extract the lowest 100 states. The
energies of the 8 states associated with the 8s, /2 ground state of GA(III) as well as the
extracted Extended Stevens Operators (ESOs) are summarized in the SI, Tables S1-515.
The largest splitting was calculated as 2.01 cm ™! for the highest KD of the ground state in
compound (2). Even at low temperatures, this KD will be significantly populated, which
corroborates that, for DC-SQUID measurements (usually T > 1.8 K), the approximation of
Gd(III) ions as isotropic is reasonable.

Single-point broken-symmetry calculations were then carried out on each structure
with the functionals and basis sets described below. Unless otherwise mentioned, the rij-
approximation was used. Using Natural Population Analysis (NBO), it was confirmed that
each Gd(III) ion carries approximately seven unpaired 4f-electrons. In general, the energy
is converged to 107 Ey, and the density to 10~7. The conversion factor from E}, to cm ™! is
assumed to be 220,000. The coupling constants are calculated using the above-mentioned
Yamaguchi formula [28]. Using this methodology, coupling constants are converged to

approx. 107 cm~1.

4. Fitting Procedures

The extraction of exchange coupling constants from the magnetic susceptibility is
routinely done through various fitting procedures. One such approach is derived from the

[ 2) e ()
. (4)
En exp <_ knT )

This approach expands the energy as a power series with respect to magnetic field.

van-Vleck equation [91].

Xm=Na-

Introducing an HDvV operator and simplification for a spin system with two S = 7/2 spins
leads to a Bleaney-Bowers equation, which can be fitted to the experimental data [92,93].

exp(kT>+5 exp(6]>+14 exp<12]>+30 exp(201)+55 exp(% +91 exp( )+140 exp( T)

T — 2Naje® |

Xm k

1+3 exp( )+5 exp( )+7 exp<12])+9 exp(201)+11 exp )+13 exp(42])+15 exp( 50] ) (5)

Another possibility is to use the program PHI published by Chilton et al. [94], which
includes the Lines model [95] to fit magnetic data. Here, the isotropic coupling between
two ground-state multiplets is calculated exactly, while excited multiplets only experience
an effective field [96]. Lastly, it is possible to consider a small Zero Field Splitting (ZFS) for
each Gd(III) ion. The Stevens-Parameters [97,98] parametrizing the ZFS can be calculated
using the CASOCI program published by some of us [90]. A first step of the here presented
study was to gauge how comparable these three different fitting procedures are.

The results of all employed fitting schemes are summarized in Tables 516-518 in the
SL Importantly, we find that there is no significant difference between the results using the
different fitting procedures. This means that for Gd(III) ions, it does not matter which one
of the mentioned fitting methods is employed. For all 27 compounds, a good fit could be
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obtained without the need to introduce crystal field splitting. The final reference values for
the testbed here are those fitted with the Lines model as integrated in PHI [94], including
the ZFS, as shown in Table 2.

Table 2. Summary of fitted J-values (-2 | formalism, see Equation (1)) of all testbed molecules. These
values are used as a reference for later comparisons.

Bridge J (cm~—1) Bridge J (cm~1) Bridge J (em~1)
@ C 0.302 (6) (10) o) 0.024 (0) (19) 0 —0.006 (0)
@) C ~0.096 (1) 1) o) 0097 (1) (20) o) ~0.029 (0)
@) S ~0.098 (1) (12) o) ~0058(0)  (21) o) ~0.032 (0)
4) Cl/O0 —0.020 (1) (13) O —0.062 (1) (22) (@) —0.143 (1)
®) cl ~0.075 (2) (14) 0 —0022(1)  (23) 0 —0.011 (0)
6) cl ~0.033 (1) (15) o) 0014 (0)  (24) o) 0.039 (1)
@) cl ~0.036 (1) (16) o) 0.020 (0) (25) o) ~0.115 (0)
®) 0 ~0.069 (1) (17) o) —0072(1)  (26) 0 —0.066 (0)
9) @) —0.036 (1) (18) O —0.021 (1) (27) (@) —0.022 (0)

5. Results and Discussion I: Influences of DFT-Options

We successively tested general DFT options for their influence on the calculated
exchange coupling constants. In a first step, we investigated the basis set dependency,
followed by an analysis of the treatment of relativistic effects, the possibility of diffuse
basis functions, and the grid size. All calculations in this section were performed using the
bh-lyp [76,77,79] functional and the rij-approximation. Scalar relativistic effects are treated
with X2C.

In order to investigate the influence of the basis set, we used various locally dense
basis sets. The atoms of each molecule were divided into three groups: (1) the Gd(III)
ions, (2) all other non-hydrogen atoms, and (3) the hydrogens. For each group, the basis
set was varied independently. Since it is the most important group in this study, a large
number of basis sets were tested for the Gd(III) ions, namely x2c-SVPall, x2c-TZVPall,
x2c-TZVPPall, x2c-QZVPall, and x2c-QZVPPall [86,99]. For the second group of atoms,
x2c-SVPall, x2c-TZVPall, and x2c-TZVPPall basis sets were tested, and the small basis sets
x2¢-SV(P), x2¢-SVP, and x2c-TZVP were used for the hydrogen atoms. This amounts to
45 calculations per molecule, the results of which are summarized in Tables 5S19-524 in the
Supplementary Information.

For conciseness, the basis sets will be abbreviated only by their level. In order to
compare the results of individual calculations, the calculation using the largest basis
QZVPP-TZVPP-TZVP is chosen as a reference value. Next, the error of each calculation
with respect to this reference value is determined. The calculations of each basis-set
combination for each of the 27 compounds are averaged to give a Mean Absolute Error
(MAE) for each basis set combination. These MAEs, as well as their standard deviations,
are summarized in Table S25. In Figure 1, the MAE values are displayed by keeping the
basis sets of two of the three groups of atoms fixed while varying the third (varying the
Gd(III) ion basis sets in the left column, the non-hydrogen atom basis sets in the middle
column, and the hydrogen atom basis sets in the right column). The varied basis sets are
indicated on the x-axis.

While the MAE for the smallest basis set combination (SVP-SVP-SV(P)) is only
ca. 0.007 cm ™1, already close to the experimental accuracy, it can be significantly further
reduced using larger basis sets for both the GA(III) ions and the non-hydrogen atoms of
the ligands. No significant differences were observed on varying the basis set used for
the hydrogens, so that basis sets larger than the smallest one tested here (x2c-SV(P)all)
are unnecessary for this specific application. However, it is clear that split-valence (SVP)
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basis sets are an inadequate choice for all but the hydrogen atoms. Increasing from a
triple-C basis to a quadruple-( basis leads to small changes for the metal, far smaller than
experimental accuracy. Furthermore, it should be noted that the choice of basis set affects
compounds (1) and (2) more than all other molecules (by a factor larger than 10). Excluding
these two will reduce the MAE for the smallest basis set from 0.007 cm~! to 0.004 cm ™~ as
seen in Table 525. A similar effect can be reported for the standard deviations.

|—@— SVP-Y-SV(P) —&— SVP-Y-SVP @ SVP-SVP-Z ®  SVP-TZVP-Z
©— SXP-Y-TZVP TZVP-Y-SV(P)| ® SVP-TZVPP-Z TZVP-SVP-Z
TZVP-Y-SVP TZVP-Y-TZVP TZVP-TZVP-Z TZVP-TZVPP-Z
|—8— X-SVP-SV(P) —0— X-SVP-SP TZVPP-Y-SV(P) —@—TZVPP-Y-SVP TZVPP-SVP-Z ®  TZVPP-TZVP-Z
X-SVP-TZVP X-TZVP-SV(P)|—e—TZVPP-Y-TZVP  —e— QZVP-Y-SV(P)[-®  TZVPP-TZVPP-Z —® - QZVP-SVP-Z
—8— X-TZVP-SVP —0— X-TZVP-TZVP|—e— QZVP-Y-SVP —0— QZVP-Y-TZVP|-®— QZVP-TZVP-Z ® QZVP-TZVPP-Z
o X-TZVPP-SV(P) —— X-TZVPP-SVP|—8—QZVPP-Y-SV(P) —@—QZVPP-Y-SVP|-®— QZVPP-SVP-Z —e— QZVPP-TZVP-Z
—@— X-TZVPP-TZVP —8— QZVPP-Y-TZVP ®— QZVPP-TZVPP-Z
0.007 4 e 4+ g + e e . L 0.007
\ 1 \
\\
0.006 - —+ \ + 1 0.006
0.005 - 4 + 1 0.005
'S 0.004 + \ + I 0.004
g — o
w
< 0.003 + + 1 0.003
=
_ ———8
0.002 - 4 4+ * L 0.002
0.001 A + + I 0.001
S — - °
0.000 4 + —  —8&——9 | 0000
T T T T T T T T T T T
AP AN SR N4 N\4 3 \a N\ N\4
EREE P M« S <T <N s\ S <T
basis @ metal basis @ ligand basis @ hydrogen

Figure 1. Mean Absolute Errors (MAE) of different basis set combinations. (left) Keeping ligand and
hydrogen basis fixed while varying the basis for the metal. (middle) Keeping metal and hydrogen
basis fixed and varying the basis used to describe the ligand. (right) Keeping metal and ligand basis
sets fixed while changing the basis for hydrogen atoms. All basis sets used are from the segmented
contracted all-electron X2C-basis set family.

In summary, we suggest the use of triple-( basis sets for all non-hydrogen atoms for a
reasonable cost-accuracy balance. As the basis set for the hydrogen atoms does not have
any influence on our testbed, the smallest possible basis set suffices. Consequently, unless
mentioned otherwise, the basis set of choice will be x2c-TZVPall for all non-hydrogen
atoms and x2c-SV(P) for hydrogen. The expected error of this choice is ca. 3-107* cm 1.
This error is well below DFT and experimental accuracy.

Having established the optimal basis set combination, the influence of the relativistic
treatment was then investigated. Keeping the bh-lyp functional, the rij-approximation, and
the basis set fixed, the relativistic method was altered. We have chosen five methods which
we compare here: (i) not treating relativistic effects at all, (ii) using Effective Core Potentials
(ECPs) as included in the def2-basis set series, (iii) and (iv) the all-electron treatments 2nd
and 4th order Douglass Kroll Hess (DKH2 and DKH4), and (v) exact decoupling (X2C). The
calculated coupling constants, as well as MAEs and standard deviations, are summarized
in Table 526. The MAESs with respect to X2C are shown in Figure 2. It can immediately be
noted that large errors occur when there is no treatment of relativistic effects. Furthermore,
ECPs were shown to be unreliable. DKH2, DKH4, and X2C were found to give very
similar results, and DKH2 was therefore used for all further calculations since it is the
computationally least expensive method of the three.
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0025 1 1 1 1 |

0.020 B

— 0.015 B

0.010 -

MAE [cm™’

0.005 ~ -

0.000 + o—o——0

T T T T T

none ecp dkh2 dkh4 x2c
relativistic method

Figure 2. Mean Absolute Errors (MAE) with respect to X2C for different treatments of scalar relativistic
effects. While no treatment and ECPs lead to larger errors, DKH2, DKH4, and X2C give the same
result within reasonable accuracy.

In a third step, grid sizes of 3, 4, 5, and 6 have been tested for their influence on the
coupling constants. The MAE for the coarsest grid tested (3) with respect to the finest grid
size tested (6) is smaller than 10~# cm~!. The coupling constants and MAE are summarized
in Table S27. In this study, a fine grid 5 will be used in case other functionals are more
strongly dependent on the grid.

Finally, one diffuse p, d, and f function was included in the Gd-basis. Since these
are not optimized for x2c-TZVPall, the diffuse functions from the def2-TZVPDD basis
were used. Because no auxiliary basis functions are available for this custom basis, the rij-
approximation could not be used. The coupling constants are summarized in Table 528. The
mean absolute difference to the x2c-TZVPall basis without diffuse function is 3-10~* cm 1.
Consequently, we conclude that diffuse functions have no noteworthy influence on the
coupling constant.

In summary, the following calculations will be performed using the smallest avail-
able split-valence basis for hydrogen and a triple-( all-electron basis for all other atoms.
Relativistic effects are treated with second-order DKH.

6. Results and Discussion II: Influence of the Exchange
Correlation Functional

The values of DFT-calculated exchange coupling constants are known to be extremely
dependent on the chosen functional. Thus, we have chosen 25 DFT-functionals which are
tested here for their performance in reproducing the coupling constants obtained from fit-
ting the experimental data. This test set contains three LDA (s-vwn [100,101], pwlda [102]),
four GGA (b-lyp [77,79], b-vwn [77,101], b-p [77,101,103], pbe [102,104]), three meta-GGA
(tpss [102,105,106], rev-m06-L [107], scan [108]), nine hybrid-functionals (b97 [109], b3-
lyp [76-79], bh-lyp [76,77,79], bhandhlyp [76,77,79], tpssh [77,102,105,106], tpss0 [105,106,110],
pbe0 [102,104,111,112], mO06 [34], m06-2x [34]) and three range-separated hybrid functionals
(cam-b3lyp [113], wb97 [109,114], wb97-x [109,114]). More recent developments, including
three local hybrids (tmhf [115], chyf [116], Ih07tsvwn [101,117]) and one range-separated local
hybrid (wlh23tde [118]) were tested as well. These functionals allow for the examination of

https://doi.org/10.3390 /magnetochemistry12060067


https://doi.org/10.3390/magnetochemistry12060067

Magnetochemistry 2026, 12, 67

9 of 27

[em™]

0.40

different influences, such as the position on the Jacob’s ladder, the influence of exact exchange,
and the correlation functional.

The results of all calculations are summarized in the Supplementary Information,
Tables S29-534. We want to note that the <S2>—expectation values (Tables S35-546) of
HS- and BS-states indicate no notable spin polarization. For (1) and (2), the deviation
from the expected values is still small but one order of magnitude larger than for all
other compounds.

To enable simpler comparison and use the experimental reference data from Table 2,
we will use three criteria of accuracy: The Mean Absolute Deviation (MAD) is calculated as
the mean absolute difference to the experimental values. The Mean Deviations (MD) to the
experimental values are calculated without taking the absolute value of the errors and can
therefore be negative. The Maximum Absolute Deviations (MaxAD) for each functional
with respect to the experimental values are shown as well. These are summarized in
Figure 3 and Table S47. Root mean squared deviations (RMSD) penalize large errors more
strongly and are also computed for completeness in Table S47. Compounds (1) and (2) were
excluded from this investigation, and their very different behavior is investigated separately
below. Furthermore, a peculiarity is observed for the m06-calculation of compound (8),
which is deviating significantly from the trend of the other 24 molecules in the remaining

1

testbed, with a deviation of 1.8 cm™" in comparison to the experimental value. A possible

reason for this will be discussed later.
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Figure 3. Mean absolute deviation (MAD), mean deviation (MD), and maximum absolute deviation
(Max AD) for all functionals investigated. Root mean square deviations (RMSD) are shown in
Table S47. Molecules (1) and (2) are excluded from this data, and (8) is excluded from the calculation

for the m06 functional.

The results shown in Figure 3 suggest that LDAs and GGAs are not suitable, given
the large MAD values of more than 0.1 cm~!. While meta-GGAs generally perform better,
they still give rather large MADs of ca. 0.05 cm~!. Better accuracy in terms of reproducing
the experimental coupling constants is obtained using hybrid functionals. The functionals
pbe0, bh-lyp, and bhandhlyp all have a MAD of 0.017 cm~!, b97 and tpss0 0.018 cm™!,
and b3-lyp 0.020 cm~!. Exceptionally good results can be obtained using range-separated
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functionals such as cam-b3lyp (MAD = 0.013 cm™ 1) and wb97-x (MAD = 0.017 cm™).
For local hybrids, tmhf is the best performing functional (MAD = 0.015 cm™~!). While the
range-separated local hybrid functional wlh23tde performs well (MAD = 0.014 cm™!), the
great computational demand meant that a number of calculations did not converge within
30 days on 6 CPUs.

Although these numbers might seem encouraging, it has to be considered that the
MaxAD-values obtained from this testbed are between 0.04 cm~! and 0.08 cm ™! for the
aforementioned well-performing functionals, and so of similar magnitudes as the coupling
constants themselves.

To test the influence of the correlation functional, a number of functionals with the
same exchange but different correlation terms were included in the test set. The LDAs s-
vwn and pwlda both use a Slater exchange in combination with correlation as suggested by
Vosko, Wilk, and Nuisair [101] or Perdew and Wang, respectively [102]. In this benchmark,
the resulting MADs are very similar (0.132 cm~! and 0.133 cm™!), suggesting only a
minor influence of the correlation term. A similar conclusion can be drawn comparing the
GGAs b-vwn, b-p, and b-lyp, which all calculate the exchange energy using the exchange
expression published by Becke in 1988 [77]. Again, the differences in MADs between the
three functionals are smaller than 0.01 cm~!. Consequently, the contribution of correlation
to this interaction can be assumed to be minor with respect to the exchange.

Furthermore, when comparing hybrids with their corresponding non-hybrids, a gen-
eral increase in accuracy can be reported. This correlates with an increase in exact (Hartree-
Fock) exchange. The hybrid functional tpssO (25% HF) performs better than tpssh (10% HEF)
which in turn performs better than the meta-GGA tpss. The same can be observed on
comparing the hybrid pbe0 with the pbe functional. The M06-functional suite is unusual in
that the hybrid m06-2x (54% HF) and the meta-GGA rev-m06-L both perform worse than
the hybrid with lower exact exchange m06 (27% HF). The largest family investigated was
that using B88-exchange with the GGAs b-lyp, b-vwn, b-p as well as the hybrids b3-lyp,
bh-lyp, bhandhlyp, and the range-separated cam-b3lyp. Again, all hybrids perform better
than the GGAs, and the hybrids with a larger amount of exact exchange perform better
than those with lower. Overall, we note that cam-b3lyp outperforms all other functionals
with regard to the MAD values.

The previous discussion raises the question about the role of the amount of HF-
exchange. To investigate this, we started with the well-known semiempirical b3-lyp func-
tional which takes the form

Exe=A-EHF 4 (1 A).plater 4 g g8 4 . EYWNU) L (1) ELP ()

In the classical b3-lyp functional, the variables A, B and C are 0.2, 0.72 and
0.19 respectively. In this study, we kept the parameters B and C fixed, while scaling A from
0 (no HF-exchange) to 1 (no Slater exchange). The results of these variations in A are
summarized in Tables 548-553. Figure 4 shows the absolute errors with respect to the
experimental values for all molecules but (1) and (2), which again show a significantly
different behavior and are therefore excluded.

When going to higher HF-exchange contributions, a number of calculations become
unstable where formally doubly occupied orbitals form open-shell singlet states. Therefore,
spin density occurs on the ligands, leading to non-physical results (Figures S4 and S5,
Table S54). This happens above 65% for compounds (12) and (21), which are the earliest
occurrences of this. Secondly, it is important to recognize that each of the molecules
in this testbed has a unique amount of exact exchange needed for the best fit to the
experimental data. Consequently, there is no global amount of exact exchange that would
minimize the error for all molecules simultaneously. Between 30-35% exact exchange;

https://doi.org/10.3390 /magnetochemistry12060067


https://doi.org/10.3390/magnetochemistry12060067

Magnetochemistry 2026, 12, 67

11 of 27

however, the mean absolute error is minimized at only 0.012 cm~ 1. The MAE curve around
this minimal value is rather flat, with MAE values lower than 0.02 cm~! between 20%
and 50% of HF-exchange. This coincides with the compositions of the best-performing
abovementioned hybrid functionals. Interestingly, this minimum value is very similar
to the optimal amount of exact exchange suggested for other spin centers, e.g., for NiO
investigated by Moreira et al. in 2002 [119].

0.40 PR I U I R T ST R ST —

calculations
average

Absolute Error [cm™]

0004 t
~—r *f r 1 °*1T*1T "1 'L *@T*T1°"
0.0 0.1 0.2 0.3 04 05 0.6 0.7 0.8 0.9 1.0

HF-exchange

Figure 4. Absolute Error between the exchange coupling constant calculated using a certain amount
of HF-exchange vs. the amount of HF-exchange for the testbed molecules excluding (1) and (2). The
blue line is the average (MAE), and errors are calculated as standard deviations.

Therefore, we suggest the use of four functionals, namely bh-lyp (or bhandhlyp), pbe0,
cam-b3lyp, and wb97-x. These functionals have performed well in the benchmark, and
importantly the pbe0 functionals contain a slightly lower, while bh-lyp contains a larger,
amount of exact exchange than the optimal 35%. In the next section, we will show the
graphs for bh-lyp, considering that a range-separated hybrid might be too computationally
expensive for certain applications with large molecules. The performance of these four
functionals against the experimental values is visualized in Figures 5 and S6. As expected,
a clear linear correlation can be observed. Linear regressions are calculated for the four
suggested functionals and an average of them, summarized in Figure S7. In this benchmark
study of Gd(III)-Gd(III) couplings, cam-b3lyp was identified as the best functional with
an R?-value of 0.86 and a slope of 0.998. In contrast, bh-lyp, cam-b3lyp, and wb97-x were
found to slightly underestimate the magnitude of the coupling (slopes < 1), while pbe0
slightly overestimates it.

So far, we have investigated general trends over the whole set of compounds. How-
ever, a common application could be to rationalize the differences between chemically
similar compounds. In compounds (13), (14), and (15), the Gd(III) ions are coordinated by
similar ligands, but vary significantly in their fitted coupling constants with —0.062 cm ™!,
—0.022 cm ™!, and —0.014 cm ™!, respectively [62]. The four suggested functionals give a
range between —0.054 cm ! and —0.086 cm ™! for compound (13). The range calculated
for compound (14) is —0.058 cm~1 t0 —0.092 cm ™1, and —0.008 cm~! to —0.013 cm~! for
compound (15). Thus, the measured coupling constants for compounds (13) and (15) are
captured well by DFT. However, the calculated coupling strength for compound (14) is very
similar to the value of (13), at odds with the experimental value. From the DFT perspective,
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compounds (13) and (14) are structurally almost identical, with similar Gd(III)-Gd(III)
distances of 3.88 A and 3.87 A, and Gd(II1)-O-Gd(III) bond angles of 106.8° and 106.5°.
This is in line with a study by Roy et al., which has shown that the influence of residues at
acetate bridges is minor [30]. We want to point out here that the (S?) expectation values
for (13) and (14) are almost identical, and there is no indication of an unusual electronic
situation. Furthermore, (14) is responsible for 9 out of 25 maximum deviations with experi-
ment in Figure 3 (Table 555), indicating the worst performance with the exception of (1) and
(2). We believe these outstanding errors may indicate an issue with the experimental data.
Therefore, it remains unclear why the experimental values of (13) and (14) are so different.
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Figure 5. Calculated exchange coupling constants calculated using the suggested bh-lyp functional
against experimental values. The diagonal line indicates an exact match, the light blue area indicates
the mean absolute deviation for bh-lyp. The vertical and horizontal lines indicate zero.

Finally, we revisit the previously suggested structure property relations by plotting
the coupling constants calculated here against the angles and distances of the testbed
molecules. Here, we compare whether such relations can be transferred to a structurally
diverse set of compounds. All graphs for the best four functionals can be found in the SI,
Figures S8 and S9. The results for the bh-lyp functional are summarized in Figure 6. As
apparent from these figures, compounds with Gd(IIT)-Gd(IIT) distances between 3.7 A and
4.2 A show a clear correlation to the calculated coupling constants. The same correlation
can be reported for the other three functionals as well as the experimental fits. Importantly,
this suggests that similar exchange pathways are active in these molecules, whereas other
mechanisms become dominant in compounds (3), (5), (6), and (26). These show significant
coupling at larger distances and weaker coupling for shorter distances. The possibilities
for such alternative mechanisms are discussed in the following section. Furthermore, no
noteworthy difference between the coupling in carboxylate and alcoholate-bridged dimers
can be reported.

In contrast to this clear correlation in terms of Gd(III)-Gd(III) distances, no such trend
can be observed for the Gd(III)-Ligand-Gd(III) angles. This is at odds with previous findings
on lanthanide compounds, suggesting that the angle is the most important parameter [24].
The difference is that different bridges are included in our study, while the dependence on
the bridging angle is usually investigated within one type of bridge.
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Figure 6. (left) Calculated coupling constants using the bh-lyp functional against Gd(III)-Gd(III)
distances in A. The area of correlation between 3.7 A and 4.2 A is highlighted in green. Compounds
(3), (5), (6), and (26) are outside the highlighted area, indicating a different relaxation pathway.
(right) Calculated coupling constants using the bh-lyp functional against Gd(III)-L-Gd(III) angles. No
correlation can be observed.

This can be supported by calculating the correlation coefficients between the distance,
the smallest bridging angle, and the calculated constants. We used Spearman’s [120] and
Pearson’s [121] correlation coefficients. While Spearman’s method is purely rank-based, so
it is only dependent on the ordering of the magnitude of the data points, Pearson’s method
assumes a linear correlation function. We find no correlation between the distances and
angles in our data set, which includes various bridging units. Furthermore, the correlation
coefficients between the angle and calculated coupling constant are insignificant for O-, N-,
S-, and Cl-bridged Dimers combined (rg = 0.31; rp = 0.15) and the subset only including
O-bridged dimers (rs = 0.44; rp = 0.24). The correlation between the Gd(III)-Gd(III) distance
and the calculated coupling is larger for all molecules shown in Figure 6 (rg = 0.53; rp = 0.34)
but still insignificant. The only significant correlation can be reported for the distance-J
correlation in the subset of O-bridged dimers with rg = 0.84 and rp = 0.77. This supports
the aforementioned statements.

At this point, we want to stress that this does not mean that a strong correlation
could exist between structures with very similar bridging motifs, such as the previously
investigated bridge with two alcoholates [24]. In fact, one can find a strong correlation
between bridging angle and exchange interaction only comparing compounds (9), (12),
(17), (21), which feature such a bridge (Figure S10).

7. Results and Discussion III: Gd-Dimers Bridged via Carboanions

So far, we have consistently neglected compounds (1) and (2) (Figure 7) from our
analysis. This is because the coupling constants calculated for these significantly deviate
from all other calculations. The fitted exchange coupling constant for (1) is 0.302 cm™1;
the best performing four functionals yield values between 0.698 cm~! and 0.790 cm™!,
which is larger than the experimental value. In both cases, the calculated values are too
ferromagnetic. For compound (2), the calculated sign of the interaction is wrong, as a
value between 0.086 cm~! and 0.396 cm ™! is calculated, in contrast to the fitted value
of —0.096 cm~!. Carbocyclic bridged Gd(III) ions are well known to show significantly
stronger exchange interactions compared to other bridges, as seen for the ferromagnetic

coupling of compound (1). Most examples feature strong antiferromagnetic interactions,
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such as in compounds bridged via tetraanion benzene, [29] cycloheptatrienyl as in com-
pound (2), and cyclooctatetraene [122]. Very strong exchange could be realized using
tetraanion biphenyl bridges (—0.642 cm~! and —0.664 cm~!) [123] and another tetraan-
ion benzene bridge with a record value larger than —2.9 cem ™! [124,125]. In contrast, a
pyrrolyl-half sandwich compound shows a coupling constant of —0.03 cm ™! [126].

(2 4}

Figure 7. Molecular structures of compounds (1) and (2). Gd ions are dark purple, H white, Si silver,
C dark gray, O red, N blue, K tan.

DFT calculations on most of these compounds suggest different reasons for the strong
interactions. Either spin polarization of the ligand [122], Gd(III)-ligand interactions with
significant covalent contributions [123], or considerable ligand to metal charge transfer
characteristics in the ground state [51] are used to rationalize these observations. However,
in all cases, the strong interaction of the bridging ligand with both paramagnetic centers
is the origin of these strong magnetic couplings. This means that spin localization on the
metal centers is of utmost importance for a satisfactory description of the ground state
coupling. Spin delocalization is a general problem of pure DFT functionals, whereas HF
tends to over-localize spins. Therefore, the result of BS calculations will be subject to the
precise amount of HF exchange. This may be even more so the case in (1) and (2) compared
to the other molecules in this testbed, as suggested by our analysis of various proportions
of HF-exchange (Table S48). Furthermore, when going to more covalent bonds, BS-DFT
was recently shown to work less well [127].

In this study, we have tested NBO charges and atomic orbital populations to compare
compounds (1) and (2) to the other benchmark molecules. These are chosen as both
parameters are commonly used to indicate charge transfer behavior or are used to argue
for certain coupling mechanisms. Table S56 contains NBO charges and populations of
the 6s and 5d orbitals calculated with the cam-b3lyp functional for all compounds. Here,
an approximate 4f/5d"6s!™ occupation is calculated for all molecules. While there are
7 electrons in singly occupied orbitals, the eighth electron stems from delocalized electron
density in the entire molecule. No relationship between either characteristic and the
coupling constant (or the error thereof) can be observed, indicating that NBO charges and
populations are, in fact, poor descriptors for the interpretation of the computational results.

Spin densities for compounds (1)—(4) are shown exemplarily in Figures S11-513. While
a small spin polarization can be observed for compound (1), only a small amount of beta
spin density can be observed for the other molecules. This indicates that the spin-density as
an observable may be a good indicator to distinguish between coupling pathways involving
spin-polarization and those that do not.

Overlaps of corresponding spin orbitals significantly differing from 1 are provided
in Table S57. It becomes apparent that (1) and (2) feature more and more overlapping
magnetic orbitals in the broken symmetry state compared to all other tested compounds.
This may explain to some extent the qualitatively different behavior.
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However, it can be concluded that BS-DFT performs significantly more unreliably for
Gd-dimers bridged via carboanions.

8. Results and Discussion IV: Application Example: Gds-Clusters

For complex spin-systems containing several Gd(IIl) ions, fitting procedures of effec-
tive Spin-Hamiltonians can involve many free parameters compared to rather featureless
magnetic data. Thus, deriving these parameters from quantum chemical calculations can
give meaningful insight into the individual coupling mechanisms.

To test the applicability of the proposed methods for more complex spin sys-
tems, we have selected two Gdy clusters with different symmetries. Compound (28)
[Gd4(O,CNiPr;)q,] is a carbamate bridged Gdg-cluster with C, symmetry. It contains two
different types of bridges: Four carbamate molecules coordinate in a 1xO; 2:3k?O’-motif
where one oxygen bridges between Gd1 and Gd2 (or Gd3 and Gd4) while the other oxygen
coordinates to one of Gd3 or Gd4 (or Gd1 or Gd2, respectively). Two further carbamate
ligands form syn,syn 1kO; 2kO’-bridges between either Gd1 and Gd3 or Gd2 and Gd4 [128].

Compound (29) [pyH]4[Gd4(p3-OH)(O3PtBu)3(HO3PtBu)(O,CtBu),(NO3)4 contains a
tetranuclear phosphonate core in which the triangular base of three Gd(III) ions is bridged
via a central p3-OH group. The pairs of adjacent GA(III) in this triangular base are ad-
ditionally bridged by a chelating-bridging 1:2x?O; 1O’ phosphonate linkage and either
a 1kO; 2k0O’ -carboxylate or a 1kO; 2kO’ -phosphonate bridge. Three phosphonate ions
also bridge between two ions in the base and Gd1 in the apical position [129]. Figure 8
illustrates the bridging modes in the cores of the two structures; the full molecules are
depicted in Figures S14 and S15. The Gd-Gd distances in compound (28) are 3.882 A be-
tween Gd1-Gd2 and Gd3-Gd4, respectively, significantly shorter than the distances between
Gd1-Gd3 and Gd2-Gd4 (4.650 A) and between Gd1-Gd4 and Gd2-Gd3 (5.033 A). Similarly,
for compound (29), the distances between the apical Gd1 and the other Gd(Ill) ions are
between 5.544 A and 5.604 A, which is much longer than the pairs of basal Gd(III), for
which the corresponding distances are between 3.809 A and 3.863 A.

Figure 8. Core structures of molecules (28) (left) and (29) (right). Only Gd atoms are numbered to
compare to the interactions discussed. Blue arrows indicate negligible coupling according to the
calculations. Orange and green arrows indicate significant coupling according to our calculations.

Following the same workflow as described before and using the four functionals we
have identified as most suitable, we calculated the exchange coupling constants for both
molecules for all six pair interactions. The two Gd(III) ions, which are not of interest for
a given calculation, are replaced by diamagnetic Y(III). The resulting coupling constants
for the bh-lyp functional are summarized in Table 3. The results for the other functionals
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are summarized in the SI, Tables 558 and S59. The symmetry of compound (28) is reflected
in the calculated coupling constants, meaning that the interaction between Gd1-Gd2 and
Gd3-Gd4 is the same. Furthermore, the calculations suggest that only these couplings
between ions with short Gd-Gd distances are significant and not the slightly longer contacts
Gd1-Gd3 and Gd2-Gd4. Using these coupling constants, the experimental susceptibility
(Figures 9 and 516) and magnetization (Figures S17 and S18) can be reproduced excellently
(experimental scaled to the theoretical room temperature values). This agreement suggests
that this coupling scheme is plausible and the molecule does indeed act as two essentially
uncoupled Gd(III) dimers, which is in contrast to the originally proposed model where
a second non-zero coupling constant between Gd1-Gd3 and Gd2-Gd4 was necessary to
fit the experimental data. Considering the small coupling constants, the re-scaling of the
experimental data is equivalent to fitting an anomalous g-factor unequal but close to 2.
Consequently, there are no free parameters in the simulations.

Table 3. Calculated exchange coupling constants for compounds (28) and (29) in cm~! using the
bh-lyp functional compared to the values reported in Refs. [128,129].
Interaction (28) DFT/Exp. (Ref [128))  (29) DFT/Exp. (Ref [129])
Gd1-Gd2 —0.035/—0.058 0.001/0.00
Gd1-Gd3 0.002/0.012 0.001/0.00
Gd1-Gd4 —0.001/0.000 0.001/0.00
Gd2-Gd3 —0.001/0.000 —0.042/-0.01
Gd2-Gd4 0.000/0.012 —0.040/-0.01
Gd3-Gd4 —0.035/—-0.058 —0.021/-0.01
(28) (29)
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Figure 9. Simulated susceptibility using the BS-exchange coupling constants for compounds
(28) and (29). The experimental susceptibility is scaled to the high temperature value of
31.52 emu K mol ! for four uncoupled Gd(III) ions. This procedure is equivalent to fitting an anoma-
lous g-factor which is very close to 2.

The results for compound (29) suggest that Gd1 is essentially uncoupled from the
triangular base. Furthermore, the coupling via the carboxylate ligands (Gd2-Gd3 and
Gd2-Gd4) is approximately twice as strong as the coupling via the protonated phosphonate
(Gd3-Gd4). However, the simulations of the susceptibility and magnetization indicate that
DFT is overestimating the real coupling, which leads to a less optimal agreement between
simulation and experiment. bh-lyp predicts lower coupling constants than the other three
functionals, yet still overestimates the coupling.
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The computational model for compound (29) has a charge of —1 and therefore contains
three pyridinium cations, which are hydrogen-bonded to the central molecule. Consider-
ing the suboptimal agreement between simulation and experiment, we were wondering
whether a reason for this discrepancy is related to the chosen model molecule. Thus, we
investigated four truncated versions of the same cluster using the same methods. Pictures
of the truncated molecules are displayed in Figure S19. The first truncation is to remove
the [GA(NOs3)3] moiety of compound (29). Truncation 2 is to remove all pyridinium cations,
changing the charge of the molecule to —4. The third model is to add three protons to the
dangling coordination sites of the three phosphonate groups where Gd1 was coordinated.
Here, the H-positions are re-optimized with the same method as the original structure. The
last truncation is to replace all iso-butyl groups with methyl groups, reducing the size of
the model cluster considerably. Again, H-positions are re-optimized.

The results for the four functionals and the 5 models (including the untruncated model
as model 0) are summarized in Figure 10. Couplings including Gd1 are excluded as this
ion is removed in the first truncation. The values are collected in Table S60. The differences
between the various models are collectively below 0.01 cm~!. However, changes that
influence the electronic structure immediately around the Gd-ions have a larger influence
than those changing the outer sphere. This explains why the coupling constants become
more ferromagnetic from model 2 to model 3, whereas almost no change can be observed
when replacing the iso-butyl groups with methyl groups. Furthermore, none of the models
change the coupling constants significantly enough to achieve a truly good fit to the
experiment. We thus conclude that the quality of the calculation using the full model 0
cannot be improved by truncation. The accuracy is, however, within the aforementioned
error bars proposed in the benchmark.

bh-lyp pbe0 cam-b3lyp wb97-x
_001 1 1 1 1 1 1 1 1 1 1 1 | 1 1 1 1 1 | 1 1 _001
o——@
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Figure 10. Calculated exchange coupling constants for the four suggested functionals and the five
model complexes for compound (29). For pictures of the structures, see Figure S18.

9. Conclusions

In conclusion, we report an extensive benchmark study to investigate the dependency
of GA(III)-Gd(IIl) exchange coupling constants on various computational parameters, aim-
ing to establish best practices. It is shown that DFT is a viable method to predict exchange
coupling constants for a wide range of Gd-dimers with an accuracy of <0.02 cm~!. The
following best practices can be suggested:

e A triple-( basis is necessary to describe the central ion and the surrounding
ligands satisfactorily.
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e  Scalar relativistic effects should be taken into account explicitly. Similar results were
obtained using DKH2, DKH4, and X2C. Neglecting scalar relativistic effects or using
ECPs leads to inaccuracies in the same order of magnitude as those induced by the
DFT functional.

o We tested 25 different DFT functionals and would like to discourage the use of LDAs,
GGAs, and meta-GGAs since they did not yield sufficiently accurate values. Con-
sidering a balance between computational cost and accuracy, we suggest using four
functionals in parallel: the hybrid functionals bh-lyp and pbe0, as well as the range-
separated functionals cam-b3lyp and wb97-x. Using these four functionals will give
a range of values close to the experimental value. Other hybrid functionals such as
tpss0, b3-lyp, b97, and bhandhlyp, as well as the range-separated wb97, and the local
hybrid tmhf perform similarly well.

e  We have shown that truncating the model complex is a feasible way to reduce the
computational cost significantly. For example, replacing isobutyl groups with methyl
groups has resulted in no significant change in the calculated coupling constants for all
tested functionals. However, changes to atoms with a significant influence on the coor-
dination site of the ligand may have an influence on the calculated coupling constant.

Furthermore, we have shown that an ideal amount of exact HF-exchange is close to
35%. During this comparative study, we could also indicate that within a given range
of GA(II)-Gd(III) distances, there is a roughly linear dependency of the distance on the
coupling constant, while we find no such influence of the bridging angle in our structurally
diverse testbed. However, this may be the case for compounds with similar bridges.

This relationship (and the DFT functionals in general) does not apply to Gd(IIl) dimers
bridged via organometallic ligands. These compounds cannot be computed as reliably with
DFT, significantly overestimating the coupling constants.

Finally, we have shown that our best practice methods can be used to model more
complex spin systems, such as Gdy-clusters, with good accuracy, and even in cases where
DFT does not give excellent agreements with experimental data, it can still provide valuable
starting parameters for the Spin-Hamiltonian-based fitting functions.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390 /magnetochemistry12060067/s1. Figure S1. Structures
(1)—(12) of the testbed. Gd ions are dark purple, H white, Si silver, C dark gray, O red, N blue, S yellow,
Cl green, F gold, K tan, Li light blue, Zn sea green. Hydrogen bonds are indicated as segmented
orange bonds. Figure S2. Structures (13)—(24) of the testbed. Gd ions are dark purple, H white, Si
silver, C dark gray, O red, N blue, P pink, S yellow, Cl green, F gold, K tan, Li light blue, Zn sea green.
Hydrogen bonds are indicated as segmented orange bonds. Figure S3. Structures (25)—(27) of the
testbed. Gd ions are dark purple, H white, Si silver, C dark gray, O red, N blue, S yellow, Cl green, F
gold, K tan, Li light blue, Zn sea green. Hydrogen bonds are indicated as segmented orange bonds.
Figure S4. Energies of HS-single point calculation of compound (10) using the b3-lyp functional
with 100% exact exchange. This is a common trend for single point calculations failing at the high
spin calculation. The calculation is initiated with 14 electrons at the two Gd(III) centers using an
extended Hiickel guess. First, the energy converges cleanly to the correct ground state. Usually, using
our options and setup this took between 80-120 iterations to reach the defined convergence criteria.
In this case however, the SCF algorithm then finds a lower minimum indicated by the clear step
above 200 iterations. The final spin density of this calculation is shown in Figure S5. Figure S5. This
picture shows the spin density (isodensity = 0.005) of the converged calculation of Figure S4. Blue
indicates , red indicates (3 spin density. Clearly, formerly occupied orbitals at the ligand split and
formed this complicated and non-physical density. Therefore, no meaningful results can be extracted
from this data. Figure S6. Calculated exchange coupling constants against their experimental values
using the functionals pbe0 (top left), cam-b3lyp (top right), wb97-x (bottom left) and an average

https://doi.org/10.3390 /magnetochemistry12060067


https://www.mdpi.com/article/10.3390/magnetochemistry12060067/s1
https://doi.org/10.3390/magnetochemistry12060067

Magnetochemistry 2026, 12, 67

19 of 27

using the 4 suggested functionals (bh-lyp in addition to the ones shown here). The colors indicate
the bridging ion, the diagonal line indicates experimental accuracy. The horizontal and vertical lines
indicate 0. Consequently, points in the top left and bottom right quarter of each graph predict the
wrong coupling sign. The light blue highlighted area indicates the mean absolute error for each
functional. Figure S7. Linear regression for the four best performing functionals as well as their
average. Figure S8. Calculated coupling constants for the functionals pbeo (top left), cam-b3lyp (top
right), wb97-x (bottom left) and the experimental values (bottom right) against the Gd(III)-Gd(III)
distance. The area of correlation between 3.7 A and 4.2 A is highlighted in green. For a easier
comparison we sorted the molecules by their bridging motifs. The bridging atoms corresponds to the
color, for O-bridged molecules, these are sorted into alcoholate bridged (OR), carboxylate bridged
(OAc) and other bridges (O*). If two different bridges are present in one compound, the respective
symbols are superimposed. Figure S9. Calculated coupling constants for the functionals pbeo (top
left), cam-b3lyp (top right), wb97-x (bottom left) and the experimental values (bottom right) against
the smallest Gd(III)-L-Gd(III) angle in °. No correlation can be observed for any of the data sets. For a
easier comparison we sorted the molecules by their bridging motifs. The bridging atoms corresponds
to the color, for O-bridged molecules, these are sorted into alcoholate bridged (OR), carboxylate
bridged (OAc) and other bridges (O*). If two different bridges are present in one compound, the
respective symbols are superimposed. Figure S10. Correlation between the Gd-Gd bridging angle
and the coupling constant for molecules bridged via two alcoholates in the testbed. Figure S11.
Spin densities for compounds (1) and (2) calculated with cam-b3lyp at an isovalue of 0.005. Blue
indicates alpha and red beta spin. Figure S12. Spin densities for compounds (3) and (4) calculated
with cam-b3lyp at an isovalue of 0.005. Blue indicates alpha and red beta spin. Figure S13. Spin
density for compounds (8) calculated with m06 at an isovalue of 0.005. Blue indicates alpha and red
beta spin. The visually larger spin polarization may be the cause for the large error in this calculation.
Figure S14. structure of compound (28). Purple atoms are Gd, red O, blue N, gray C and white H.
Figure S15. Structure of compound (29). Purple atoms are Gd, pink P, red O, blue N, gray C and white
H. Hydrogen bonds are indicated by segmented, orange bonds. Figure S16. Simulated Susceptibility
for compound (28) using the four suggested functionals but only considering one unique coupling
constant between Gd1-Gd2 and Gd3-Gd4. Figure S17. Simulated Magnetization versus Temperature
plot using the four suggested functionals for compound (28). The low temperature high field value is
scaled exactly to the theoretical of 5 which is equal to fitting an anomalous g-factor. Figure S18. Simu-
lated Magnetization versus Temperature plot using the four suggested functionals for compound
(29). The low temperature high field value is scaled exactly to the theoretical of 5 which is equal to
fitting an anomalous g-factor. Figure S19. Truncated structures of compound (29). Purple atoms are
Gd, pink P, red O, blue N, gray C and white H. Hydrogen bonds are indicated by segmented, orange
bonds. For truncation 1 (top left), the [Gd1(NO3)3] moiety was removed. For truncation 2 (top right)
the pyridinium ions were removed changing the total charge of the compound to -4. For truncation
3 (bottom left), hydrogen atoms were added to the empty coordination sites of the three phosphonate
sites. For truncation 4 (bottom right) all isobutyl-groups were replaced with methyl groups. Table S1.
Summary of energies associated to the four Kramers Doublets of each Gd(III) ions ground state of
the testbed molecules in cm~!. The last column is the calculated isotropic g-value for a Pseudospin
S =7/2. Table S2. Extended Steven Operators for each ion in structures (1) and (2). Table S3. Extended
Steven Operators for each ion in structures (3) and (4). Table S4. Extended Steven Operators for each
ion in structures (5) and (6). Table S5. Extended Steven Operators for each ion in structures (7) and (8).
Table S6. Extended Steven Operators for each ion in structures (9) and (10). Table S7. Extended Steven
Operators for each ion in structures (11) and (12). Table S8. Extended Steven Operators for each ion in
structures (13) and (14). Table S9. Extended Steven Operators for each ion in structures (15) and (16).
Table S510. Extended Steven Operators for each ion in structures (17) and (18). Table S11. Extended
Steven Operators for each ion in structures (19) and (20). Table S12. Extended Steven Operators for
each ion in structures (21) and (22). Table S13. Extended Steven Operators for each ion in structures
(23) and (24). Table S14. Extended Steven Operators for each ion in structures (25) and (26). Table S15.
Extended Steven Operators for each ion in structure (27). Table S16. Reference data from Papers as
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well as g-factors and coupling constants J fitted with a Bleaney-Bowers equation. a: difference to
fit presumably because of faulty Hamiltonian definition. b: using original data; c: keeping g fixed
to fit the high temperature value as 1.99; d: excluding data after anomalous jump. *: this model is
used as reference in this benchmark. Table S517. Reference data from Papers as well as g-factors and
coupling constants ] fitted with the Lines model in PHI. a: difference to fit presumably because of
faulty Hamiltonian definition. b: using original data; c: keeping g fixed to fit the high temperature
value as 1.99; d: excluding data after anomalous jump. *: this model is used as reference in this
benchmark. Table S18. Reference data from Papers as well as g-factors and coupling constants ]
fitted with the Lines model in PHI using crystal field parameters from CASOCI. a: difference to fit
presumably because of faulty Hamiltonian definition. b: using original data; c: keeping g fixed to fit
the high temperature value as 1.99; d: excluding data after anomalous jump. *: this model is used
as reference in this benchmark. Table S19. Exchange coupling constants in cm~! for compounds
(1)—(5) using different functions. The names XXX-YYY-ZZZ indicate which level of basis was used for
Gd(III), ligand atoms and hydrogen atoms respectively. Calculations that did not converge or did not
finish within a reasonable time are indicated with a “-”. Table S20. Exchange coupling constants in
cm~! for compounds (6)—(10) using different functions. The names XXX-YYY-ZZZ indicate which
level of basis was used for Gd(II), ligand atoms and hydrogen atoms respectively. Calculations
that did not converge or did not finish within a reasonable time are indicated with a “-”. Table S21.
Exchange coupling constants in cm ™! for compounds (11)(15) using different functions. The names
XXX-YYY-ZZZ indicate which level of basis was used for Gd(III), ligand atoms and hydrogen atoms
respectively. Calculations that did not converge or did not finish within a reasonable time are indi-
cated with a “-”. Table S22. Exchange coupling constants in cm~! for compounds (16)—(20) using
different functions. The names XXX-YYY-ZZZ indicate which level of basis was used for Gd(III),
ligand atoms and hydrogen atoms respectively. Calculations that did not converge or did not finish
within a reasonable time are indicated with a “-”. Table S23. Exchange coupling constants in cm ™!
for compounds (21)—-(25) using different functions. The names XXX-YYY-ZZZ indicate which level
of basis was used for Gd(III), ligand atoms and hydrogen atoms respectively. Calculations that
did not converge or did not finish within a reasonable time are indicated with a “-”. Table S24.
Exchange coupling constants in cm ™! for compounds (26) and (27) using different functions. The
names XXX-YYY-ZZZ indicate which level of basis was used for Gd(III), ligand atoms and hydrogen
atoms respectively. Calculations that did not converge or did not finish within a reasonable time
are indicated with a “-”. Table S25. Mean absolute errors (MAE) and Standard deviations (std dev)
for each basis set combination with respect to the largest basis used, QZVPP-TZVPP-TZVP. As the
errors are significantly larger for molecules (1) and (2) compared to the remaining testbed, MAE
and std dev excluding these are given as well. Table 526. Exchange coupling constants calculated
for different levels of treatment for scalar relativistic effects in cm 1. Table S27. Exchange coupling
constants calculated for grid sizes in cm~!. Table S28. Exchange coupling constants calculated with
x2c-TZVPall+DD basis set in cm 1. Table S29. Exchange coupling constants calculated with different
with different functionals for compounds (1)-(5) in cm ™. Table S30. Exchange coupling constants cal-
culated with different with different functionals for compounds (6)—(10) in cm~!. Table S31. Exchange
coupling constants calculated with different with different functionals for compounds (11)—(15) in
cm 1. Table S32. Exchange coupling constants calculated with different with different functionals
for compounds (16)-(20) in cm~!. Table S33. Exchange coupling constants calculated with different
with different functionals for compounds (21)-(25) in cm~!. Table S34. Exchange coupling constants
calculated with different with different functionals for compounds (26), (27) in cm™~ L. Table S35.
High Spin (S?) expectation values calculated with different with different functionals for compounds
(1)-(5) in cm 1. Table S36. High Spin (S?) expectation values calculated with different with different
functionals for compounds (6)-(10) in cm ™. Table S37. High Spin (S?) expectation values calculated
with different with different functionals for compounds (11)—(15) in cm~!. Table S38. High Spin
(S?) expectation values calculated with different with different functionals for compounds (16)—(20)
in cm ™. Table S39. High Spin (S?) expectation values calculated with different with different func-
tionals for compounds (21)—(25) in cm~!. Table S40. High Spin (S?) expectation values calculated
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with different with different functionals for compounds (26), (27) in cm 1. Table S41. Low Spin (52
expectation values calculated with different with different functionals for compounds (1)—(5) in cm .
Table S42. Low Spin (S?) expectation values calculated with different with different functionals for
compounds (6)—(10) in cm~!. Table S43. Low Spin (S?) expectation values calculated with different
with different functionals for compounds (11)—(15) in cm~!. Table S44. Low Spin (S?) expectation
values calculated with different with different functionals for compounds (16)—(20) in cm 1. Table S45.
Low Spin (S?) expectation values calculated with different with different functionals for compounds
(21)-(25) in cm ™. Table S46. Low Spin (S?) expectation values calculated with different with different
functionals for compounds (26), (27) in cm L. Table $47. Mean absolute Deviation (MAD), mean
deviation (MD), Max absolute deviation (MaxAD) and Root mean square deviations (RMSD) for all
functionals in cm~!. The calculation for molecule (8) has resulted in a deviation of 1.8 cm~! with
respect to the experimental data. Hence, this calculation is excluded (the values including it are given
in brackets). Also, molecules (1) and (2) are excluded from this data. Table S48. Exchange coupling
constants calculated for molecules (1)—(5) using the b3-lyp functional with a custom amount of exact
exchange (first column) in cm~!. Table S49. Exchange coupling constants calculated for molecules
(6)—(10) using the b3-lyp functional with a custom amount of exact exchange (first column) in cm 1.
Table S50. Exchange coupling constants calculated for molecules (11)-(15) using the b3-lyp functional
with a custom amount of exact exchange (first column) in cm~!. Table S51. Exchange coupling con-
stants calculated for molecules (16)—(20) using the b3-lyp functional with a custom amount of exact
exchange (first column) in cm~!. Table S52. Exchange coupling constants calculated for molecules
(21)-(25) using the b3-lyp functional with a custom amount of exact exchange (first column) in cm .
Table S53. Exchange coupling constants calculated for molecules (26) and (27) as well as the average
and standard deviation of the Errors with respect to the experimental values excluding molecules (1)
and (2) using the b3-lyp functional with a custom amount of exact exchange (first column) in cm 1.
Table S54. If a calculation did not converge after 300 iterations this is a very good indication it will not
converge to the correct ground state. However, as the calculation is not converged yet, (S?)HS may
not significantly deviate from 56 yet. In Figure S4, this is in the approximate area between 140 and
200 iterations. However, already at this point the density reorganization takes place which would
feature an increasing change in the density. Therefore, even if the calculation is not fully converged,
either, (S?)HS deviating from 56 or increasing density differences from iteration 299 to 300 can be
taken as strong indications that the calculation has become unstable. This is shown below for all
calculations for which no Jex could be reported in the HF test. (a) Converged after 287 iterations (b)
HS state converged, but instability occurred in the BS state (c) Error in calculation script. Table S55.
Compounds for which the MaxAD values are associated in Figure 3. All largest deviations to the
experiment across the 25 functionals are due to five compounds. Table S56. NBO-charges and
occupations of valence orbitals for the high spin states of the testbed molecules. Table S57. Overlap
of corresponding spin orbitals <0.999 for all compounds using the cam-b3lyp functional. Table S58.
Calculated exchange coupling constants for compound (28) using the functionals pbe0, cam-b3lyp
and wb97-x in cm 1. Table S59. Calculated exchange coupling constants for compound (29) using the
functionals pbe0, cam-b3lyp and wb97-x in cm~!. Table S60. Calculated exchange coupling constants
for truncated models of compound (29) using the functionals bh-lyp, pbe0, cam-b3lyp and wb97-x
incm 1.
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