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Abstract: Employing radical bridges between anisotropic
metal ions has been a viable route to achieve high-perform-
ance single-molecule magnets (SMMs). While the bridges
have been mainly considered for their ability to promote
exchange interactions, the crystal-field effect arising from
them has not been taken into account explicitly. This lack of
consideration may distort the understanding and limit the
development of the entire family. To shed light on this aspect,
herein we report a theoretical investigation of a series of N -

radical-bridged diterbium complexes. It is found that while
promoting strong exchange coupling between the terbium
ions, the N3 -radical induces a crystal field that interferes
destructively with that of the outer ligands, and thus reduces
the overall SMM behavior. Based on the theoretical results,
we conclude that the SMM behavior in this series could be
further maximized if the crystal field of the outer ligands is
designed to be collinear with that of the radical bridge. This
conclusion can be generalized to all exchange-coupled SMMs.

Introduction

Single-molecule magnets (SMMs) are compounds that display
magnetic hysteresis at the molecular scale.!" They are promising
candidates for future information storage,”* spin qubit” and a
variety of other spin-based devices.®'” However, their magnetic
hysteresis is mostly observed at low temperature. In order to
achieve any practical applications based on SMMs, the blocking
temperature (Tg), whose definition is the highest temperature at
which the hysteresis is observed, has to be raised significantly.
For the last two decades, due to the intensive efforts of
multidisciplinary research, T, has been lifted from 2 K*' to
80 K.

Enhancing the exchange coupling between magnetic cen-
ters has been a promising approach to increase the blocking
temperature.>'? It has been reported that the blocking energy
barrier (U, of lanthanide (Ln) complexes is proportional to the
exchange coupling between the Ln ions.”” The exchange
coupling can be enhanced through a covalent metal-metal
bond, which has been shown in several dimetallofullerenes (di-
EMFs).2"=% Among all di-EMFs, monolayers of Tb,@Cg,(CH,Ph)
have shown the highest blocking temperature of 28 K"

On the other hand, the exchange coupling can be
promoted through a radical ligand bridging Ln ions. There are
several radical-bridged dilanthanide complexes showing nota-
ble SMM behavior.*****? However, in 2016, a theoretical
investigation of a series of N} -radical-bridged lanthanide
complexes™’*® indicated that the exchange from the radical
bridge indeed decreases the SMM behavior of the complexes
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because the local crystal field (CF) of the Ln ions is not axial
enough.” Following this work, in 2017, a series of complexes
containing the same Ln*"-N3"-Ln®" magnetic core was
synthesized.”® The outer ligands were substituted by cyclo-
pentadienyl ligands (Cp), which have been well-known for the
ability to deliver the strongest axial CF for oblate ions.”"
Nevertheless, it was shown last year that despite of using such
ligands, the axiality and overall SMM performance of the
complexes are only moderately improved.® Within the present
computational investigation, we aim at shedding light on the
origin of this discrepancy.

For this reason, it is of interest to evaluate the strength of
the CF splitting induced by individual ligands in this N3 -
radical-bridged diterbium complexes and find their individual
role for the magnetic axiality. To achieve that, ab initio
calculations are performed on [(CpY**'Tb),(u-N3)I~ (Cp¥*'=
tetramethylcyclopentadienyl)®” (1-Tb) (Figure 1(a)). The sur-
rounding ligands are divided into two groups: the first group
contains the Tb ion and two Cp ligands (denoted by 1-Cp)
(Figure 1(b)), while the second group contains the Tb ions and
N3~ radical (denoted by 1-N) (Figure 1(c)).

Results and Discussion

The CF of the Tb ions is described by the following
Hamiltonian:**

kq

where B] is the CF parameters and O] (J) is the Steven operators
of rank k=2,4,6 and projection |g| < k. The computed CF
parameters are illustrated in Table 1 while the CF splitting of
the ground J = 6 multiplet is shown in Figure 2 and Table S1. It
is noted that the two fragments 1-Cp and 1-N both generate

© 2022 Wiley-VCH GmbH


http://orcid.org/0000-0003-4207-3307
http://orcid.org/0000-0001-5015-4225
https://doi.org/10.1002/chem.202200227
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fchem.202200227&domain=pdf&date_stamp=2022-04-13

Chemistry
Europe

European Chemical
Societies Publishing

Research Article

Chemistry—A European Journal doi.org/10.1002/chem.202200227

Figure 1. Molecular structures of (a) 1-Tb, (b) 1-Cp, (c) 1-N, and (d) 2-Tb. Red
dashed line indicates the magnetic anisotropy axis while green and blue
dashed lines are the directions of the CF of 1-Cp and 1-N, respectively. In (d),
cyan, blue, and red spheres represent Tb, N and O atoms, respectively.
Hydrogen atoms are omitted for clarity.

large CF splitting, even larger than the splitting of the entire
1-Tb compound. Furthermore, the tunneling splitting (Ay.)
within the ground Ising doublet is lower in both 1-Cp and 1-N
compared to that of 1-Th. These results lead to the conclusion
that the CF effects of both the ligand groups add up
destructively for the magnetic axiality in the full compound. The
analysis of the CF parameters in Table 1 indicates that the axial
parameters of both 1-Cp and 1-N are dominant when they are

written in the basis of their own local anisotropy axes. However,
the CF parameters of 1-Cp written in the coordinate system of
the entire compound gives rise to many large nonaxial
components, for example, e.g. B2,B), B, B;, etc. (the first
column in Table 1) that certainly diminish the axiality of the
entire 1-Tb unit.

To explain this destructive effect of the Cp ligands, it is
noted that the magnetic anisotropy axis of 1-Tb is collinear
with that of 1-N. It is due to the fact that the CF strength
exerted by the N3~ radical on the Tb ions is slightly stronger
than that of the Cp ligands. The N3~ radical develops a larger
electrostatic effect, due to a larger charge, as well as stronger
covalent effects, due to a shorter chemical bond. The stronger
CF effect of the radical can be viewed in the larger splitting of
the ground J = 6 compared to that induced by the Cp ligands
(Figure 2). In addition, according to the crystallographic in-
formation file of 1-Tb,*” the Tb—N bond lengths are around
2.22 A that are much smaller than those between the Tb and C
atoms in the Cp rings in 1-Cp (2.65A to 2.77 A). Thus, the
anisotropy axis is expected to align towards the radical because
the anisotropy axis of oblate ions is usually aligned towards the
closest atom.” These rationalizations are also confirmed by the
ab initio calculations (red dashed line in (Figure 1(a)). Hence,
the N2~ radical is the dominant ligand defining the orientation
of the anisotropy axis of the Tb centers. Since the two Cp
ligands provide CF effect perpendicular to the magnetic
anisotropy axis of the Tb ions (Figure 1), they diminish the

Table 1. Ab initio computed crystal-field parameters (B,7 ) and tunneling splitting within the ground CF Ising doublet (2,,) for the two model fragments
1-Cp and 1-N and for the entire compound 1-Tb and 2-Tb in the coordinate system of the ground exchange state (red axis in Figure 1). The CF parameters
of 1-Cp in the coordinate system of its own ground anisotropy axis are illustrated for comparison.
k q 1-Cp 1-Cp™ 1-N 1-Tb 2-Tbh
2 0 4.88 —1.28x10™" —1.14x10"" —-9.16 —2.71x10™"
4 0 4.33x1073 1.18x107? 1.41x107? 8.76x1072 5.28x1072
6 0 220x107° —3.70x107° —6.24x107° 1.38x107° —3.28x107*
2 -2 —9.11x107" 2.07 7.30x107" 291x107" —1.73x107?
2 -1 9.30% 107" -1.01x10"" —1.07x10"" 8.52x1072 6.50x107*
2 1 —3.22 531x1072 2.27 3.51%x107" 9.41x107"
2 2 —2.05x10™" —9.17x107" 1.09%x 10" —-2.73 —9.10x107"
4 —4 4.94x1073 —452x107* 1.84x107° 541x107° —3.39%x10™*
4 -3 —2.05%x107* 3.76x107° —9.81x107* 2.50x107* 241x107*
4 -2 —7.19%x107* —7.88x1073 —4,03%x1073 —2.83%x107° —1.75x107*
4 -1 —1.04x1073 1.14x1073 —5.40x10™* —-131x1073 —1.34x107°
4 1 —835%x107° —1.28x107* —1.44%x1072 —4.15%x107° —2.67%x1072
4 2 —3.09%107? 3.34x107° —6.51x1072 —1.39%1072 —2.74%x107?
4 3 1.78x1072 449x1073 8.20x1072 1.13x1072 2.32x1072
4 4 4.60x1072 439%x107* 1.36x1072 426%x1072 —1.16x1072
6 —6 —1.15x107° 1.03x10™° 2.77x10°° 3.52x10°° 1.15x107°
6 -5 —6.16x107° 6.39x107° -7.32x107° 2.88x10°° —7.88x107°
6 —4 1.49x107° —1.98x10°° —232x10°° —2.65%x107° —1.50%x107°
6 -3 1.06x107° —4.72x107° 4.73x107° 8.39x10°° —4.50%x107°
6 -2 —1.71x107° -1.16x107° 9.37x10°° 1.39x107° 3.26x1077
6 1 —8.20%x107° —1.97x107° 1.88x107* —3.10x10°° 9.80x10™*
6 2 —2.50%x107* 1.69x10° 6.40x107* —1.61x1077 9.51x107*
6 3 4.00x107° —3.53%x10° —6.33x107° —541x107° —441x107*
6 4 227x107* —5.88x10°° —1.72x107* 1.18x107* —7.48x107*
6 5 —1.60x107* —6.60x10° 5.69%x107° 5.18x107° —3.56x107°
6 6 1.90x107° —1.54%x10°° 1.24x107° 3.56x107* 517x107*
2.03x107° 2.03x107° 7.72x1073 493x1072 537x107°
Amn
[a] The CF parameters of 1-Cp quantized along its own local anisotropy axis (the green axis in Figure 1(b)).
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Figure 2. Calculated energies of the ground J-multiplet of the Tb ions
(em™").

magnetic axiality of the Tb ions and lower the performance of
the whole complex.

Since the above CF analysis demonstrates that the CF
perpendicular to the Th**-N3"-Tb’* axis reduces the axiality, a
promising alternative is to provide CF parallel to the axis. To
testify this alternative, a hypothetical model [(OTb),(u-N3)1~
(2-Tb) (Figure 1(b)) is constructed in which each pair of the Cp
ligands is substituted by an O®" ion collinear with the Tb ions.
We understand that such a model compound is not quite
realistic in the chemical sense; however, we use it to exemplify
the role of the collinearity in the CF generated by all the
ligands. Based on the knowledge learnt from this model, some
chemically feasible approaches to improve the SMM perform-
ance in this family are provided in the conclusion section.

The comparison between the CF parameters of 1-Tb and
2-Tb is illustrated in Table 1. Keeping the Tb-Tb axis as the
main quantization axis, it is highlighted that the second rank
axial CF parameter BS of 2-Tb is nearly three times greater than
that of 1-Tb; the other axial parameters of the former are
around an order of magnitude larger than the latter. Addition-
ally, the nonaxial components of the former are much smaller
than the latter. In Figure 2 and Table S1, the energy gap
between the two lowest doublets in 2-Tb is more than twice as
large as in 1-Tb; the total splitting within the ground J-multiplet
of the former is also around threefold the latter. The tunneling
gap in the ground doublet in 2-Tb is reduced by nearly four
orders of magnitude. Therefore, it is certain that by making the
CF of the outer ligands collinear with the CF generated by the N
3 radical, the axiality of the Th centers is drastically enhanced.
In contrast with the Cp ligands in 1-Th, the O*" ions in 2-Tb
provide CF parallel to that of the magnetic core; thus, both of
them tend to align the anisotropy axis in the same direction. In
other words, by this approach, the CF competition in 1-Tb
becomes the CF cooperation in 2-Th.

On the basis of the obtained CF states, the exchange levels
are calculated by the following exchange model:"**%>

H = H; + He,, ®)
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from the electron delocalization between Ln*" and N3, and H.,
describes the exchange interaction between them. The summa-
tion over i = 1,2 represents the interaction between the Tb
ions and the radical. Jyy 0 (even k) and Jy,y (odd k) are
exchange parameters with rank k up to 7 and projection |q| up
to 5; 1 and S are the unit and spin operators of the radical,
respectively; Of (J;) is the Steven operator.

The local CF states modified by H., are given in Table S3.
The calculated exchange levels are illustrated in Figure 3 and
Table S4-S6. Interestingly, in 2-Tb, the admixture between the
ground and excited CF states in the four lowest exchange
doublets is suppressed. Compared to 1-Tb, the rate of quantum
tunneling mechanism (QTM) in 2-Tb is significantly reduced by
eight orders of magnitude as the matrix element within the
ground doublet in 2-Tb is lowered by four orders of magnitude.
The element connecting the ground and first-excited levels in
2-Tb is also an order of magnitude smaller than in 1-Th.
Therefore, at low temperature, the magnetization is expected to
relax via the fourth level, doubling the blocking energy barrier
via the first-excited one, owing to the exclusion of the CF
excited states in the exchange admixture as predicted in
Ref. [49]. On the other hand, the rate of temperature-assisted
QTM between —7 and +7 states is in the same order of
magnitude with that between —2 and +2. Hence, there may
exist another relaxation path that is —1, —4, —6, —7 then to the
other side of the diagram reaching to the blocking energy of

more than 750 cm™".

Conclusion

In this work, based on the ab initio computational investigation
of the N3~ -radical-bridged diterbium compounds, the interplay
between the CF exerted by different ligand groups was
analyzed. It was found that the N3~ radical exerts a strong CF
effect on the Tb ions, even stronger than that of Cp ligands,
forcing the ground-state magnetic anisotropy to be nearly
collinear with the Tb**-N3"-Tb®" axis. Furthermore, the CF
generated by Cp and N}  ligands add up destructively,
perturbing the magnetic axiality of the Tb centers. The reason
for this is the nearly perpendicular alignment of these two
ligand groups.

When the dominant CF effects of the outer ligands and of
the bridging N3~ radical are made collinear, the on-site CF
splitting of the ground J-mulitplet is strongly enhanced because
of the addition of the axial parameters, while the QTM of the
ground exchange doublet is suppressed due to the reduction of

© 2022 Wiley-VCH GmbH

85UB017 SUOWWOD dAIIID) 3|t jdde au A pauseoB ae apile YO 9sn J0 SN 10} AIq 1T BUIUO AB]IM UO (SUONIPUOI-PUR-SLUBIALID" A 1M ALe1q) U1 |UO//:SdNL) SUOIPUOD PUe SWS 1 3 35 *[9202/50/02] Uo AriqiT auliuo 48| ‘2lodebus JO AIsieAlun [euoieN Aq £2z2002Z02 Weyd/Z00T 0T/I0p/wod A8 | Ake.q i puljuoado.ns-Ans ey sdny woay papeojumoq ‘o¢ ‘Zjoz ‘S9LETZST



Chemistry
Europe

European Chemical
Societies Publishing

Research Article

Chemistry—A European Journal doi.org/10.1002/chem.202200227

(a)
£ () 1-Tb

<4 600
<+ 400

<4 200

4.-200

+4--400

1
L] 1] 1 4
18 12 -6 0 6 12 18 w{up)
Th** Th3*-N§~-Th3*

(b)
E (em™) 2-Tb

4 600
4 400 Wi T- 1 T+

<4 200

=+-200

L L [ L L [l L
T

L] L]
18 12 6 0 6 12 18 klup)
Th3+ Th:”—fo—Tb’“

Figure 3. Magnetization blocking diagrams in (a) 1-Tb and (b) 2-Tb. Purple bands demonstrate CF doublets and green bands are exchange levels. Gray dotted
lines with gray percentages show the admixture of the CF doublets to the exchange levels. Blue dashed lines represent the rate of the (temperature-assisted)
quantum tunneling mechanism. Red and orange arrows indicate the first and second possible relaxation paths of magnetization, respectively. Blue and red

numbers are the matrix elements of transition magnetic moment.

the nonaxial components. This conclusion can be generalized
to all exchange-coupled SMM:s.
For this particular Ln**-N3"-Ln’* series, two promising
solutions to improve the SMM behavior are:
¢ to align the outer ligands so that their dominant CF effect is
collinear with the Ln®*-N3"-Ln’* axis,

¢ to replace the Cp ligands by other ligands, which hold a very
weak CF effect, for example, N-bonded or I-bonded,
preferably neutral. In this case, the dominant CF axiality will
arise from the N3~ radical.

It is noteworthy that in the development of radical-bridged
polynuclear SMMs, the radical has been mainly considered for
its ability to promote exchange interactions. On the other hand,
the CF effect arising from the radical has not been taken into
account explicitly. It was shown in this work that the micro-
scopic picture of the local CF of the Tb ions is not correctly
interpreted unless the CF of the N~ radical is considered.
Therefore, in order to achieve better radical-bridged polynu-
clear SMMs in the future, not only the exchange strength but
also the CF effect of the radical must be examined carefully.

Finally, it is predicted that the ultimate SMM performance of
exchange-coupled compounds involving anisotropic ions linked
by radicals could be obtained when the radicals induce CF
collinear with the magnetic anisotropy axis while the magnetic
exchange is ferromagnetic***® instead of the currently domi-
nant antiferromagnetic. As an example, for this purpose, the
energy of the magnetic orbital of the radical must be made in
resonance with the 6 s/5d orbitals of the lanthanide (which are
more diffuse and able to promote ferromagnetic exchange by
making use of the high-spin (Hund) intermediate term in the
electron transfer process), such that the Goodenough mecha-
nism becomes operative.*” Besides, the ferromagnetic config-
uration is favored by the dipolar magnetic coupling between
collinear alignment of the local magnetic moments. To

Chem. Eur. J. 2022, 28, €202200227 (4 of 6)

demonstrate this effect, a simulation of the exchange spectra of
2-Tb using the Lines exchange model with ferromagnetic
interaction J = 420 cm™' shows a barrier height of more than
1200cm™' (see Figure S1). In addition, the advantage of
ferromagnetic exchange and CF collinearity has been observed
in some dimetallofullerenes.®®***¥ Recently, a mixed-valence
(Cp™*),Dy,l; (Cp™" =pentaisopropylcyclopentadienyl)) complex
exhibiting both of the properties has set the record 100-s
blocking temperature of 72 K®" Thus, the prediction in this
work is strongly supported by these novel experimental results

Computational Methods

Ab initio calculations were performed in the MOLCAS 8.4
program.®*? The molecular structure of 1-Tb was rotated and
translated so that the exchange core possesses D,, symmetry."”
The Tb atom on the left was substituted by the analogous Lu** ion.
The ANO-RCC-VTZP basis sets®! were employed for all the atoms. A
point charge of —0.5 e was placed on each N atom to mimic the
electrostatic effect from the unpaired electron in the N3~ radical.
Spin-free wavefunctions were computed in the CASSCF module
with the active space consisting of 8 electrons in 7 4f orbitals.
Subsequently, the spin-orbit coupling was included in the RASSI
module®™ mixing the full energy spectrum of Tb®" ion, that is, 7
septet, 140 quintet, 588 triplet, 490 singlet states. Based on the
spin-orbit wavefunctions, the CF parameters and energy levels of
the ground J-multiplet were calculated by using the SINGLE_ANISO
module.®*® Finally, the exchange interaction is taken into account
by means of the superexchange model® which has been
implemented in the POLY_ANISO module.©”%"
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