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The first triradical bridged binuclear penta-spin single-molecule magnet,
[Dy,(hfac)e(BTR)], based on a nitronyl nitroxide triradical was synthesized
and characterized. Theoretical calculations revealed Dy-radical anti-
ferromagnetic coupling and radical—-radical ferromagnetic coupling.
The SMM behavior is found to originate from the exchange states,
rather than the isolated Dy** center.

In molecular nanomagnets, such as SMMs (single-molecule magnets)
and SIMs (single-ion magnets), lanthanide ions (Ln>") have attracted
great interest due to their large intrinsic single-ion magnetic ani-
sotropy originating from unquenched orbital angular momentum
and strong spin-orbit coupling.! In addition, exchange coupling also
plays an important role in the magnetic properties of SMMs,>
especially lanthanide SMMs (Ln-SMMs).>* Enhancing the exchange
interactions between Ln>* ions is a promising strategy towards better
performance Ln-SMMs, by providing the bias field on the adjacent
Ln*" ions. This bias field can efficiently shift the tunnel resonances of
the Ln*" centers to new positions, thus lessening the quantum
tunneling relaxation processes.> However, the 4f electrons are
shielded effectively by the outer-shell 5d and 6s electrons, which
usually leads to weak interactions between Ln*" ions and limited
blocking temperatures (Tgs) in multinuclear Ln®* clusters, despite the
high energy barriers (Uyss) for some of the Ln** clusters.”

To transmit strong magnetic coupling, radical bridging
ligands are ideal candidates, as their diffuse orbitals can
penetrate the outer-shell electrons of the Ln*" ions, causing

“State Key Laboratory of Coordination Chemistry, Collaborative Innovation Center
of Advanced Microstructures, School of Chemistry and Chemical Engineering,
Nanjing University, Nanjing, 210023, China. E-mail: wangxy66@nju.edu.cn

b liangsu Key Laboratory of Biofunctional Materials, School of Chemistry and
Materials Science, Nanjing Normal University, Nanjing, 210023, China.

E-mail: weithaiyan@njnu.edu.cn

¢ Jiangsu Key Laboratory for NSLSCS, School of Physical Science and Technology,
Nanjing Normal University, Nanjing 210023, China.

E-mail: zhangyiquan@njnu.edu.cn

1 Electronic supplementary information (ESI) available: Structure information in

detail, powder XRD spectra, calculation details and additional magnetic figures.

CCDC 1835455. For ESI and crystallographic data in CIF or other electronic

format see DOI: 10.1039/c8cc04739a

9726 | Chem. Commun., 2018, 54, 9726-9729

Zhao-Xin Xiao,” Hao Miao,” Dong Shao,

' ROYAL SOCIETY
OF CHEMISTRY

Single-molecule magnet behaviour in a
dysprosium-triradical complexy

2 Hai-Yan Wei, (2 *° Yi-Quan Zhang () *°

an efficient exchange coupling.™® By combining the organic radicals
and the lanthanide metal centers, various interesting Ln-SMMs have
been reported.” The representative work is on the N, radical
bridged lanthanide SMMs by Long et al.* Combination of the high
magnetic anisotropy of Tb** ions with strong magnetic coupling
transmitted by the N,>~ radical results in a considerable Tj of 14*
and 20 K* with moderate Uy values of 227 and 276 cm
respectively. Additional interesting examples include Ln-SMMs with
different radical bridges, such as bpym* ™, tppz*>~ and HAN®*.%®

In addition, because of their great stability under ambient
conditions and ease of chemical modification, nitronyl nitroxides
(NIT) have played a prominent role in the design and construction of
molecular nanomagnets,” such as the first single-chain magnets
(SCMs)*® and the SCMs with very high Ues.”” Besides, the NIT
radicals have also been used to construct SMMs and a handful of
examples of the NIT coordinated Ln-SMMs have been reported.®”'°
Previously, we designed a bis-bidentate pyrimidyl-substituted NIT
radical (NIT-2-Pm) and synthesized the first NIT-bridged Co, SMM*'*
and a series of Ln*" (Ln*" = Tb, Dy, Ho, Er) compounds with the
Ln-NIT 4f2p two-spin and Ln-NIT-Ln 4f2p-4f three-spin motifs.
Among them, slow magnetic relaxation was observed in all the
Ln-NIT compounds and the Dy-NIT-Dy compound.’*” The Dy-
NIT-Dy compound is a rare NIT bridged multinuclear lanthanide
compound possessing SMM-like behaviour.

Inspired by these results, we continue our work on the NIT
bridged Ln-SMMs. Here, we employed a known stable triradical
based on 1,3,5-benzenetricarboxaldehyde (2,2',2"-(benzene-1,3,5-
triyl)tris(1-hydroxy-4,4,5,5-tetramethyl-4,5-dihydro-1H-imidazole-
1-oxyl-3-oxide), BTR, Fig. 1), hoping to increase the nuclearity
and performance of the NIT bridged Ln-SMMs. Although BTR has
been reported for almost 30 years, there is discrepancy in the
results of its magnetic properties in only two reports.'” This might
be due to the lack of a pure crystal sample of the compound.
Furthermore, a related coordination complex based on BTR has not
been reported up to now. In this work, we reported a new binuclear
penta-spin Dy** complex [Dy,(hfac)s(BTR)] (1, hfac = hexafluoro-
acetylacetonate). This is the first coordination compound based
on this triradical ligand. Slow magnetic relaxation under a zero

This journal is © The Royal Society of Chemistry 2018
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Fig. 1 Triradical BTR with three bidentate pockets.

external dc field was observed for 1, which makes it the first
triradical bridged SMM.

Dark blue single crystals of 1 were synthesized from
Dy(hfac);-2H,0 and BTR with a mole ratio of 3:1 in the mixed
solvents of heptane and CH,Cl, (see the ESI}). Its purity was
confirmed by PXRD spectroscopy and elemental analysis
(Fig. S3, ESIt). Single crystal X-ray diffraction revealed that 1
crystallizes in the monoclinic space group P2/c (Table S1, ESIT).
As shown in Fig. 2, 1 possesses a binuclear butterfly-like
structure where the triradical BTR behaves as a bis-bidentate
ligand chelating two Dy™ ions through the oxygen atoms of the
N-O groups to form a penta-spin system. In the structure, there
is only one unique Dy*" ion, which is eight coordinated by
6 oxygen atoms from three hfac anions and other 2 oxygen
atoms from the BTR ligand. The average Dy-O (nitroxide) bond
distance is 2.444 A, while the Dy-O (hfac) bond lengths are in
the range of 2.317(6)-2.379(5) A. The coordination geometry of
the Dy** ion can be described as a biaugmented trigonal prism
(Cay), as suggested by the continuous shape measure para-
meters (CShMs) calculated using Shape 2.1 (Table S3, ESI{)."®
As for the BTR ligand, the N-O bond lengths are in the range of
1.288(7) and 1.316(7) A, indicating the existence of the NIT
radicals. Due to the steric effect, the central benzene ring and
all three ONCNO planes are all twisted with the torsion angles
being around 27° and 36°, which actually opens up the coordina-
tion pockets to the Dy** ions. As can be seen from the packing
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Fig. 2 Molecular structure of 1, together with the labeled exchange
coupling constants.
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diagram (Fig. S2, ESIt), the Dy, clusters are well isolated with no
obvious intermolecular m-m stacking and hydrogen bonding
interactions.

The direct current (dc) magnetic susceptibility of 1 was
measured to be 1 kOe (Fig. S4, ESIt). At room temperature,
the ymT value is 30.50 cm® K mol ™", slightly higher than the
expected value of 29.47 cm® K mol ™" for two Dy*" ions (g = 4/3,
J=15/2) and three radicals (g = 2, S = 1/2). Upon cooling, the y,T
value decreases gradually to a minimum of 27.65 cm® K mol " at
45 K, and increases quickly to a maximum of 42.27 cm?® K mol "
at 4 K followed by a sudden drop to 41.50 cm® K mol " at 2 K.
This complicated y\7 curve is probably due to the presence of
different types of magnetic interactions (ferromagnetic and
antiferromagnetic) and also the thermal depopulation of the
Dy*" m; levels. In addition, the field dependent magnetization at
2 K (the inset of Fig. S4, ESIt) shows a rapid increase at low fields
and increases continuously to 16.67 N at 70 kOe. This value is
close to the expected value of 17 NP if the Dy** ions are
antiferromagnetically coupled to the NIT radicals and the three
NIT radicals are ferromagnetically coupled (2 x 10 Nf — 3 x 1
NB = 17 NB). This is actually confirmed by the theoretical
calculations (vide post).

The dynamic magnetic properties of 1 were investigated
using alternating current (ac) susceptibility measurements.
Frequency dependent out-of-phase signals (") were observed
under a zero dc field (Fig. 3a), suggesting its SMM behaviour.
Unfortunately, no peaks of the y” were observed due to the
possible quantum tunnelling of magnetization (QTM), which
can usually be efficiently suppressed by a dc field. The optimum
dc field was determined by performing the ac measurements
under various dc fields (0 to 4500 Oe) at 2 K (Fig. S5, ESI). As
can be seen, a frequency dependent ac peak appears under a dc
field of 600 to 1500 Oe. From these data, Cole-Cole plots
(Fig. S6, ESIT) were constructed and fitted by the generalized
Debye model,'* giving the field-dependent relaxation time t
(Table S4, ESIt). The slowest relaxation was found at 1000 Oe,
which was chosen as the optimum dc field for ac measurements
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Fig. 3 Temperature dependence of the in-phase (y’) and out-of-phase
(") parts of the ac magnetic susceptibilities in zero (a) and the optimum
1 kOe (b) dc fields with H,. = 2 Oe.
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at different temperatures (Fig. 3b and Fig. S7b, ESI}). Relaxation
time t and its distribution « at different temperatures were
obtained following the same procedure as above (Table S5, ESIT).
The obtained « values are in the range of 0.120-0.150, indicating
the narrow distribution of t. Fitting the relaxation time data
from 1.8 to 2.5 K to the Arrhenius law t = 1y exp(Ueg/ksT) gave an
energy barrier U of 17.6 cm™ ' (25.3 K) with the pre-exponential
factor 1, being 2.6 x 10”7 s (Fig. 4).

To gain further insight into the exchange interaction and
magnetic anisotropy of 1, complete-active-space self-consistent
field (CASSCF) calculation was performed on the X-ray deter-
mined structure fragment (see the ESIt for details). The energy
levels, g tensors, and m; values of the lowest eight Kramers
doublets of the Dy** centers were obtained and are listed in
Table S6 (ESIT); and the directions of the anisotropy axes at the
two Dy’" sites are shown in Fig. S9 (ESI). As we can see, the
ground Kramers doublet has an Ising character with m; values
of £15/2. The energy gaps between the ground and the first
excited states are only 20.9 cm ™", which is very small compared
with many Dy""-based SMMs. Of course, each state in Table S6
(ESIf) indicated by the predominant m; value is actually
composed of several my; states, rather than a pure one. The m,
components for the lowest two doublets are shown in Table S7
(ESIt), where the ground state is mostly composed of m; =
+15/2 state, but the first excited state is a mixture of several m;
states with a dominant +3/2 state.

From the calculated magnetic properties of the Dy ion, the
exchange interaction between the spin centers is considered
within the Lines model."” To avoid over-parameterization, we
ignored all the next-nearest interactions and considered only
the important three types of exchange pathways (Fig. 2) using
the following Ising exchange Hamiltonian:

Heen = — 2']1 <SDy1Sradicall + SDyISradicaIZ

+ SDy2 Sradical 1+ SDyZ SradicaB >
-2/ (S radicall Sradical2 + Stadicall S| radicul3>
- 2J3Sradica12Sradical3

Ji represents the Dy™-radical Ising exchange coupling constant,
and j, and j; represent the radical-radical exchange couplings with
respect to the pseudospin Sp, = 1/2 and Sradica = 1/2, respectively.

H, =1kOe
H,=20e

U,=176cm’

7,=26x107s

2 0.40 [ 055

1‘0 3 1 15 45 0.50
Zy' | cm’mol” AL

Fig. 4 (a) Cole—Cole plots from 1.8 to 2.5 K, the solid lines represent the
fitting using the generalized Debye model, and (b) Arrhenius plot with the
fit to the Arrhenius law.
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The program POLY_ANISO'® was used to fit the magnetic suscept-
ibilities of 1 through comparison of the computed and measured
magnetic susceptibilities. The calculated and experimental yyT
versus T plot is shown in Fig. S10 (ESIt). We can see that the fit
is generally good with a slight deviation, which might be due to the
fact that the Dy"™ ion cannot be completely regarded as the Ising
type considering that the ground g, is a little far from 20.* The best
fitting of the data gave J; = —15.0 cm ', J, = 12.0 cm™ " and J; =
13.5 em™ ' (with an intermolecular interaction z/' = 0.08 cm ™).
The negative J; suggests the antiferromagnetic (AF) Dy™-radical
interactions, while the j, and J; values indicate the ferromagnetic
radical-radical interactions, consistent with the previous report.'*”
As the three NIT radicals in the BTR ligand are in the meta position
of a benzene ring, the ferromagnetic interaction can be explained
by the spin-polarization effect.”” In addition, the exchange
interactions can also be estimated by BS-DFT calculations.
The radical-radical exchange couplings were calculated in a
model compound using diamagnetic Lu™ ions to replace Dy’
ions (see details in the ESIT). The obtained j, and j; values are
9.3 and 9.1 cm ', respectively, which are close to the above
results with the Lines model.

For the origin of the relaxation barrier, we believe it is from the
whole exchange coupled cluster, rather than from the isolated Dy**
ion. Firstly, the calculated energy gap between the ground and the
first excited states is quite small, which usually leads to much
smaller Ugs in the Ln-SMMs. We calculated the magnetic blocking
barrier of the isolated Dy** ion in 1 (Fig. 5a). The calculated
transverse magnetic moment between the ground £15/2 doublets
is already very significant (0.03 ug), therefore allowing a fast QTM.
Then, with the coupling constants obtained above, the exchange
energies for the lowest sixteen exchange doublets of 1 were
calculated (Table S8, ESIT). The energies of the first and second
excited exchange doublets are 16.3 and 18.1 cm ™, respectively. The
magnetic blocking barriers of the exchange states were also calcu-
lated and are shown in Fig. 5b. We can see that the transverse
magnetic moment between the ground exchange states is very low
(3.0 x 107° ug). The relaxation path involves the second exchange
excited states with an energy of 18.1 cm™ ", which is close to the

experimental U value of 17.6 cm™ .

a b) s
) 400 1172 == —+112 ) & 16— —+16
-] +15
3509 40 .uJ.L —tli13
A= —i2
004 35
[ T— ] ) B . L QT
2509 30
Ea ~ gl —i8i7
‘= 200 12 +172 T s 6= 416
< T2 —+712 2
1504 n 20
1604 92— —2 15
-132=— ( —+1312 1o
50 B i
04 1512 — 3 +15/2
2 9 % 3 0 3 6 9 1 21-18-15-12 9 6 -3 0 3 6 9 12 15 18 21
M (ng) M (1)

Fig. 5 Magnetization blocking barriers for the single Dy** center (a) and
the exchange states (b) in 1. The thick black lines represent the doublets as
a function of their magnetic moment along the magnetic axis. The green
lines correspond to the diagonal quantum tunnelling of magnetization
(QTM); the blue lines represent the off-diagonal relaxation process. The
numbers at each arrow stand for the mean absolute values of the
corresponding matrix element of transition magnetic moment.
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Finally, we noticed that the Ug of 1 is quite low, compared
with the Ln-radical SMMs reported in the literatures.*””®
This behaviour should be mainly due to the weak single-ion
magnetic anisotropy of the Dy*" center in 1, as revealed by the
small energy gap between the ground and the first excited
states. This might originate from the averaged negative charge
distribution of the coordination atoms of Dy** from three hfac
anions and two O atoms from BTR. In contrast, for the radical
bridged Ln-SMMs, especially those bridged by N,*~, bpym® ™,
tppz®~ and HAN®* radicals from Long’s group, the Ln** ions
are usually bicapped by two organic capping ligands, like Cp*
and Cp™***! (Cp* = pentamethylcyclopentadienyl) and (Cp™* =
tetramethylcyclopentadienyl).*”® These Ln*" ions usually exhibit
strong magnetic anisotropy. In fact, the starting materials
[Cp*,Ln(BPh,)] also exhibit quite high U.gs (216 and 331 cm™*
for Tb and Dy compounds, respectively).'® We believe that
combining these starting materials with the NIT radicals will
also lead to SMMs of high energy barriers.

In summary, we reported here the first example of a triradical
bridged SMM. Theoretical calculations revealed the easy-axis
magnetic anisotropy of the Dy** ion in this compound. In addition,
the Dy*"-radical interactions were found to be antiferromagnetic,
and radical-radical interactions are ferromagnetic. The energy
barrier of this SMM is found to originate from the exchange states,
rather than from the isolated Dy** center. Although the nitronyl
nitroxide triradical in the current compound only coordinates to
two Dy’ centers, this ligand is very promising for the construction
of molecular magnetic materials of different structures and magnetic
properties, such as compounds of higher nuclearity containing
different spin centers with 3d, 4f and 3d-4f combinations.
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