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As a monoatomic bridge, fluoride ion can transmit efficient magnetic interaction between lan-
thanide ions but its effect on tuning the magnetization dynamics has not been well understood.
Herein, two monofluoride-bridged dinuclear dysprosium complexes [Dy,F(bbpen),(EtOH),]Br-EtOH (1)
and [Dy,F(bbppy),;|Br-2EtOH (2) with Dy-F-Dy angles of ~178° and their diamagnetic-ion diluted ana-
logues 1"and 2" were synthesized. Magnetic studies reveal that 1 and 1° barely show any magnetiza-
tion dynamics, but 2 and 2° exhibit strong magnetization dynamics. Systematical experimental analysis
combined with ab initio calculations reveals that the different magnetization dynamics between 1 and
2 mainly originate from the effect of magnetic anisotropy by terminal ligand and bridging group of the
chelating ligand, and the fluoride bridge can effectively suppress the quantum tunneling of the magneti-
zation and turn on Orbach process in 2.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The promise of a revolution in ultrasmall bistable nanodevices
based on magnetic molecules relies upon understanding the struc-
tural factors governing the magnetization dynamics to achieve en-
hanced magnetic anisotropy [1-7]. As functional units, lanthanide
(Ln'") ions have the features of large ground state magnetic mo-
ment, strong spin-orbit coupling and ligand-field effect [8-10]. Tai-
loring the crystal field strength and coordination symmetry of
Ln!" center has been efficiently applied to obtain magnetically
anisotropic molecules [11-14]. The challenge to enhance the mag-
netic performance is from the complex relaxation pathways includ-
ing quantum tunneling of magnetization (QTM), direct, Raman and
Orbach processes, for which the key factors suppressing the fast
magnetization dynamics that induce the loss of the magnetizations
is still unclear [15-17].

Magnetic interactions between Ln!! ions influence the magne-
tization dynamic pathways [18-23]. Radicals have been demon-
strated to transmit strong magnetic coupling and suppress QTM
[19,24], but the synthesis of radical-based complexes is highly
challenging and most of the products are not air-stable, hindering
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their practical applications. As alternatives, monoatomic bridges
such as 02—, OH-, Cl-, and O/SR~ (R=alkyl, aryl) have been stud-
ied as non-radical bridges with relatively convenient synthetic con-
ditions [25-29]. However, fluoride ion, being the most electroneg-
ative species and hard Lewis base, has received limited attention
in this field [30]. Recently, the first report of Dy!!! complex bearing
terminal fluoride ligand with strong and highly electrostatic Dy-F
bond shows large axial crystal-field splitting and pronounced axial
magnetic anisotropy [31]. However, the fluoride-bridged lanthanide
complexes showing magnetization dynamics are still limited due to
the unmanageable coordination ability of F~ ion [32-39].

Herein, we report two lone F~ ion bridged dinuclear
Dyl complexes  [Dy,F(bbpen),(EtOH),|Br-EtOH (1) and
[Dy, F(bbppy),|Br-2EtOH (2) produced by the reaction of DyBrs
with Hpbbpen or H,bbppy ligand containing different bridging
groups in the presence of NH4F (Scheme 1). The Dy-F-Dy angles
are ~178° in both complexes. Antiferromagnetic interactions
between Dy jons in 1 and 2 were observed. 1 barely shows
any magnetization dynamics but 2 exhibits strong magnetization
dynamics with effective energy barrier (Uq) of 692 K and opened
hysteresis loops. Magneto-structural correlation studies reveal that
slight differences on the coordination sphere of Dy!! ions in 1 and
2 induced by terminal coordinated ethanol molecules and bridging
groups of the ligands lead to very different magnetic anisotropy.

1001-8417/© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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Scheme 1. Synthesis of 1 and 2. The circles indicate main difference on the coor-
dination structures.

Diamagnetic-ion dilution experiments demonstrate that F~ ion has
valuable function in suppressing the quantum tunneling of the
magnetization and turning on Orbach process in 2.

1 and 2 crystallize in monoclinic Cc and C2/c space groups,
respectively (Table S1 in Supporting information). Each unit cell
contains two crystallographically independent Dy'!! ions, which are
bridged by one fluoride ion to form binuclear structures with the
Dy-F-Dy bond angles of 177.9(5)° and 177.8(6)° and Dy'l...Dy'!' dis-
tances of 4.4892(11) and 4.4515(11) A for 1 and 2, respectively
(Fig. S1 in Supporting information). In 1, both Dy! ions are co-
ordinated with two oxygen and four nitrogen atoms from one
bbpen?- ligand, one fluoride ion and one ethanol molecule to
form octa-coordinated spheres (Fig. 1). The Dy1-Opppe, distances
are 2.190(13) and 2.278(14) A with the Opppen-Dy1-Opppen angle
of 151.3(5)° (Table S2 in Supporting information). The Dy2-Opppen
bond lengths are 2.204(12) and 2.290(12) A with the Opppen-Dy2-
Opbpen angle of 152.4(5)°. The Dy1-F and Dy2-F bond lengths are

2.231(9) and 2.259(9) A. The Dy-N distances range from 2.508(8) A
to 2.626(16) A. In 2, the Dy'! ions are surrounded by two oxygen
and five nitrogen atoms from one H,bbppy ligand and one fluoride
ion to form octa-coordinated spheres. The Dy1-Oyy,,, bond lengths
are 2.192(5) and 2.225(6) A with the Opppp,-Dy1-Oppppy angle of
149.5(4)°. The Dy2-Opyp,ppy bond lengths are 2.207(5) and 2.229(5)
A with the Opppp,-Dy2-Oppbppy angle of 149.9(2)°. The bond lengths
of Dy1-F and Dy2-F are both 2.226(4) A. The Dy-N distances are
2.523(6)-2.681(6) A. Although all Dyl jons are eight-coordinated
in both 1 and 2, they feature different coordination spheres raised
by the structural difference of the bridging groups of the ligands.
The coordination symmetries are close to biaugmented trigonal
prism (Cy,) for Dy jons in both 1 and 2 (Table S3 in Support-
ing information) [40,41]. The dinuclear units are further stacked to
form supramolecular networks via C-H---7 and hydrogen bonds in-
teractions with the nearest intermolecular Dy'l...Dy"" distances of
10.172(3) and 9.904(9) A for 1 and 2, respectively (Figs. S2 and S3
in Supporting information). The high phase purities of them were
confirmed by powder X-ray diffraction, elemental analyzes, ther-
mogravimetric analyzes, and infrared spectra (Figs. S4 and S5 in
Supporting information).

Direct current (dc) magnetic data at 1000 Oe dc field give
the room-temperature x T values of 27.49 and 27.45 cm?® K/mol
for 1 and 2, respectively (Fig. 2), close to the expected value of
28.34 cm? K/mol for two uncoupled Dy ions. Upon cooling, xmT
of 1 decreases gradually to a minimum of 24.78 cm3 K/mol at 12 K,
and then increases to 25.61 cm3 K/mol at 2 K. For 2, with temper-
ature reducing, xuT declines slowly to 25.53 cm3 K/mol at 16 K,
followed by a sudden drop to a minimum of 21.36 cm? K/mol at
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2 K. The decrease of x T indicates thermal depopulation of the
M; states and/or antiferromagnetic interactions [42,43]. The rise of
xmT for 1 at low temperature is related to the ferromagnetic dipo-
lar interactions between Dyl ions (see ab initio calculations be-
low). The magnetizations are 10.23 and 12.75 NS at 70 kOe and
2 K for 1 and 2 (Fig. 2 inset), lower than the theoretical saturation
value of 20 NS for two non-interacting Dyl ions [44].

Alternating current (ac) magnetic data were measured at
Hyq.=0 Oe to probe the magnetization dynamics. 1 exhibits very
weak frequency-dependent out-of-phase (x”) ac susceptibilities
above 2 K (Fig. S6 in Supporting information). For 2, in-phase (x’)
and yx” signals are frequency-dependent and peaks of x” signals
were observed, indicating magnetization dynamics (Fig. 3a, Figs. S7
and S8 in Supporting information). The relaxation times (7) were
yielded from fitting ac susceptibilities by the generalized Debye
model (Fig. 3b) [45]. The resulting « values in the range of 0.003-
0.034 indicate narrow distribution of 7. The fitting slopes n of 4.5
and 10.3 from the T vs. T-" plot in log-log scale indicate that Ra-
man process prevails in lower temperature range and Orbach pro-
cess dominates in higher temperature range (Fig. 3c) [46]. Hence,
the 7 values were fitted using Eq. 1 (Fig. 3d) [47]:

1 =CT™ + v, 'exp(—Ueg/ksT) 1)

where C and m are empirical term for Raman relaxation, 7 is pre-
exponential factor, and kg is Boltzmann's constant. The best fitting
resulted in Ugg/kg =692 K, Tg=3.37x 1011 s, C=4.45x 104 s~!
K=™ and m=4.4. The magnetic hysteresis loops of 2 show typical
characterization of exchange-bias SMM [27,48] and keep opening
to 5 K at a sweep rate of 20 Oe/s with coercive field of 118 Qe
and remanent magnetization of 0.24 NS at 2 K (Fig. S9 in Sup-
porting information). As field increases, the hysteresis loop opens
first and then narrows at Hcposs =~ 998 Oe (2 K, 20 Oe/s) because of
the level crossing between low-lying exchange-based states [49].
Rhombus-shaped curves are observed when the sweep rate in-
creases to 700 Oe/s.

To study the effect of magnetic interactions on magnetization
dynamics and single-ion contributions, ac susceptibility measure-
ments on the diamagnetic-ion diluted analogues 1° and 2" with
the Dy":Y! molar ratios of about 1:20 were performed. The x’
and yx” data of 1" are barely frequency dependent at Hy. =0 Oe
(Fig. S10 in Supporting information). The peak positions in plots
of x” vs. T at different frequencies of 2° emerge at the similar
temperatures with those of 2 (Fig. S11 in Supporting information).
However, the remarkable upturned tails below 10 K in x” vs. T
plots for 2” indicate prominent QTM. The x” vs. v plots at differ-
ent temperatures of 2 show one set of peaks signal due to the
similar coordination spheres of two crystallographic Dy'! ions (Fig.
S$12 in Supporting information). The 7 values were acquired by fit-
ting Cole-Cole plots (Fig. S13 in Supporting information). Linear fit-
ting of the temperature-dependent 7 in log-log scale gave slopes
of 0.2 and 3.7, suggesting that QTM and Raman processes are pre-
vailing in 2° (Fig. S14 in Supporting information). Using Eq. 2 to
fit the In(t) vs. T~ plot gave C=1.84 x 1073 s~1 K™ m=4.1, and
Tomm =0.51 s. Different from 2, 2° shows butterfly-shaped hystere-
sis loops up to 5 K with obvious zero-field magnetization loss (Fig.
S$15 in Supporting information). At 2 K and sweep rate of 20 Oe
s~1, the coercive field is 49 Oe and remanent magnetization is 0.25

Nﬂ.
=CT" + Ty (2)

To further understand the experimental magnetization dynam-
ics, complete-active-space self-consistent field (CASSCF) calcula-
tions on individual Dy!! fragments have been performed with
MOLCAS 8.4 and SINGLE_ANISO programs [50,51]. The energy lev-
els (cm~!), g tensors and m; components of the lowest eight
Kramers doublets (KDs) are provided in Tables S4 and S5 (Support-
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Fig. 1. The local coordination spheres of Dy" jons in (a) 1 and (b) 2.
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Fig. 3. (a) x” vs. v plots at Hyc =0 Oe and varying temperatures for 2. (b) Cole-
Cole plots for 2. The solid lines are fitting results by the general Debye model. (c)
Temperature-dependent relaxation times for 2 (log-log scale). The lines were fitted
by T =T to give n values. (d) The In(t) vs. T-! plots for 2.

ing information). The ab initio calculated electronic states of the
®H;s5), term of Dy'!! ions are shown in Fig. 4, where the transver-
sal magnetic moments in the ground KDs are all smaller than
102 pg. Hence QTM in the ground KDs could be suppressed. The
transversal magnetic moments in the first excited KDs of Dyl
fragments for 1 are close to 10! pg, allowing quick QTM. The
transversal magnetic moments in the first and second excited KDs
of Dy!" fragments for 2 are ~10~2 and 10~ pg, respectively. Hence,
rapid QTM would happen in the second excited KDs. The calcu-
lated Uy of individual Dy fragment in 1 and 2 are 283.6 cm™!
(408 K) (Dy1), 2551 cm~! (367 K) (Dy2), 532.2 cm~! (766 K)
(Dy1) and 524.7 cm~! (755 K) (Dy2), respectively. We also cal-
culated U (Fig. S17 in Supporting information) according to the
method put forward by Aravena recently (Supporting information)
[52-54].

The calculated principal magnetic anisotropy axes (g;) of the
Dyl sites lie along the shortest Dy-Oppeno direction (Fig. 5). The

included angles between the magnetic axes on Dyl ions are 172.6°
and 124.0°. The angles between the magnetic axes and Dy-F bonds
are 135.121° and 142.241° in 1, and 92.860° and 90.632° in 2.
Other angles are shown in Tables S6 and S7 (Supporting infor-
mation). The different angles between the magnetic axes and Dy-
F bonds and the bond lengths of them are related with the rel-
ative position and strength of the shortest Dy-Oppeno and Dy-F
bonds in the coordination spheres, which will influence the mag-
netic anisotropy of individual Dy ions and magnetic interaction
between them. The calculated ground g, are all ~20, suggesting
that the exchange interactions between Dy'! ions can be approxi-
mately taken as Ising type (Fig. S18 in Supporting information). The
dipolar magnetic couplings ];,,-p were calculated as 1.28 cm™! for 1
and -1.08 cm~! for 2, while exchange couplings J,,., were fitted by
comparing the computed and measured magnetic susceptibilities
using POLY_ANISO program [55,56]. The fittings are shown in Fig.
2 with f of —1.98 and —0.70 cm~! for 1 and 2, respectively [57].
The stronger antiferromagnetic exchange interaction in 1 should
relate to the larger included angle between the magnetic axes. The
rise of xuT for 1 at low temperature could be from ferromagnetic
dipolar interactions. Hence, the Dy'!...Dy"!l interactions within lines
model [58,59] are antiferromagnetic with J;,q =-0.70 cm~! for 1
and Jyorq =-1.78 cm~! for 2 (Table S8 in Supporting information).
The j;oml calculated from the crossing field Hcposss using the equa-
tion Heross = —Jrora/2828 is 1.85 cm~! for 2, consistent with the
POLY_ANISO results. The exchange energies and main values of the
g; for the lowest two exchange doublets are provided in Table S9
in Supporting information, where the g, of the ground exchange
states are 2.549 and 18.586 for 1 and 2, respectively.

Magnetization dynamic analysis and ab initio calculations in-
dicate that the magnetic anisotropy of 1 and 2 mainly originates
from the individual Dy!! ions, and hence the very different mag-
netic behaviors between them should relate to different coordina-
tion environments of Dy ions. The lengths of axial Dy-Oppenol CO-
ordination bonds of 1 are longer than those of 2, indicating weaker
axial crystal field of 1 than 2 (Fig. S1 and Table S2 in Support-
ing information). From ab initio calculations, the magnetic relax-
ation passes the first and second KDs of Dy!! jons in 1 and 2, re-
spectively. The calculated and experimental U, of 2 are close. The
absence of experimental Uy and frequency-dependent x’’ peaks
for 1 from ac susceptibility measurement may be related to the
coordination EtOH molecules that may induce adverse vibrational
modes accelerating t through barrier shortcuts [12,13].

By comparing the magnetization dynamics of 2 and 2", the role
that bridging F~ ion plays can be revealed. First, the more pro-
nounced upturned tails in x” vs. T plots at low temperatures (Figs.
S7 and S11 in Supporting information) and more steep steps in
hysteresis loops at around zero field (Figs. S9 and S15 in Support-
ing information) for 2" than that of 2 indicate faster QTM at low
temperatures for 2° than that of 2. Second, the peak positions in
x” vs. v plots at low temperatures for 2° emerge at higher fre-
quency than those for 2, revealing smaller 7 values or faster re-
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Fig. 4. The calculated electronic states of the 6H]5/2 term of (a) 1(Dy1), (b) 1(Dy2), (c) 2(Dy1) and (d) 2(Dy2).

Fig. 5. Calculated orientations of local main magnetic axes on Dy" ions in (a) 1
and (b) 2.

laxation rate of 2" than that of 2 according to t =1/2nv (Fig. S16
in Supporting information). Furthermore, no effective energy bar-
rier was obtained in the testing temperature and frequency range
for 2because the Orbach process may appear in higher temperature
and frequency range.

In summary, two fluoride-bridged dinuclear Dy" complexes
with antiferromagnetic interactions between Dy jons were syn-
thesized and display different magnetic behaviors. 1 is paramag-
netic but 2 exhibits strong magnetization dynamics with Uugs of
692 K at Hy.=0 Oe, the highest value reported to date for F~
ion bridged complexes. Structural analysis combining with theo-
retical analysis reveals that the replacement of terminal ethanol
molecules by the pyridine groups in the coordination spheres of
Dy!!l ions leads to different magnetic anisotropies in 1 and 2. Im-
portantly, our result reveals that F~ ion as bridging ligand can
form short coordination bond and transmit magnetic interaction
between Dy!!! ions which can efficiently suppress QTM at low tem-
peratures and facilitate the observation of Orbach process in 2. This
work highlights the importance of using fluoride ion as bridge to
suppress fast magnetization dynamics and may provide a new way
for the development of multinuclear lanthanide complexes with
tailored magnetic performance.
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