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Abstract: Computational electron paramagnetic resonance (EPR) spectroscopy is an important field 11 
of applied quantum chemistry that contributes greatly to connecting spectroscopic observations 12 
with the fundamental description of electronic structure for open-shell molecules. However, not all 13 
EPR parameters can be predicted accurately and reliably for all chemical systems. Among transition 14 
metal ions, Cu(II) centers in inorganic chemistry and biology, and their associated EPR properties 15 
such as hyperfine coupling and g-tensors, pose exceptional difficulties for all levels of quantum 16 
chemistry. In the present work we approach the problem of Cu(II) g-tensor calculations using dou-17 
ble-hybrid density functional theory (DHDFT). Using a reference set of 18 structurally and spectro-18 
scopically characterized Cu(II) complexes, we evaluate a wide range of modern double-hybrid den-19 
sity functionals (DHDFs) that have not been applied previously to this problem. Our results suggest 20 
that the current generation of DHDFs consistently and systematically outperform most other com-21 
putational approaches. The B2GP-PLYP and PBE0-DH functionals are singled out as the best 22 
DHDFs on average for the prediction of Cu(II) g-tensors. The performance of the different function-23 
als is discussed and suggestions are made for practical applications and future methodological de-24 
velopments. 25 

Keywords: copper; g-tensors; density functional theory; double-hybrid functionals; theoretical 26 
spectroscopy 27 
 28 

1. Introduction 29 

Copper is among the most abundant transition metals in bioinorganic systems [1–7]. 30 
Electron paramagnetic resonance (EPR) spectroscopy is a uniquely useful approach for 31 
Cu(II) systems because it provides direct insights into the electronic and geometric struc-32 
ture of Cu(II) centers and the nature of their ligand sphere [4,8]. Relationships between 33 
structure and EPR parameters have been previously discussed based on ligand-field the-34 
ory as well as experimental correlations [8–13]. However, such correlations are often hard 35 
to extend to complex structural cases such as those frequently encountered in enzymatic 36 
active sites. Therefore, in most cases interpretation of EPR spectroscopy requires input 37 
from quantum chemical calculations that correlate expected EPR parameters with molec-38 
ular electronic and geometric structure [14–24]. A primary target property for Cu(II) sys-39 
tems is the g-matrix (commonly referred to as g-tensor), which describes the interaction of 40 
the unpaired electron with the effective magnetic field. The limitations of classical density 41 
functional theory (DFT) methods to accurately predict g-tensors of copper systems have 42 
been recognized in multiple studies [20,21,25–30] and have been attributed to deficiencies 43 
in the description of the covalency of Cu–ligand bonds [29,31] and of the electronic exci-44 
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tation energies [29]. Notably, wavefunction-based methods, although systematically im-45 
provable and able to achieve arbitrary levels of accuracy, cannot at this point in time be 46 
applied to copper-based systems without the introduction of approximations that are det-47 
rimental for the accuracy of the predicted parameters [25,32–35] as well as for hyperfine 48 
coupling constants [36], thus severely restricting the utility of these methods. Hence, den-49 
sity functional theory (DFT) currently provides the best compromise between accuracy 50 
and cost, and serves as the most promising and pragmatic platform for establishing prac-51 
tically useful computational protocols with predictive value. 52 

Over the last thirty years, a plethora of density functionals (DFs) has been developed 53 
[37][38], with different levels of approximation and empirical parameters optimized for 54 
the prediction of different chemical properties. Notably, EPR parameters practically never 55 
feature in training sets of new DFs. Experience shows that local density approximation 56 
(LDA)- and generalized-gradient approximation (GGA)-type functionals systematically 57 
underestimate g-values [20,21]. Hybrid density functionals (HDFs) include a Hartree–58 
Fock (HF) exchange component (also called exact exchange, EEX). Inclusion of this ex-59 
change term in common hybrid functionals is beneficial [20,21,28,30], but standard HDFs 60 
still cannot provide sufficient accuracy. Increasing the admixture of exact exchange (EEX) 61 
to 30–40% has been recognized as a good strategy to improve the accuracy of g-tensor 62 
calculations for 3d, 4d and 5d transition metal complexes [39–42], while the effect of 63 
changing the correlation functional is minimal in comparison. However, increasing the 64 
Hartree–Fock exchange percentage introduces spin contamination in unrestricted calcu-65 
lations [43], which may be detrimental for SOMOs that have metal-ligand antibonding 66 
character. Local hybrid functionals with position-dependent EEX admixture have been 67 
reported to alleviate the problem of spin polarization [44].  68 

Double-hybrid density functionals (DHDFs) additionally introduce unoccupied 69 
Kohn–Sham orbitals via perturbation theory. Several benchmark studies have confirmed 70 
the superior performance on DHDFs on a wide range of properties, such as relative ener-71 
gies, thermochemistry and electronic excitation energies [45–47]. Based on the general 72 
idea that “pure” DFT functionals allow a better description of static correlation at the ex-73 
pense of dynamic correlation effects [48–50], and MP2 contributes a better description of 74 
dynamic correlation [45], the judicious combination of the two is expected to achieve a 75 
good balance of dynamic and non-dynamic correlation effects. DHDFs have exhibited ex-76 
cellent performance on response properties calculations, such as g-tensors of organic rad-77 
icals [51], electric field response properties of water nanoclusters [52], hyperfine coupling 78 
constants [53,54] and NMR nuclear shielding constants [55]. However, their performance 79 
for g-tensors of transition metal systems in general and for the particularly demanding 80 
case of Cu(II) in particular remains unexplored. To determine the scope of applicability of 81 
these approximations for the title problem, in this study we investigate the performance 82 
of sixteen distinct DHDFs for the prediction of g-tensors of a reference set of eighteen 83 
Cu(II) complexes with experimentally known structures and EPR parameters. The perfor-84 
mance of DHDFs is contrasted with the best performing hybrid functionals for g-tensor 85 
prediction for Cu(II) complexes as reported by a recent benchmark study by Sciortino et 86 
al [26]. Based on our results, we establish that most of the recent DHDFs outperform 87 
standard global HDFs and we are able to suggest specific DHDFT-based protocols that 88 
maximize the accuracy for g-tensor calculations of copper-based enzymes. 89 

2. Methodology 90 

2.1. Benchmark Set of Copper Complexes  91 

The structures of the eighteen Cu(II) complexes selected for the present study are 92 
shown in Figure 1. The set includes ligands with N, O and S coordinating atoms in differ-93 
ent combinations. Similar sets of Cu(II) complexes have been employed in previous 94 
benchmarking studies [25–27,36]. The complexes are approximately square planar, except 95 
9 and 12 which are square pyramidal and 18 which is octahedral. 96 
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 97 

Figure 1. Structures of the eighteen Cu(II) complexes studied in this work. Ligand abbreviations: 98 
py=pyridine; iz=imidazole; en=ethylenediamine; gly=glycine; ox=3-quinolinolato; sac=salicylalde-99 
hyde imine; acac=acetylacetone; bpy=2,2’-bipyridine; dpa= 2,2’-dipyridylamine; dpc=dipicolinate 100 
ligand; mpsme=anionic form of the 6-methyl-2-formylpyridine Schiff base of S-methyldithiocarba-101 
zate; sct =N(4)-cyclohexyl thiosemicarbazone; dbpy=4,4’-dimethyl-2,2’-bipyridine; spt= 5-nitrosalic-102 
ylaldehyde piperidylthiosemicarbazone; tct= thiophene-2-carbaldehyde thiosemicarbazone; 103 
DMF=N,N-Dimethylformamide; eLcys= N,N’-ethylenebis(L-cysteine); tox= 3-quinolinethiolato; 104 
dtc=dimethyl-dithiocarbamate, ttcn=1,4,7-trithiacyclononane. 105 

It is noted that the g-tensor is expressed as: 106 

𝒈 = 𝑔$𝐈 + Δ𝒈 (1) 

where each component Δ𝑔((, Δ𝑔)), Δ𝑔**	 describes the shift of the system’s 𝑔-value from 107 
the 𝑔-value of the free electron (𝑔$ = 	2.002319) and I is the identity matrix. In this work, 108 
we express the principal components of the 𝑔-tensors as 𝑔-shifts in parts per thousand 109 
(ppt), computed as Δ𝑔 = (𝑔 −	𝑔$) ∙ 1000. The largest component is referred to as Δ𝑔** or 110 
as the parallel 𝑔-tensor component, Δ𝑔∥. We define the perpendicular 𝑔-tensor component 111 
as the average of the two smaller components: Δ𝑔7 = (Δ𝑔(( + Δ𝑔)))/2.  112 

The 𝑔-tensor components of complexes 1–18 have been experimentally determined 113 
from EPR measurements and are given in Table 1. Since Cu(II) complexes have a d9 con-114 
figuration, square planar and square pyramidal structures usually exhibit strongly axial 115 
EPR signals, i.e Δ𝑔(( < Δ𝑔)) <<  Δ𝑔**, consistent with the high d(9:)9 character of the sin-116 

gly occupied molecular orbital (SOMO). The g-shifts arise predominantly due to the in-117 
teraction of the ligating atoms with the unpaired electron, so it depends on the nature of 118 
the ligands, the nature of the Cu–ligand bond, and the corresponding bond lengths. In 119 
this benchmark set we include complexes with variable coordination spheres and a wide 120 
range of Δ𝑔** values, from 83 ppt to 283 ppt. The presence of at least one S atom on the 121 
copper coordination sphere decreases the magnitude of Δ𝑔** . It should be noted that 122 
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mixed ligand complexes exhibit magnetic parameters that are intermediate between the 123 
respective complexes with four same ligands of each type [8]. This pattern can be observed 124 
in the experimental data shown in Table 1.  125 

 126 
Table 1. Experimental Δ𝑔 values (ppt) of the Cu(II) complexes 1-18 studied in this work. Molecular 127 
structures of the complexes are shown in Figure 1. The complexes are arranged in groups according 128 
to the copper-coordinating atoms for each subgroup, which are also shown for convenience. 129 

 Complex 
Coord. 

core Δ𝑔(( Δ𝑔)) Δ𝑔** Ref. 

1 [Cu(NH3)4]2+ 

N4 

45 45 239 [56] 
2 [Cu(py)4]2+ 51 51 261 [56] 
3 [Cu(iz)4]2+ 45 45 260 [56] 
4 [Cu(en)2]2+ 39 39 203 [56] 
5 [Cu(gly)2] 

N2O2 

50 50 265 [56] 
6 [Cu(ox)2] 50 50 200 [57] 
7 [Cu(sac)2] 48 48 238 [58] 
8 [Cu(acac)(bpy)]+ 48 55 251 [59] 
9 [Cu(dpa)(dpc)] N3O2 60 60 252 [60] 

10 [Cu(acac)2] O4 58 58 283 [61] 
11 [Cu(mpsme)(NCS)] N3S 48 48 203 [62] 
12 [Cu(sct)(dbpy)] N3OS 54 54 165 [63] 
13 [Cu(spt)(DMF)] NO2S 35 46 201 [64] 
14 [Cu(tct)2] 

N2S2 
27 88 112 [65] 

15 [Cu(eLcys)] 37 37 124 [66] 
16 [Cu(tox)2] 42 42 136 [57] 
17 [Cu(dtc)2] S4 23 23 83 [67] 
18 [Cu(ttcn)2]2+ S8 25 25 112 [68] 

 130 

2.2. Overview of Double Hybrid Density Functionals  131 

In double-hybrid density functional theory, a set of Kohn–Sham orbitals is first ob-132 
tained by a classical HDFT calculation. Subsequently, an MP2 calculation is performed 133 
based on this set of orbitals. A general expression for the total exchange-correlation term 134 
for standard DHDFs is:  135 

𝐸<=>?>@	 = 	𝑐<	𝐸<?@ + 	 1 − 𝑐< 	𝐸<>@B + 	𝑐=>@B	𝐸=>@B + 𝑐=CDE𝐸FCDE (2) 

where 𝑐< is the amount of DFT exchange, and 𝑐=>@B and 𝑐=CDE are the amounts of DFT and 136 
MP2 correlation, respectively. Usually, but not always, 𝑐=CDE = 	 1 − 𝑐=>@B. The first DHDF 137 
was B2PLYP [47], proposed by Grimme and parametrized in order to reproduce heats of 138 
formation. The success of B2PLYP inspired further developments. mPW2PLYP [69] has a 139 
modified exchange part and higher accuracy towards the calculation of thermodynamic 140 
properties and barrier heights. B2GP-PLYP [70] has increased amounts of exact exchange 141 
and perturbative correlation, suggested for general purpose (GP) applications. B2K-PLYP 142 
and B2T-PLYP [71] were parametrized for reaction kinetics and thermochemistry. Some 143 
researchers attempted to minimize or eliminate the use of empirically defined parameters, 144 
striving instead to include parameters that have theoretical justification. Such functionals 145 
include PBE-QIDH [72], PBE0-DH [73] and the range-separated RSX-QIDH [74] and RSX-146 
0DH [75], optimized by enforcing reproduction of the total energy of the hydrogen atom.  147 

As a variation of the standard MP2 approach, some functionals may treat the same-148 
spin and opposite-spin correlation contributions separately and with unequal weights. 149 
This is referred to a spin-component scaling (SCS). In case the same-spin contribution is 150 
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entirely omitted, the approach is referred to as spin-opposite scaled (SOS). The general 151 
expression for the total exchange-correlation term for the spin-component scaled double-152 
hybrid functionals with dispersion correction (DSD-DFT) is: 153 

𝐸<=>F>:>?>@	 = 	𝑐<	𝐸<?@ + 	(1 − 𝑐<)	𝐸<>@B	 + 	𝑐=	𝐸=>@B	 + 	𝑐G	𝐸GCDE + 𝑐F	𝐸FCDE

+ 𝑠I𝐸> 
(3) 

where 𝑐G is the amount of opposite-spin MP2, 𝑐F of same-spin MP2, and s6 of the disper-154 
sion correction. DSD-BLYP [76] and DSD-PBEP86 [77] have been parametrized to repro-155 
duce thermochemistry, kinetics, and dispersion forces, and were found to be more accu-156 
rate than the previously most successful B2GP-PLYP functional. 157 

In range-separated DFs [78–80], the interelectronic repulsion, 𝑟KE:K, is separated us-158 
ing an error function, erf, into a short-range and a long-range component: 159 

1
𝑟KE

= 	
1 − [|𝛼 + 𝛽 ∙ erf	(𝜇 ∙ 𝑟KE)|]

𝑟KE
+
𝛼 + 𝛽 ∙ erf	(𝜇 ∙ 𝑟KE)

𝑟KE
	 (4) 

where the first term accounts for the short-range interaction and the second term accounts 160 
for the long-range interaction. ωB2PLYP and ωB2GP-PLYP [81] functionals were para-161 
metrized to reproduce electronic excitation energies. In addition, ωB88PP86 and 162 
ωPBEPP86 [82] were very recently presented, parametrized to reproduce experimental 163 
singlet-singlet as well as singlet-triplet excitations. The first range-separated DHDF that 164 
also includes spin component scaling, ωB97X-2 [83], was parametrized for thermochem-165 
istry, kinetics, and noncovalent interactions. 166 

Table 2. DHDFs parameters from equations 2–4, as defined in Orca. 167 

Functional 𝑐<	 𝜇 𝑐=>@B 𝑐=CDE 𝑐G	 𝑐F 

B2PLYP 0.53 - 0.73 0.27 - - 

mPW2PLYP 0.55 - 0.75 0.25 - - 

B2GP-PLYP 0.65 - 0.64 0.36 - - 

B2K-PLYP 0.72 - 0.58 0.42 - - 

B2T-PLYP 0.60 - 0.69 0.31 - - 

PBE-QIDH 0.69 - 0.67 0.33 - - 

PBE0-DH 0.50 - 0.875 0.125 - - 

DSD-BLYP 0.75 - 0.53 - 0.46 0.60 

DSD-PBEP86 0.72 - 0.44 - 0.51 0.36 

ωB2PLYP 0.53 0.30 0.73 0.27 - - 

ωB2GP-PLYP 0.65 0.27 0.64 0.36 - - 

RSX-QIDH 0.69 0.27 0.67 0.33 - - 

RSX-0DH 0.50 0.33 0.875 0.125 - - 

ωB88PP86 0.65 0.20 0.58 0.42 - - 

ωPBEPP86 0.70 0.18 0.68 0.48 - - 

ωB97X-2 0.63(6) 0.30 1.00 1.00 0.44(7) 0.52(9) 
 168 

 169 

 170 
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3. Results and Discussion 171 

3.1 Evaluation Criteria 172 

Evaluation of the methods used for the prediction of the 𝑔-shifts was based on the 173 
differences (D) of the calculated from the experimental parallel and perpendicular com-174 
ponents: 175 

D(Δ𝑔∥) = 	Δ𝑔**VWXV − 		Δ𝑔**
$YZ (5) 

 176 

D Δ𝑔7 = 	
	Δ𝑔((VWXV + 	Δ𝑔))VWXV

2
− 	
	Δ𝑔((

$YZ + 	Δ𝑔))
$YZ

2
	 (6) 

The mean values of the above parameters for each functional for the set of eighteen 177 
Cu(II) complexes under study are used to describe the performance of the functional. The 178 
mean absolute difference (MAD) of the	Δ𝑔∥ component is defined as:  179 

MAD Δ𝑔∥ = 	
1
N
∙ |D(Δ𝑔∥)^|

_

^`K
 (7) 

and straightforwardly describes the ability of the method to reproduce the experimental 180 
values, while the mean difference (MD) reflects the possible systematic over- or under-181 
estimation of 𝑔-shifts by the specific method.  182 
The standard deviation of the above parameters was also considered. The standard devi-183 
ation of the differences (SDD) is estimated as: 184 

SDD Δ𝑔 = 	
1
N
∙ [D Δ𝑔 ^ − MD Δ𝑔 ]E

_

^`K
					 (8) 

and the standard deviation of the absolute differences (SDAD): 185 

SDAD Δ𝑔 = 	
1
N
∙ [ D Δ𝑔 ^ − MAD Δ𝑔 ]E

_

^`K
					 (9) 

Finally, the mean absolute percent differences (MAPD) are examined: 186 

MAPD Δ𝑔 = 	
1
N
∙

D Δ𝑔 ^

Δ𝑔^
c(d

_

^`K
	 ∙ 100			 (10) 

3.2 Performance of Functionals  187 

The mean values of the evaluation criteria for each functional are shown in Table 3. 188 
To begin with, we observe that the MAPDs for Δ𝑔7 are very close to those for Δ𝑔∥, there-189 
fore we focus our analysis on the parallel components for simplicity and the conclusions 190 
largely reflect also the performance for the perpendicular components of the 𝑔-tensor. Be-191 
sides, since the parallel component is the largest, it also has the largest D values. We start 192 
the evaluation of the relative performances by examining the MADs and MDs. The 193 
MAD Δ𝑔∥  and MD Δ𝑔∥  values for the 19 functionals are plotted in Figure 2a. Complete 194 
results are provided in the Supporting Information, Tables S1–S19.  195 

Focusing first on conventional hybrid functionals, we see that B3LYP is the worst 196 
method considered here. It shows the largest MAD Δ𝑔∥  value of 67 ppt, while PBE0 and 197 
BHandHLYP follow with MAD Δ𝑔∥  values of 54 and 48 ppt, respectively. Thus, among 198 
conventional HDFs the best performance is observed for PBE0 and BHandHLYP, which 199 
is in agreement with Sciortino et al. [26]. Only two double-hybrid functionals perform 200 
similarly to HDFs. These are B2PLYP and RSX-QIDH with MAD Δ𝑔∥  values of 57 and 55 201 
ppt, respectively. Figure 2 top suggests that apart from the B2PLYP and RSX-QIDH, all 202 
remaining 14 DHDFs outperform HDFs and show similar performance in terms of the 203 
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MADs, but have different MDs, which means that they show different systematic behav-205 
iour. The MAD Δ𝑔∥  of the other 14 functionals range between 31 and 42 ppt. The lowest 206 
MAD Δ𝑔∥  is 31 ppt, achieved by the B2GP-PLYP and PBE0-DH functionals. The ωB2GP-207 
PLYP, ωB88PP86 and ωPBEPP86 follow with MADs of 32, 33 and 34 ppt, respectively. The 208 
lowest MD Δ𝑔∥  values among the DHDFs are observed for the PBE0-DH and ωB88PP86 209 
functionals at -7 and -9 ppt, respectively. Notably, apart from the MAD and MD values, 210 
the respective SDs must be also considered. The differences between the individual 211 
D(Δ𝑔∥)^ values of the complexes 1–18, visualized in Figure 2 bottom, reflect the error of 212 
each method on reproducing the relative Δ𝑔∥ values of the various structures. They are 213 
also described by the SDD value of each method, given in Table 3. ωB2GP-PLYP, 214 
ωPBEPP86 and ωB88PP86 have larger SD values than the B2GP-PLYP and PBE0-DH func-215 
tionals, which means that there is a larger spread of D values with these functionals.  216 

Table 3. Mean absolute percent difference (MAPD), mean absolute difference (MAD), standard de-217 
viation of the absolute differences (SDAD), mean difference (MD) and standard deviation of the 218 
differences (SDD) from the experimental values of the parallel and perpendicular 𝑔-shifts compo-219 
nents calculated with each functional. Values are expressed in ppt. 220 

Functional 
MD 
(Δ𝑔∥) 

SDD 
(Δ𝑔∥) 

MAD 
(Δ𝑔7) 

MAD 
(Δ𝑔∥) 

SDAD 
(Δ𝑔∥) 

MAPD 
(Δ𝑔7) 

MAPD 
(Δ𝑔∥) 

PBE0 -49 41 6 54 35 14 24 
BHandHLYP 36 49 19 48 38 49 35 
B3LYP -66 41 9 67 40 19 30 
B2PLYP -57 28 12 57 28 31 30 
mPW2PLYP -38 30 8 42 24 19 21 
B2GP-PLYP -10 34 7 31 16 18 18 
B2K-PLYP 25 41 8 37 31 21 24 
B2T-PLYP -27 31 7 36 20 19 19 
PBE-QIDH 31 41 10 40 32 25 27 
PBE0-DH -9 35 6 31 19 15 17 
DSD-BLYP 28 43 8 39 34 21 25 
DSD-PBEP86 21 43 7 37 30 20 24 
ωB2PLYP -19 33 6 34 18 17 18 
ωB2GP-
PLYP 

14 37 7 32 24 19 21 

RSX-QIDH 53 46 15 55 44 37 39 
RSX-0DH 26 43 14 40 31 35 28 
ωB88PP86 -7 36 7 33 17 19 19 
ωPBEPP86 10 40 7 34 23 20 21 
ωB97X-2 -16 39 7 38 20 19 20 

 221 
Inspection of the individual D(Δ𝑔∥)^  values for the complexes 1–18 obtained with 222 

each functional allows a more in depth analysis of our results (Figure 2 bottom). This di-223 
agram shows clearly that complexes 11–18, which have at least one S coordinated ligand 224 
on copper, are described differently than complexes 1–10, which have only N and O ligat-225 
ing atoms. Specifically, most functionals underestimate the value of parallel 𝑔-tensor com-226 
ponent of structures 1–10, while they overestimate it for 11–18. This behavior is even more 227 
pronounced for the HDFs. Figure 2 bottom shows clearly that even though DHDFs also 228 
treat differently the Cu–S bond, they not only have smaller MADs but also the spread of 229 
the Δ𝑔∥	values	is	smaller.	This	implies	that	DHDFs achieve a more balanced description of 230 
Cu-ligand bond covalency and this behavior is transferable among different systems, at 231 
least to a larger extent than HDFs.  232 

 233 
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= 236 

 237 

Figure 2. Top: Mean absolute difference (MAD), mean difference (MD) from the experimental val-238 
ues of the parallel 𝑔-tensor component calculated with each functional. The respective standard de-239 
viations (SD) are plotted in pink. Bottom: Differences (D) from the experimental values of the par-240 
allel 𝑔-tensor component of each one of the 18 Cu(II) complexes of the set calculated with each func-241 
tional. Each bar color represents a complex. 242 

 243 
In Figure 3, the D(Δ𝑔∥) obtained by each functional is plotted against the calculated 244 

copper Löwdin spin population of the MP2 relaxed density, ρs(Cu), for six complexes cho-245 
sen as representative of different copper coordination spheres, i.e. N4, N2O2, O4, N2S2, 246 
N3OS and S4 (see Figure S1 for additional examples) . Several conclusions can be extracted 247 
from these diagrams. First, it can be clearly observed that the value of D(Δ𝑔∥) increases 248 
following a near linear trend along with ρs(Cu). Second, each system has a different ρs(Cu) 249 
value for which the experimental Δ𝑔∥ is reproduced. Even though no single functional 250 
predicts this most favorable ρs(Cu) value for all complexes, structures with similar coor-251 
dination spheres are optimally described by the same density functionals (Figure S1). 252 
Among the DHDFs included in this study, the B2PLYP and RSX-QIDH predict the small-253 
est and largest ρs(Cu) values, respectively, for all complexes, which directly correlates 254 
with the observed systematic negative and positive differences from the experimental val-255 
ues, reflected in the large MD(Δ𝑔∥) values shown in Figure 3. In addition, B3LYP and PBE0 256 
in almost all cases predict too small spin population on Cu. Notably, accurate 𝑔-tensor 257 
prediction does not necessarily imply prediction of the “correct” spin density, since other 258 
factors, such as higher order relativistic contributions, could also alter the D(Δ𝑔∥) values. 259 
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We note that the possible lack of correspondence between the accuracy of DFs in the pre-266 
diction of various observable properties, such as relative energies or ionization potentials, 267 
and the quality of the computed densities has been extensively debated recently [84–86].  268 

 269 

Figure 3. Correlation of the differences, D(Δ𝑔∥), of the calculated 𝑔-tensor from the experimental 270 
value of the parallel 𝑔-shift with the Cu spin populations computed with the respective functional 271 
for complexes 1, 6, 10, 16, 12 and 17, which have different copper coordination spheres. 272 

From the above analysis we can see that overall the best performing functionals for 273 
this set of Cu(II) complexes are the B2GP-PLYP and PBE0-DH, because they have both the 274 
lowest MAD Δ𝑔∥  values, and at the same time among the lowest MD Δ𝑔∥  and SD val-275 
ues. PBE0-DH represents a definite improvement over the parent PBE0 functional, which 276 
is the best performing HDF. Interestingly, these two DHDFs represent different construc-277 
tion philosophies (PBE0-DH is “non empirical”), yet converge to similarly accurate behav-278 
ior. Notably, even though the parameters of B2GP-PLYP (and B2PLYP) were empirically 279 
optimized, they were also suggested to be justified from a purely theoretical standpoint 280 
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[87]. It is also important to draw attention to the observation that the functionals 281 
ωB2PLYP, ωB88PP86, ωB2GP-PLYP, ωPBEPP86 are among the best performing DHDFs. 282 
What these functionals have in common is that they were parametrized to reproduce ex-283 
perimental excitation energy reference values [81,82]. 284 

Another interesting point concerns the calculated SDD values in Table 3. These show 285 
that the B2PLYP functional has the smallest SDD value of 28 ppm. This is visually repre-286 
sented in Figure 2b, where it can be observed that even though B2PLYP performs poorly, 287 
systematically underestimating the g-shifts, its behavior is distinct in that the D values of 288 
complexes 11–18 with S coordinating ligands are not very different from complexes 1–10 289 
which have N and O ligands only. By contrast, this is not observed for RSX-QIDH, the 290 
other DHDF of this set that performs poorly, systematically overestimating g-shifts. 291 
Therefore, we can conclude that B2PLYP achieves a more balanced description of the Cu-292 
ligand bond covalency between different ligand donors.  293 

Having compared the relative accuracies of the examined DHDFs on predicting the 294 
experimental g-tensor components, one may consider whether correlations exist between 295 
their construction parameters (Table 2) and their performance. However, at this point it is 296 
not possible to discern any obvious correlation. Perhaps a way to approach this problem 297 
is to investigate how reference spin densities, computed with high-level ab initio methods, 298 
are reproduced by density functionals with respect to the parameters included in their 299 
definition [86]. Although clear choices emerge from the present study for practical appli-300 
cations, further systematic studies are required for the development of improved func-301 
tionals optimized for spin-density dependent properties. 302 

4. Conclusions  303 

We investigated the performance of sixteen DHDF approximations for the prediction 304 
of experimental g-shifts of a set of eighteen Cu(II) complexes. The DHDFs results were 305 
compared with the best-performing HDFs for Cu(II) complexes [26]. Our results show 306 
that most DHDFs perform significantly better that the best performing standard HDFs, 307 
establishing a new standard for the prediction of g-tensors of copper systems. With the 308 
exception of B2PLYP and RSX-QIDH, all other DHDFs perform significantly better than 309 
HDFs. Based on the criteria defined in Section 3.1, we found that the ranking of the DHDFs 310 
with respect to g-tensor prediction is: B2GP-PLYP ~ PBE0-DH > ωB2PLYP ~ ωB88PP86 > 311 
B2T-PLYP ~ ωB2GP-PLYP ~ ωPBEPP86 > B2K-PLYP ~ PBE-QIDH ~ DSD-BLYP ~ DSD-312 
PBEP86 ~ RSX-0DH ~ ωB97X-2 > mPW2PLYP > B2PLYP > RSX-QIDH. 313 

The best-performing functionals represent different approaches toward construction 314 
of DHDFs. B2GP-PLYP is a general purpose empirically fitted functional based on 315 
B2PLYP, while PBE0-DH is based on PBE0 and obtained by purely theoretical arguments. 316 
Nevertheless, they converge to similarly good performance. Moreover, the equally good 317 
performance of the range-separated ωB2PLYP, ωB88PP86, ωB2GP-PLYP and ωPBEPP86 318 
directs our attention to functionals optimized for excitation energies. We suggest that such 319 
functionals can be used as a starting point for further refinement, taking into account a 320 
more extensive set of transition metal reference compounds for g-tensors, and perhaps 321 
also for other spin-dependent properties.  322 

Overall, the double-hybrid methodologies significantly outperform conventional hy-323 
brid approaches, offering a good balance between accuracy and computational cost. We 324 
note that due to the steep scaling of MP2 (O(N5) where N is a measure of the system size), 325 
the computational cost of DHDFs on large (>100 atoms) systems increases more steeply 326 
than HDFs in terms of both time and required memory. Hence, for large systems we pro-327 
pose the use of multilevel approaches, where the metal and first coordination sphere lig-328 
ands are treated with a DHDFT method and the surrounding protein matrix can be treated 329 
with a cheaper DFT method. Based on our results, we recommend the use of B2GP-PLYP 330 
and PBE0-DH functionals for g-tensor calculations on Cu(II) complexes bearing N, O and 331 
S ligands, which are usually encountered in bioinorganic systems. Evidently, the uncer-332 
tainty of even the best functionals may exceed the uncertainty of experimental values. This 333 
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suggests that the successful use of these approaches will depend on the type of chemical 337 
problem under investigation and in the combination with complementary data. Never-338 
theless, the present study clearly defines the current state-of-the-art in quantum chemical 339 
calculations of g-tensors for Cu(II) systems and encourages further developments in re-340 
fining double-hybrid DFT for spin density dependent properties.   341 

 342 
 343 

5. Computational Details  344 

All calculations were performed with Orca 5 [88]. Geometry optimizations of the 345 
eighteen Cu(II) complexes of the benchmark set was performed with the B3LYP [89–91] 346 
functional, starting from the crystallographic structures obtained from the Cambridge 347 
Structural database [92]. Scalar relativistic effects were treated using the zeroth-order reg-348 
ular approximation (ZORA) [93,94]. The resolution of identity (RI) approximation [95] and 349 
the chain-of-spheres approximation to exact exchange (COSX) [96] were used throughout 350 
to reduce computational time. Tight convergence criteria and high-quality grids 351 
(DefGrid3 in Orca convention) were used throughout. The ZORA-recontracted [97] ver-352 
sion of the def2-TZVPP basis set [98]  was used for Cu and the ZORA-def2-TZVP for all 353 
other atoms, along with fully decontracted def2/J auxiliary basis sets [99]. Since MP2 con-354 
vergence with basis set size can be slower than DFT, the basis set dependence of DHDFs 355 
may increase with increasing fraction of the PT2 component [46,47]. Το investigate the 356 
dependence of calculated g-shifts on the basis set size, we carried out systematic studies 357 
on complexes 3, 10 and 17, which have N4, O4 and S4 coordination spheres, respectively, 358 
using the B2PLYP and DSD-PBEP86 functionals. In line with previous studies on Cu(II) 359 
𝑔-tensor calculations [25], the dependence on the basis set is very weak past the polarized 360 
triple-zeta level and the use of the largest available ZORA-def2-QZVPP basis set leads to 361 
negligible differences (of the order of 1–2 ppm) in the results compared to the triple-zeta 362 
basis sets. The maximum difference in computed g-shifts upon use of the quadruple-zeta 363 
basis set (5 ppt) was observed for 17 with the DSD-PBEP86 functional. Since this difference 364 
is of the same order of magnitude as the experimental uncertainty, the basis sets used here 365 
are judged to be essentially converged for all practical purposes. For the calculation of g-366 
tensors, the DFT functionals tested in this work are: the hybrid functionals PBE0 [100–367 
102], BHandHLYP [91], B3LYP [89–91], the double-hybrid functionals: B2PLYP [47], 368 
mPW2PLYP [69], B2GP-PLYP [70], B2K-PLYP [71], B2T-PLYP [71], PBE-QIDH [72], PBE0-369 
DH [73], DSD-BLYP [76], DSD-PBEP86 [77], and the range-separated double-hybrid func-370 
tionals: ωB2PLYP [81], ωB2GP-PLYP [81], RSX-QIDH [74], RSX-0DH [75], ωB88PP86 [82], 371 
ωPBEPP86 [82], ωB97X-2 [83]. Spin contamination values for HDFs were smaller than 0.01 372 
for all complexes, which suggests that the ground state of all complexes can be adequately 373 
described by a single determinant. For the calculations with double-hybrid functionals the 374 
NoFrozenCore option was used. In terms of computational costs, we mention as an exam-375 
ple that for complexes 1 (17 atoms), 18 (43 atoms) and 12 (63 atoms) the PBE0 calculation 376 
needs 1, 16 and 48 min, respectively, using 10 processing cores, while the PBE0-DH calcu-377 
lation needs 3, 184 and 927 min, respectively. The part of the calculation that is responsible 378 
for most of the additional computational effort is the calculation of the relaxed MP2 re-379 
sponse density,   which incorporates orbital relaxation and is consistent with first order 380 
properties as analytic derivatives. The spin-orbit coupling was treated using the spin-orbit 381 
mean-field (SOMF) operator [103] with the 1X-approximation [104,105] (SOCType 3 in 382 
ORCA convention). For the construction of the potential one-electron terms were in-383 
cluded, the Coulomb term was computed using the RI approximation, exchange terms 384 
were incorporated via one-center exact integrals including the spin-other orbit interaction, 385 
and without local DFT correlation terms (SOCFlags 1,3,3,0 in ORCA). Picture change ef-386 
fects were also taken into account.  387 

 388 
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