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Density functional studies have been performed on ten different {GdIII-radical} complexes exhibiting both ferro and antiferromagnetic 
exchange interaction with an aim to assess a suitable exchange-correlation functional within DFT formalism. This study has also been 
extended to probe the mechanism of magnetic coupling and to develop suitable magneto-structural correlations for this pair. Our method 
assessment reveal the following order of increasing accuracy for the evaluation of J values compared to experimental coupling constant, 
B(40HF)LYP<BHandHLYP<TPSSH<PW91<PBE<BP86<OLYP<BLYP<PBE0<X3LYP<B3LYP<B2PLYP. Our calculations reveal 10 

that the Grimme’s double-hybrid functional is found to be superior compared to other functionals tested and this is followed very closely 
by the conventional hybrid B3LYP functional. At the basis set front, our calculations reveal that the incorporation of relativistic effect is 
important in these calculations and relativistically corrected effective core potential (ECP) basis set is found to yield better Js compared 
to other methods. The supposedly empty 5d/6s/6p orbitals of GdIII are found to play an important role in the mechanism of magnetic 
coupling and different contribution to the exchange terms are probed using Molecular Orbital (MO) and Natural Bond Orbital (NBO) 15 

analysis. Magneto-structural correlations for Gd-O distances, Gd-O-N angles and Gd-O-N-C dihedral angles are developed where the 
bond angles as well as dihedral angle parameters are found to dictate the sign and strength of the magnetic coupling in this series.  

 

1 Introduction 

Single molecule magnets (SMMs) continue to be of interest for 20 

the co-ordination chemists for last two decades since the 
discovery of {Mn12} cluster. These types of molecules have wide 
range of potential applications including miniaturisation of 
electronic devices, information storage devices, molecular 
spintronics, Q-bits in quantum computing and also their 25 

connection to nanotechnology and related applications. 1-4 

Significantly, careful selection of inner magnetic core, outer 
ligand surroundings cause inherent molecular spin inversion 
barrier (Ueff), high spin ground state, easy-axis magnetic 
anisotropy and blocking temperature (TB) in SMMs.1,5 These 30 

properties trigger ground-breaking advances in this field over the 
last decade.6 
Initial research efforts were focussed mainly towards the study of 
polynuclear 3d metal aggregates and manganese polynuclear 
complexes which tend to increase the total spin (S) of the 35 

complexes (as high as 81/2 is achieved to-date7) but its 
counterpart, anisotropy (D) is found to decrease equally, leading 
to a decrease in the Ueff values.8 Since controlling anisotropy 
becomes the most challenging task, new avenues such as 
lanthanide based molecular magnets are explored as these types 40 

of complexes possess significant magnetic anisotropy arising 
from the large unquenched orbital angular momentum. This led to 
a steady increase in the number of SMMs based on lanthanide 
ions.8,9 Despite the tremendous success with lanthanide ions in 
enhancing the Ueff values in short span of time, the TB remains 45 

small due to very fast quantum tunnelling of magnetization 
(QTM).10 Efforts to quench or decrease the QTM effects were 
undertaken and incorporation of 3d or radical centres along with 
the 4f ions leading to a strong exchange interaction is found to 
quench the QTM behaviour to a certain extent.11  Of particular 50 

note here is the N2
3- radical bridged {Ln2} complexes, where 

strong exchange interaction is found between the radical and the  
lanthanide ions and this tends to increase the blocking 
temperature significantly. A preview of the literature immediately 

suggests that generally the exchange interactions in {4f-55 

radical(2p)} combinations are stronger than {3d-4f} or {4f-4f} 
complexes. The {4f-2p} pair is also proposed to have many 
potential applications12 on its own and exhibit versatile magnetic 
properties.13 Organic radicals are of obvious choice because of its 
stability, ease of coordination to rare earths, direct bonding 60 

ability, synthetic accessibility, magnetic interaction ability to 
combine with rare earth ions. The {4f-2p} systems are found to 
exhibit the exchange coupling parameter ranging from moderate 
ferromagnetic to strong antiferromagnetic interaction (see Table 
1). 65 

In spite of numerous experimental studies on these {4f-2p} 
systems over the years, the theoretical studies are still scarce.14 
The theoretical studies have played an  indispensible role in the 
development of molecular magnets based on transition metal 
complexes,15 {3d-4f},10a and {4f-4f}10b complexes. Although a 70 

thorough method assessment for transition metals,16 {3d-4f}17 
and {4f-4f}18 have been undertaken, reliable methodology to 
compute magnetic exchange for the {Gd-2p} pair has not been 
established. Although the lack of anisotropy in GdIII precludes 
SMM behaviour, its isotropicity results a straightforward analysis 75 

of the magnetic exchange compared to its other lanthanide 
analogues and understanding of the magnetic coupling for this 
pair will help to design better SMMs with other anisotropic ions 
such as DyIII.11f Besides establishing the mechanism of magnetic 
coupling and structural parameters which are likely to affect the J 80 

values are important for future development in this area, with 
these here we aim to achieve the following, (i) perform method 
assessment with a range of exchange correlation functionals 
including pure, hybrid, meta-GGA and double-hybrid functionals 
(ii) establish the general mechanism of magnetic coupling for 85 

{Gd-2p} pair (iii) develop magneto-structural correlation for this 
pair to ascertain the most influential structural parameter which 
affects the sign and strength of the J values.  
 

 90 
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Table 1. The {GdIII-radical} complexes reported in the literature with selected structural parameters and reported J values. 

 
                                       a= Gd-N distance, b=Gd-N-C angle, c=Gd-O-C angle, d=Gd-N-Gd angle, e=Gd-O-C-C dihedral angle,  f =Gd-N-C-C dihedral angle. 
 5 

 
Computational Details 
 
Absence of orbital contribution of the GdIII ions allow the 
straightforward determination of the isotropic exchange coupling 10 

constant via isotropic Heisenberg-Dirac-Van Vleck(HDVV) spin 
Hamiltonian, which helps us to determine the magnetic exchange 
interaction between GdIII and NITR radical  in dinuclear 
complexes using the following spin-Hamiltonian: 

 15 

 
Here SGd and SRad are spins on GdIII (S = 7/2) and radical (S = 1/2) 
atoms respectively. Where J is the isotropic exchange coupling 
constant, positive J’s correspond to ferromagnetic coupling with 
high spin ground state (S=4) and negative J’s correspond to 20 

antiferromagnetic coupling with an S=5/2 ground state. The DFT 
calculations combined with the broken symmetry (BS) approach 
83 has employed to compute the J values.41 This methodology has 
a proven record of yielding good numerical estimate of J 

constants for a variety of complexes. 16, 42 
25 

The energy of the high spin state can be computed easily using a 
single determinant wave function such as DFT methods. 

However for the low spin state some approximations are required 
due to its multi-determinantal characteristics. The broken 
symmetry model developed by Noodleman40 has been widely 30 

used in this regard.16, 42, 43  This provides a good approximation to 
the energy of the low spin state and one can compute J values 
using HF or DFT calculations. Here all the calculations were 
performed using Gaussian0944 suite unless otherwise mentioned. 
As earlier method assessment for the {3d-4f} and {Gd-Gd} pair 35 

suggests that functionals are playing a critical role on the estimate 
of the exchange interaction, we have carried out a limited 
assessment for the basis set.17-18 Unless otherwise mentioned all 
the calculations are performed using a double-zeta quality basis 
set employing Cundari–Stevens (CS) relativistic effective core 40 

potential (ECP)  on Gd atoms45 and the triple zeta basis set 
proposed by Schaefer et al.46 for the rest of the elements. Besides 
we have also tested some all electron basis set (SARC47) 
including the relativistic corrections using Zeroth order Regular 
approximation (ZORA48) or Douglas-Kroll-Hess (DKH49) 45 

method. These basis tests were performed using the B3LYP 
functional and ORCA software suite.50 
 

3 Results and Discussion   

Complexes CSD ref code J (cm-1) Gd-O (Ǻ) Gd-O-N 
(°) 

Gd-O-N-
C(°) 

References 

[Gd(NITtrz)2(NO3)3] - 6.10 - -  19 
[Gd(hfac)3(NITPh-3-Br-4-OMe)2] (1) SICXEJ 5.69 2.312 139.95 80.01 20 

[Gd(hfac)3(NIT-5-Br-3py)]2 (2) NOMTIT 2.60 2.338 131.92 85.70 21 
[Gd(hfac)3(NITPhiPr)2] GIFNAM 2.42 2.346 139.67 87.90 11g 

[Gd(hfac)3(EtVNIT)2] (3) TEHZAJ 2.33 2.354 133.44 91.20 22 
[Gd(hfac)3(NITBzImH)] WUPNIE 1.70 2.342 130.30 38.29 23 

[Gd(hfac)3(NIToPy)] JOVZUP 1.52 2.322 124.30 50.07 24 
[Gd(hfac)3(NITPhOMe)2] MEMSUT 1.48 2.348 140.72 83.32 25 

[Gd(hfac)3(NITPh(OMe)3]2 (4) IPIDIV 1.46 2.358 135.86 91.96 26 
[Gd( hfac)3(NITpPy )] JOWBAY 0.89 2.383 138.00 82.65 24 

[Gd(hfac)3(NITPhOCH2Ph)2] KUPKIQ 0.62 2.342 138.15 81.41 27 
[Gd(hfac)3(NITPh-p-Cl)2] NIVQEO 0.62  2.354 143.20 89.95 28 
[Gd(hfac)3(NITPh)2] (5) FONMEA 0.61 2.327 141.10 92.37  29  

[Gd (hfac)3(NITiPr)(H2O)] JEYJUS 0.21 2.410 147.00 95.72 30 
[Gd(hfac)3(NITPhOEt)2] (6) KUPKEM 0.27 2.316 137.19 84.72 27 

[Gd(hfac)3(NITEt)2] SAJBEK 0.25 2.337 144.60 95.13 31 
[Gd(hfac)3(NITPhOC4H9)2] ZAYKOB 0.10 2.331 139.07 84.85 32 

[Gd(hfac)3(NITPh-Ph)2] XIBTAF 0.05 2.350 136.51 79.37 33 
[Gd(NITBzImH)2(NO3)3 ] PUZHON01 -0.80 2.365 136.38 32.96 19 

[Gd(NITBzImH)4](ClO4)3 (7) LODJET01 -1.80 2.352 140.52 12.80 19 
[Gd(hfac)3(IMPy)] XIVFOX01 -1.90 2.558a 116.67b 16.39f 23 

[Gd(hfac)3(IM2imH)] - -2.59 - - - 34 
[Gd(hfac)3(IMBzIMH)] WUPNOK -2.60 2.599a 115.00b 5.59f 23 
[Gd(hfac)3(IM -2py)] (8) XIVFOX -3 2.540a 127.29b 15.40f 35 
Gd(NITBzImH)2(NO3)3 PUZHON01 -4.05 2.405 132.36 39.10 19 

[Gd(hfac)3{2Py-NO}] (9) FINHUH -4.80 2.464 124.47 19.52 36 
[Gd(Hbpz3)2(dtbsq)] (10) DIQROK -5.7 2.349 119.14c 4.23e 14 

[{[(Me3Si)2N]2Gd(THF)}2 (µ-η2: η2-
N2)]- 

UTESUI -27 2.249a 143.52d - 37 

[Gd(hfac)3(NIT-3BrPhOMe)]n - - 2.385 145.40 91.30 38 

[Gd(hfac)3(l-TTF+COO)]2 - - 2.379-2.381 - - 39 
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There are numerous {Gd-2p} radical complexes reported in the 
literature and the reported complexes are enlisted in Table 1 with 
the estimated experimental J values. In these {Gd-2p} pairs, the 
Gd-O/N distances, Gd-O-N angles, Gd-O-N-C are the key 
parameters which are likely to influence the magnitude of the J 5 

values and these parameters for all thirty structures are also listed 
in Table 1. Out of these reported complexes, we have chosen ten 
different complexes where Js varies from strong ferromagnetic 
exchange to strong antiferromagnetic exchange. Thus our test set 
includes, six ferromagnetic complexes (complexes 1 to 6 in Table 10 

2 and Table 4) and four antiferromagnetic complexes (complexes 
7 to 10 in Table 3 and Table 5) where the J  is found to vary 
between -1.8 cm-1 to +5.9 cm-1.  
Description of the chosen models: The complexes 1-10 are 
chosen to understand the variation in the nature of exchange 15 

covering the range from strong ferromagnetic to strong 
antiferromagnetic interaction. In order to fulfil this purpose, we 
have selected wider diverse structures along with variable 
structural aspects incorporated within the complexes (both 
oxygen and nitrogen based radical systems). In the chosen set 20 

diverse radical ligands are co-ordinated such as nitronyl nitroxide 
with different substituents (bromine, methoxy, pyridine, ethoxy, 
benzoimidazole, (1-7)), imino nitroxide radical containing pyridyl 
unit (8), 2-pyridyl nitroxide (9) and semiquinonato radical ligands 
(10). A closer look at the Table 1 reveals that nitronyl nitroxide 25 

radicals always yield ferromagnetic interaction except in one case 
(complex 7) whereas other radical ligands always yield 
antiferromagnetic coupling. For complexes 1-7 {Gd-radical} one 
dimensional chains are reported and these are modelled as {Gd-
radical} dimer to probe particularly the {Gd-radical} interaction. 30 
46-48, 52, 53, 55, 58 The structure of the complexes studied here is 
shown in Figure 1. In all the complexes 1-10, the GdIII ion is 
eight co-ordinated and this has been maintained in modelling the 
{Gd-radical} pairs.  
Complexes 1-7 possess nitronyl nitoxide radicals with versatile 35 

substitution at the central C position. The Gd-O distances are  
found to vary in the range of 2.312 to 2.358 Å, the Gd-O-N 
angles are in the range of 131.9° to 141.1° and the Gd-O-N-C 
dihedral angle range from 12.80° to 95.72°. In complex 8, the 
imino nitroxide radical containing pyridyl unit is attached to GdIII 40 

with one N of imidazole ring connected to O (i.e. to form 
nitroxide). Here the nitrogen atoms are found to coordinate to the 
GdIII ions unlike in structures 1-7 where oxygen atom was found 
to coordinate to the metal ion. The Gd-N distance is found to be 
2.54 Å and this is much longer than the Gd-O distances found for 45 

structures 1-7. In complex 8, the radical NO centre is not directly 
coordinated to the GdIII ion and thus this structure is peculiar as 
the magnetic exchange propagated here is super-exchange in 
nature while in all other cases, a direct exchange is expected. In 
complex 9, a nitroxide radical is bridged to GdIII while in 50 

complex 10 a semiquinonato radical has bound to the GdIII ion. 
The Gd-O distances here are similar to that found in complexes 
1-7.  

Method Assessment for the evaluation of magnetic exchange 

in {GdIII-radical} systems:  55 

Effect of basis set on the estimation of exchange coupling 

constants: To test the effect of basis set on the estimation of J 
values, we have chosen all ten complexes described earlier and 
also have selected four different set up. The first set up comprises 
CSDZ ECP basis set for GdIII and TZV for the rest of the 60 

elements (BS-I), the second set up comprises all electron SARC 

basis set for the GdIII and TZVP for the rest of the elements (BS-
II), third set up comprises the same as BS-II but relativistic 
effects are incorporated using ZORA methodology (BS-III) while 
the fourth set up incorporates relativistic effects using DKH 65 

Hamiltonian on BS-II (BS-IV).  The computed results are 
summarized in Table 2 and 3. The BS-I set up, yield accurate 
estimation of J values reproducing the sign correctly in all ten 
cases tested and also predict the relative strength between the 
molecules correctly. The BS-II set up which lacks relativistic 70 

effect has not reproduced the sign correctly for all the 
ferromagnetic examples (1-6), while overestimate the 
antiferromagnetic Js (6-10). The BS-III set up improves the 
values obtained from BS-II and in many cases corrects the Js in 
the right direction, however still predicts wrong sign in two cases. 75 

The BS-IV set up is very similar to BS-III, also predicts wrong 
sign for two examples studied. This suggests that although GdIII 
is isotropic, the relativistic effects are important and needs to be 
incorporated in one way or another to obtain reasonable estimate 
of magnetic coupling. Among all the set up tested, the BS-I have 80 

the lowest Mean Absolute Error (MAE) while BS-II yields the 
highest value. This suggests that incorporation of relativistic 
effect via CSDZ ECP is superior over ZORA/DKH methodology 
and this also has advantage in terms of CPU timing, thus here on 
wards we continue to use BS-I set up. 85 

Effect of Exchange-correlation Functional on the estimation of 

Exchange coupling constants: Although the {Gd2N2} radical 
system was studied by us earlier51 using hybrid functional 
(B3LYP), a rigorous method assessment with new generation 
functionals such as double-hybrids have not been attempted. 90 

Earlier studies on GdIII based systems reveal that pure exchange-
correlation functionals fail to predict correct sign for {3d-4f}17 
and {Gd-Gd} dimers18 whereas the hybrid functionals generally 
yield good numerical estimate of the exchange interaction. To 
perform the method assessment on the chosen set of complexes, 95 

here we have chosen some GGA functionals (BP86,52 PBE53 
BLYP 52b,54, OLYP,55 PW9156), some hybrid GGA functionals 
(PBE0,53,57B3LYP52b, 54, 58), a meta-hybrid GGA (TPPSH57c, 59 ), a 
double hybrid functional  (B2PLYP60). In addition to this, we 
have also tested the B3LYP functional with 40 % HF exchange ( 100 

B(40%HF)LYP) and half-and-half functional 
(BHandHLYP54,58a,61) possessing 50 % HF exchange to probe the 
role of HF exchange in evaluating the J values. The computed J 
values are shown in Table 4 and 5. 
Performance of different functionals against the experimental Js 105 

is depicted in Figure 2 (see also Figure S1 and S2 of ESI). 
Computed standard deviation (SD) and the corresponding MAE 
59 values are given in Table 2-5. Our results reveal that except 
B(40HF)LYP and BHandHLYP functionals, all other functionals 
reproduce the sign of J values correctly in accord with the 110 

experimental observation. All the functionals shown in Fig. 2 are 
at the upper hand compared to experimental curve with the 
exception of complex 1 and 2. This suggests that unilaterally all 
the functionals tend to overestimate the ferromagnetic part of the 
coupling for both the ferro and antiferro set tested. All the five 115 

tested pure functionals tend to move further away from the 
experimental curve compared to other functionals. Among the 
tested pure functionals, BLYP and OLYP values are merely super 
imposable while the BP86, the PW91 and the PBE functionals 
offer distinctly different values. This suggests that the magnitude 120 

of exchange interaction is strongly correlated to the correlation 
part of the exchange-correlation functional. Among the tested 
pure functionals, the BLYP functional yields the lowest MAE for 
the entire test set. 

 125 
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Figure 1. X-ray structures of the complexes/models studied here (a) 1 (b) 2 (c) 3 (d) 4 (e) 5 (f) 6 (g) 7 (h) 8 (i) 9 (j) 10. (Colour Scheme: Gd=pink, 20 

C=grey, O=red, N=blue, H=yellow, F=brown, Br=fluorescent green).

The computed J values with TPSSH are an order of magnitude 
larger in many of the complexes leading to large deviation in the 
computed parameters (SD and MAE). Among the hybrid 
functionals tested both B3LYP and X3LYP predict the same 25 

trend as both the functionals have common LYP correlation while 
the values computed using PBE0 functionals are slightly 
overestimated.16,62 Among all the tested functionals Grimme’s 
double hybrid B2PLYP offers very good estimate of the 
exchange (lowest MAE value of 1.35) and is marginally better 30 

than the hybrid B3LYP functional (1.67). For most of the 
complexes the addition of perturbative correlation contribution 
corrects the J values in right direction and is robust compared to 
standard MP2 calculations which often fail miserably for such 
systems.63 A similar conclusion has also been derived earlier.64 35 

The following order of increasing accuracy has been detected in 
this work for the estimation of magnetic exchange for the {Gd-
radical} coupling B(40HF)LYP< BHandHLYP<TPSSH 
<PW91<PBE<BP86<OLYP<BLYP<PBE0<X3LYP<B3LYP<B
2PLYP. 40 

 

 

 

 

 45 

 

 

 

 

Figure 2.  Performance of different exchange-correlation functionals for 50 

the evaluation of J values. The experimental values for complexes 1-10 
are given in black circles connected by the solid black line. Refer to right 
side y-axis for the B(40%HF)LYP  and BHandHLYP functionals.  
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Table 2. Computed J values for complexes 1-6 and the SD and MAE values with respect to experimental values. 
 

         Table 3. Computed J values for complexes 7-10 and the SD and MAE values with respect to experimental values. 

 

 5 

 

 

    

 

 10 

 

 

 

 

Functionals                  1      2            3                   4                 5    6       Basis set Relativis. MAE 

J (cm-1) S.D J(cm-1) S.D J (cm-1) S.D J (cm-1) S.D J (cm-1) S.D J (cm-1) S.D.    
Exp 5.69 0 2.60 0 2.33 0 1.46 0 0.61 0 0.27 0    

B3LYP 3.91 0.89 4.94 1.17 4.31 0.99 4.03 1.29 2.71 1.05 3.28 1.51 Gd(CSDZ) and 
others (TZV) 

ECP 1.66 
 

B3LYP 
 

-6.47 3.23 -5.40 3.7 -6.96 3.48 -10.1 5.05 -6.33 3.17 -6.1 3.05 Gd(SARC) and 
others TZVP 

No 8.22 

B3LYP 
 

0.26 0.13 0.91 0.46 1.52 0.76 1.17 0.59 -0.69 0.35 -0.12 0.06 Gd(SARC) and 
others TZVP 

ZORA 3.25 

                
B3LYP 
 

0.16 0.08 0.80 0.40 1.32 0.66 1.04 0.52 -0.74 0.37 -0.13 0.07 Gd(SARC) and 
others TZVP 

DKH 2.21 
 

                

Functionals                  7                 8                     9                     10       Basis set Relativis. MAE 

J (cm-1) S.D J (cm-1) S.D J (cm-1) S.D J (cm-1) S.D    

Exp -1.8 0 -3 0 -4.796 0 -5.7 0    

B3LYP -1.28  0.26 -2.32 0.34 -3.66 0.57 -6.2 0.25 Gd(CSDZ) and 
others (TZV) 

ECP 1.66 

B3LYP 
 

-8.56 4.28 -3.36 1.68 -8.30 4.15 -22.91 11.46 Gd(SARC) and 
others TZVP 

No 8.22 

B3LYP -3.08 1.54 -4.16 2.08 -8.42 4.21 -10.80 5.4 Gd(SARC) and 
others TZVP 

ZORA 3.25 

B3LYP -3.60 1.8 -3.95 1.98 -8.02 4.01 -11.34 5.67 Gd(SARC) and 
others TZVP 

DKH 2.21 

Page 5 of 13 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



 

6  |  Journal Name, [year], [vol], 00–00 This journal is © The Royal Society of Chemistry [year] 

 

Table 4. Computed J values for complexes 1-6 and the SD and MAE values with respect to experimental J values.   

 

Functionals % of HF 

exchange 

                 1      2            3                   4                 5    6 MAE 

 J (cm-1) S.D J(cm-1) S.D J (cm-1) S.D J (cm-1) S.D J (cm-1) S.D J (cm-1) S.D.  

Exp  5.69 0 2.60 0 2.33 0 1.46 0 0.61 0 0.27 0  

B3LYP 20 3.91 0.49 4.94 0.65 4.31 0.55 4.03 0.71 2.71 0.58 3.28 0.83 1.67 

X3LYP 21.8 3.83 0.52 4.84 0.62 4.21 0.52 4.03 0.71 2.71 0.58 3.92 1.01 1.71 

PW91                           0 4.58 0.31 5.94 0.93 5.31 0.83 4.91 0.96 3.26 0.73 3.92 1.01 2.16 

BHandHLYP 50 -1.67 2.04 -0.59 0.88 0.13 0.61 -0.39 0.51 2.30 0.47 -1.87 0.59 4.32 

B(40HF)LYP 40 -5.41 2.67 -3.93 1.81 2.91 0.16 -3.20     1.29 5.81 1.44 -5.45 1.59 5.56 

TPSSh 10 6.3 0.17 7.57 1.38 6.77 1.23 6.28 1.34 4.64 1.12 5.40 1.42 2.86 

BP86 0 4.78 0.25 6.15 0.98 5.14 0.88 4.71 0.90 3.47 0.79 3.69 0.95 2.08 

PBE 0 4.63 0.29 6.03 0.95 5.38 0.85 4.69 0.90 3.30 0.75 3.67 0.94 2.14 

PBE0 25 4.48 0.34 5.52 0.95 4.83 0.69 4.52 0.85 3.11 0.69 3.76 0.97 1.82 

B2PLYP 53 3.53 0.60 4.17 0.44 3.54 0.34 3.36 0.53 2.08 0.41 3.28 0.83 1.35 

BLYP 0 3.78 0.53 5.06 0.68 4.49 0.60 4.15 0.75 2.64 0.56 3.20 0.81 1.85 

OLYP 0 4.1 0.44 5.45 0.79 4.74 0.67 4.38 0.81 2.89 0.63 3.54 0.91 1.88 
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Table 5. Computed J values for complexes 7-10 and the SD and MAE values with respect to experimental values. 
               

 5 

 

 

 

 

 10 

 

 

Functionals HF exchange (%) 7 8 9 10            MAE 

 J (cm-1) S.D J (cm-1) S.D J (cm-1)  S.D J (cm-1) S.D 

   Exp  -1.8 0 -3.0 0 -4.80  0 -5.7 0  

B3LYP 20 -1.28 0.14 -2.26 0.21 -3.66 1.93 0.32 -6.18 0.13 1.67 

X3LYP 21.8 -1.28 0.14 -2.32 0.19 -3.66 2.16 0.32 -6.20 0.14 1.71 

PW91 0 -0.58 0. 34      -2.06 0.26 -4.01 2.44 0.22 -7.20 0.42 2.16 

BHandHLYP 50 -5.81 1.11 -4.87 0.52 -10.53 2.18 1.59 -18.9 3.66 4.32 

B(40HF)LYP 40 -8.36 1.82 -7.07 1.13 -15.7 2.57 3.02 -29.3 6.55 5.56 

TPSSh 10 0.22 0.56 -2.28 0.20 -3.25 3.66 0.43 -5.37 0.09 2.86 

BP86 0 -0.18 0.45 -1.9 0.31 -3.75 2.71 0.29 -5.97 0.07 2.08 

PBE 0 -0.55 0.35 -2.05 0.26 -4.03  2.35 0.21 -7.24 0.43 2.14 

PBE0 25 -1.26 0.15 -2.41 0.16 -3.68 2.23 0.31 -6.01 0.09 1.82 

B2PLYP 53 -2.21 0.11 -2.15 0.24 -4.6 1.71 0.06 -6.4 0.19 1.35 

BLYP 0 -0.93 0.24 -2.03 0.27 -4.02 1.95 0.22 -7.36 0.46 1.85 

OLYP 0 -1.42 0.10 -2.24 0.21 -4.28 2.11 0.14 -7.52 0.50 1.88 
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Gd(III) 4f

Gd(III) 5d

J
A
F J

F

Gd(III) 4f polri.
Radical (π∗)

CTC Gd(III) 6s

Gd(III) 6p

The computed spin density values and the <S**2> values for 
complexes 1-10 with different functionals are listed in Table S3 of 
ESI. The magnitude of spin density on the GdIII ion is predicted to 
be larger than 7.0 by all functionals except BHandHLYP and 
B(40HF)LYP. A large spin density values on the radical centres 5 

were estimated by B2PLYP functional (in fact largest among all 
the computed functionals) compared to B3LYP and this suggests 
that B2PLYP offers more  localized description for the unpaired 
electron distribution and this in turn improves the estimate of J 
values (see ESI Figure S3).  10 

Mechanism of Magnetic coupling in {GdIII-radical} systems:  

To explore the mechanism which controls the nature of exchange, 
MO and NBO analysis have been performed in four complexes 2, 
5, 7 and 9. Generally the net exchange parameter (J) originates 
from the contribution of antiferromagnetic (JAF) and ferromagnetic 15 

(JF) part of the exchange and some clues into these individual 
contributions can be gained by analysing the MO and NBO 
orbitals. The antiferromagnetic part of J (JAF) is related to the 
overlap between the magnetic orbitals of the GdIII and the π* 
orbitals of the radical centre. If the orbitals are orthogonal this 20 

would then contribute to JF part. Besides the empty 5d/6s/6p 
orbitals,4f of the GdIII also participates in the mechanism of 
coupling as 4f orbitals are contracted and are generally inert in 
nature. Formally empty 5d/6s/6p orbitals of the GdIII ions gain 
partial occupation from the radical centre via charge transfer 25 

mechanism and this type of acceptor-donor interaction contributes 
solely to ferromagnetic part of the exchange. Apart from the 
charge transfer there are also other ways by which the empty 
orbitals gain electrons.65 The nature of the net exchange is usually 
decided by the dominant factor between the two terms. A generic 30 

mechanism of coupling incorporating all the above points is shown 
in Scheme 1 (see also Figure S4 of ESI).  

 

 

 35 

 

 

 

 

 40 

 

 Scheme 1. Schematic illustration of mechanism of magnetic 
coupling for a {GdIII-radical} pair.   

In the case of complexes 2 and 5, significant 4f-π* overlaps are 
detected with two significant interactions for complex 2 and three 45 

significant interactions for complex 5 (See ESI Table S1 for 
computed overlap integral values, see also see Table S2 of ESI). 
This suggests a larger JAF contribution for 5 compared to 2. NBO 
second order perturbation analysis reveals a significant radical 2p 
to 4f donations which contributes to JF part of the exchange. Some 50 

of the significant donor-acceptor interactions between the 
radical(2p)�Gd (5d/6s/6p) orbitals are shown in Figure 4 (also see 
Figure S4 of ESI). The stabilization energies for these interactions 
are found to be 19.27, 14.71, 10.08, 6.53, 6.26, 6.04 kcal/mol in 
the case of complex 5 and 12.41, 12.22, 11.46, 6.95, 5.38, 5.07 55 

kcal/mol for complex 2. This reveals a larger JF contribution for 5 
compared to complex 2. Thus our analysis suggests that complex 2 
has smaller JAF contribution and larger JF contribution compared to 
complex 5 and this leads to larger positive value for 2 (Jexp. 2.6 cm-

1 vs. 0.6 cm-1 for 2 and 5 respectively). The reasons for these 60 

differences are likely to be attributed to larger difference in the Gd-
O-N angles between these two structures (131.9 vs. 141. 1 for 2 
and 5 respectively)  

Similarly for complexes 7 and 9, three and five prominent 4f-π* 
overlaps are detected (see Table S3 and Figure S4 and S6-S9 of 65 

ESI). The JF contribution is found to be larger for 7 compared to 9 
as revealed by the NBO second-order PT energies. (25.30, 19.86, 
8.67, 6.17, 6.08 kcal/mol for 7 and 24.41, 9.66, 8.41 kcal/mol for 
9). Thus here complex 9 has larger JAF contribution and smaller JF 
contribution compared to complex 7 leading to larger AF coupling 70 

for complex 9 (Jexp. -4.8 cm-1 vs. -1.8 cm-1 for 9 and 7 
respectively). As we go from complex 2 to 9, the JAF contribution 
increases as the number of overlap integral values increase. At the 
same time the magnitude and the number of JF contribution also 
decreases. Thus, both these individual contributions readily 75 

explain the trend observed among these four complexes tested.  

 

 

 

 80 

 

 

 

 

 85 

 

Figure 3.  Computed spin density plots for the HS state of complexes (a) 
2 (b) 5 (c) 7 and (d) 9. 

The spin density plots of the high-spin state for all four complexes 
are shown in Figure 3 (for other complexes see ESI Figure S5). 90 

The spin density of the GdIII ion is found to vary from 7.03-7.04 
with a spherical spin density shape. All the atoms coordinated to 
GdIII are found to have negative spin densities except the radical 
ligand. This illustrates that the spin polarization mechanism is 
operational. The radical centres are not particularly localized to 95 

one atom but are completely delocalized on both the NO moiety 
via spin polarization (note that the central C1 carbon has 
significant negative spin density, see Figure 3) for the nitronyl 
nitroxide type radicals. For complex 9 both the coordinated O and 
the N atoms of the NO radical have equivalent distribution of spin 100 

a) b)

c) d)

C1
C1

C1

a) b)
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density and the pyridyl ring also gains significant spin density 
from the radical centre (see Figure 3d). The magnitude of spin 
density on the radical centres are diverse and are in the range of 
0.16 to 0.44 for the O-atom coordinated to the GdIII and as the spin 
density value increases the antiferromagnetic part of the J is also 5 

found to increase. 

 

 

 

 10 

 

Figure 4.  Second order perturbation theory computed donor-
acceptor NBO plot  for the HS state in complex (a) 2  between 
Gd(p-d hybrid) and radical (s-p hybrid) orbital and (b) 9 between 
Gd(p-d hybrid) and radical (s-p hybrid) orbital.  15 

 
Magneto-structural correlations:  
Magneto-structural correlations offer a way to relate the computed 
J values to a particular structural parameter and are very important 
to understand the trend observed among the given set of structures 20 

and also for futuristic design of such complexes. In the set of 
complexes studied the Gd-O distance and Gd-O-N angles are 
likely to play a decisive role in determining the sign and strength 
of the J values. Here we have developed magneto-structural 
correlation on complex 3 by varying the Gd-O distance and Gd-O-25 

N angle. As the Gd-O distance increases, the J values tend to 
become less positive (see Figure 5a). However incorporation of the 
experimental points suggest a scattered pattern revealing that Gd-O 
distance is unlikely to be a unique parameter to influence the Js.  
For the Gd-O-N angle, a parabolic behaviour was observed (Figure 30 

5b) where antiferromagnetic coupling was observed with larger 
Gd-O-N angles. The incorporation of the experimental point 
suggests a similar pattern although some of the experimental 
points deviate from the computed curve. To see if Gd-O and Gd-
O-N angle parameter are correlated with each other, we have 35 

developed a three dimensional correlation by varying the Gd-O 
distances as well as the Gd-O-N angles simultaneously (see Figure 
S10). This correlation also reiterates the point that the Gd-O-N 
parameter is strongly influencing especially for cases where 
magnetic behaviour switches from ferro to antiferromagnetic and 40 

this correlation is also not able to clearly predict the experimental 
trend.   
Apart from the Gd-O bond distance and the Gd-O-N bond angle 
parameters, we also found a large variation in the Gd-O-N-C 
dihedral angle among the reported clusters (See Table 1). To 45 

understand the effect of this parameter, we have developed a 
correlation using complex 9 (see Figure 5c) (Note here that steric 
crowding of the ligands present in complex 3 does not allow for a 
large variation of dihedral angles). The dihedral angle correlation 
follows the experimental trend better compared to other 50 

parameters. As a whole the developed magneto-structural 
correlations shows that no single parameter controls the nature of 
exchange interaction here, however both the bond angle and the 
dihedral angles effects are dominant in controlling the sign and 
nature of exchange interaction in this series.  55 

 
 
 

   
 60 

 
 
 
 
 65 

 
 
 
 

 70 

 

 

 

 

 75 

 

 

 

 

 80 

 

 

Figure 5.  Magneto-structural correlations developed by varying a) Gd-O 
distance b) Gd-O-N angle on complex 3 and c) Gd-O-N-C dihedral angle 
on complex 9. Black squares represent experimental points.  85 

 

Conclusions: 

Despite growing interest in {GdIII-radical} complexes over the 
decade, theoretical studies on these systems are still scarce. Here 
we have attempted to initiate this task by performing method 90 

assessment for the evaluation of magnetic exchange coupling 
constant. The conclusion derived from this work is summarised 
below, 
(i) Incorporation of relativistic effects are found to be important for 
the  GdIII ions for the computation of J values. Although this can 95 

be done using ZORA or DKH methodology, relativistically 
corrected ECP basis sets are found to yield the lowest error 
compared to experimental observations.  
(ii) The B2PLYP double-hybrid functional is found to yield very 
good numerical estimate of exchange coupling constant for all the 100 

ten complexes tested and this is followed very closely by the 
B3LYP functional. This suggests that addition of purturbative 
correlation energy improves the estimation of magnetic coupling in 
lanthanides and to the best of our knowledge, this is the first time a 
method assessment is being done for lanthanides using this new 105 

generation functional.  
(iii) Mechanism of magnetic coupling established reveal a direct 
exchange between the 4f orbitals of GdIII and the π* magnetic 
orbital of the radical ligands. The MO and NBO analysis reveal 
that the empty orbitals of the GdIII actively participate in the 110 

mechanism. Unlike in {Gd-3d} complexes where exclusively 5d 
orbitals are found to play a critical role, here all three 5d/6s/6p 
orbitals are found to play a role in mediating the exchange 
coupling.  
(iv) Magneto-structural correlations suggest that changes in bond 115 

distance are negligible whereas the bond angle and the dihedral 
angle predict correctly the ferro-antiferro magnetic trend. An 
overlay of the experimental data on top of the developed 
correlation however suggest a scattered picture revealing absence 
of unique structural parameter which controls the nature of the 120 

exchange for the {GdIII-2p} pair.  
 
To this end here for the first time we have attempted to perform a 
method assessment for reliable computation of magnetic exchange 
for {GdIII-radical} pair and have established the generic 125 

mechanism of coupling. Since coupling constants are intricate 
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2.3 2.4 2.4 2.5 2.5 2.6 2.6 2.7

-5

0

5

J
 (
c
m

-1
)

Gd-O (ÅÅÅÅ    )) ))

Cal
Exp

 

 

110 120 130 140 150 160 170

5

0

-5

Cal
Exp

J
 (
c
m

-1
)

Gd-O-N  (°°°°))))

 

 

0 10 20 30 40 50 60 70 80 90 100
-6

-4

-2

0

2

4

6

8

10

J
 (
cm

-1
)

Gd-O-N-C (°°°°))))

Exp
Cal

 

 

a) b) 

c) 

Page 9 of 13 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



 

10  |  Journal Name, [year], [vol], 00–00 This journal is © The Royal Society of Chemistry [year] 

parameters associated strongly with the distribution of unpaired 
spins, the outcome of this study has wider implications in the area 
of lanthanides, lanthanide-transition metals and lanthanide-radical 
chemistry.   
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