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Breaking the axiality of pentagonal—bipyramidal
dysprosium(in) single-molecule magnets with
pyrazolate ligands¥

’ '.) Check for updates ’

Cite this: /norg. Chem. Front., 2020,
7. 4367

Zi-Han Li, Yuan-Qi Zhai, Wei-Peng Chen, Qian-Cheng Luo, Tian Han 2 and
Yan-Zhen Zheng (&' *

A range of pyrazolate-based ligands have been used to balance the multidentate-chelating feature and
the magnetic axiality in “destroyed” pentagonal-bipyramidal (DPB) dysprosium(i) single-molecule
magnets (SMMs). This family of complexes are air-stable and share the general formulae of
[DyX1X2(Leq)5][BPh4], where X* and X? are the anionic axial ligands, including pyrazolate-based ligands and
chloride; Leq is the equatorial solvent molecule such as tetrahydrofuran (THF), pyridine (py) and thiazole
(NS). Compared to the prototype PB SMMs, the bidentate-chelating features of the pyrazolate ligands
show, albeit slow magnetic relaxation behavior, a much smaller energy barrier for magnetization reversal
(Uetr). Static electronic calculation shows that the magnetic axiality above the ground mj; = +15/2 states
has been much reduced, leading to the mixing of other states at higher levels. Nevertheless, this systema-
tic study reveals that the variation of the substituents on the pyrazolate ligands and the replacement of
planar solvents are effective at influencing the magnetic relaxation behavior. We found that the chloride
coordinating mono-pyrazolate complexes, such as [DyX'CI(THF)s][BPh,] (X' = 3-(trifluoromethyl)pyrazole
(tfpz) 1, X' = 3-methylpyrazole (Mepz) 2, X' = 3-isopropyl-1H-pyrazole (Iprpz) 3, X! = 3,5-dimethyl-
pyrazole (Me,pz) 4, X' = 3,5-diisopropylpyrazole (Ipr.pz) 5, and X! = pyrazole (pz) 6, generally show lower
Uetr, While bi-pyrazolate complexes, such as [Dy(tfpz),(THF)sI[BPhs]l 7, [Dy(pz),(THF)sI[BPhyl 8,
[Dy(pz)2(py)slBPhal-2py 9 and [Dy(pz).(NS)sl[BPh,] 10, show higher Ueg. Among them, 8 shows the
largest U of 521(8) K and a comparable open hysteresis temperature of ~5 K (at a field sweeping rate of
12 Oe s7Y) with 9 and 10. The enhanced blocking temperature for 8 is different from that for the PB Dy(i)
SMMs in which the py ligand can cause a much higher hysteresis temperature than the one coordinated
with THF due to the aromatic n—x interactions, indicating that the bis-bidentate-chelating Dy(i) ion is
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rigid enough to reduce the influence from the equatorial ligands. Moreover, substitution with electron-
withdrawing groups such as the “CFz group reduces Ueg prominently. Such a clear magnetostructural
correlation in Dy(in) SMMs is fundamentally important, indicating that a subtle balance between magnetic

rsc.li/frontiers-inorganic axiality and molecular rigidity is critical to design high-performance Dy(i) SMMs.

story of dysprosocenium-type SMMs, which progressively
enhances the blocking temperature (7g) to above the liquid
nitrogen temperature (77 K).” The dysprosium(m) ion has been
recognised as one of the most excellent candidates for high-
performance SMM design because of the very large magnetiza-
tion moment arising from the oblate electrostatic potential of
the °H, s/, state.’®* This also implies that the ligands play an
important role in enhancing the magnetic anisotropy of the

Introduction

The development of high-temperature single-molecule
magnets (SMMs) requires not only a high energy barrier (Ues)
for magnetization reversal,"”” but also high stiffness to reduce
the Raman process.® This is the essence behind the successful
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Dy’" ion.”>™° Other than the inherent electrostatic property
vibrations around the magnetic centre also affect significantly
the dynamics of the magnetic moment. In particular, the
Raman process which is compactly associated with
molecular vibrations contributes to the fast magnetic
relaxations.?*">* Hence, the reduction of molecular flexibility is
also critical.
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The use of n-cyclopentadienyl (Cp) and its derivatives suc-
cessfully possesses these two virtues.”*>” The Cp-based
ligands provide six n electrons with a penta-dentate-chelating
feature to strengthen the molecular rigidity. Hence, the Cp-
based Dy(ur) SMMs show much higher Ty though their U is
just comparable to that of another family of high barrier
SMMs - the pentagonal-bipyramidal (PB) family of Dy(u)
SMMs.** 2 The latter suffers the uni-coordinating point on
the axial position of the PB geometry, which is not firm
enough to reduce the vibration caused Raman process.
Though a recent strategy by using the intra/inter
molecular n-n stacking interaction proves to be successful,® it
is interesting to know whether using chelating ligands on
the axial position of the PB geometry is effective at reducing
the molecular vibration while maintaining the magnetic
axiality.

This needs to be balanced. As we can see when the carbon
rings are larger than five, such as n-arene (n°-C4Ry),** n-cyclo-
heptatrienyl (n-C,R;),** n-cyclooctatetraenyl (n®-CgRg)*> ! and
n-cyclononatetraenyl (n°-CoRo),*! the magnetic axiality is not
retained like the cyclopentadienyl does. From an electrostatic
standpoint, it could be argued that aromatic organometallic
ligands with binding sites larger than n® cannot effectively
stabilize the oblate electronic surface of the M; = +15/2 state of
the Dy(m) ion. Larger aromatic rings are more favorable for an
electronic surface with prolate features, such as Er(m)."> For
this consideration we would not use larger-size chelating
ligands.

The pyrazole ring is one of the easiest and most flexible
N-donor heterocycles to incorporate into polydentate ligand
structures. Its deprotonated pyrazolido ion ([pz]”) can bind up
to metal ions “end-on” through its N1 and N2 in n* mode,
which may keep the balance between molecular vibration and
magnetic axiality. Here we first try the bidentate pyrazole-
based ligands to replace the mono-dentate alkoxide/phenoxide
ligands in the PB system. The resulting ten complexes share
the general formulae of [DyX'X”(Ley)s][BPh,], where X' and X*
are the anionic axial ligands, including pyrazolate-based
ligands and chloride; Lq is the equatorial solvent molecule
such as tetrahydrofuran (THF), pyridine (py) and thiazole (NS).
We found that the chloride coordinating mono-pyrazolate
complexes, such as [DyX'CI(THF);][BPh,] (X' = 3-(trifluoro-
methyl)pyrazole (tfpz) 1, X' = 3-methylpyrazole (Mepz) 2, X" =
3-isopropyl-1H-pyrazole (Iprpz) 3, X' = 3,5-dimethylpyrazole
(Me,pz) 4, X" = 3,5-diisopropylpyrazole (Ipr,pz) 5, and X" = pyr-
azole (pz) 6, generally show lower Uy, while bi-pyrazolate
complexes, such as [Dy(tfpz),(THF);5|[BPh,] 7, [Dy(pz),
(THF)s][BPhs] 8, [Dy(pz):(py)s][BPhs]-2py 9 and [Dy(pz),
(NS)5][BPh,4] 10, show higher Uy Compared to the prototype
PB SMMs, this family of complexes shows much smaller U,
which we believe is due to the broken Ds;, symmetry and
hence, reduced magnetic axiality, which is confirmed by the
ab initio calculations. Except for the obvious electron-with-
drawing effect on the axial pyrazolate ligands, the equatorial
solvent molecules have much less influence on the magnetic
properties of this series of complexes, indicating the success
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of a strong bi-dentate-chelating effect from the pyrazolate
ligands.

Results and discussion
Syntheses and structures

These ten complexes were prepared by two routes (Scheme 1).
Complexes 1-6 were prepared by the reaction of DyCl; in THF
with one equivalent sodium salt of pyrazolate ligands and
NaBPh,. Complexes 7-10 were prepared by an analogous pro-
cedure of 1-6 except for adding two equivalents of the sodium
salt of pyrazolate ligands (see the ESI for details). The final
products are stable under ambient conditions.

The structures were analysed by single crystal X-ray diffrac-
tion (Fig. 1e-j). Complexes 1-6 comprise a mononuclear cation
[DyXCI(THF)5]", a charge-balancing anion BPh,~, one dis-
ordered THF and water molecules (for 4-6). The coordination
geometry about dysprosium can be envisioned as “destroyed”
pentagonal-bipyramid (DPB) with five THF donor oxygen
atoms in the equatorial plane, one N-N bond and one chloride
in the axial positions. If the centroids of the nitrogen-nitrogen
bonds of the n*-pyrazolate ligands are considered, the DPB
structure is formed.”>** The five equatorial Dy-O bond lengths
range from 2.382(3) to 2.493(6) A, which are a little longer than
the axial Dy-cen(N-N) bonds (2.303(5) A for 1, 2.235(5) A for 2,
2.232(3) A for 3, 2.233(5) A for 4, 2.238(5) A for 5 and 2.242(5) A
for 6. The Dy-Cl bond lengths fall in the range of 2.608(1)-
2.623(2) A and the Cl-Dy-cen(N-N) angle ranges from
175.80(2)° to 177.94(6)° for 1-6, displaying an essentially linear
coordination of the negatively charged donor atoms. The
nearest-neighbour equatorial O(THF)-Dy-O(THF) angles lie
between 70.31(13)° and 73.44(13)°, highlighting the pseudo-
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Scheme 1 Synthetic route for complexes 1-10.
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Fig. 1 Crystal structures of the [DyX1X2(Leq)5]+ cations in complexes 1-10 (labelled as a to j, respectively). Solvent molecules and hydrogen atoms
are omitted for clarity. Colour codes: Dy, bright green; N, blue; O, red; F, turquoise; Cl, green; C, grey, S, yellow.

Cs, symmetry. Due to the large size of the tetraphenylborate
anion, the metal centre is well isolated with the closest inter-
molecular metal---metal separations ranging from 8.009 to
8.328 A (Fig. S3-58t). The selected bond distances and angles
for 1-6 are listed in Tables S1-S6.F

The central Dy(m) ions in complexes 7-10 are formally nine-
coordinate with two pyrazolate ligands bound by their nitrogen
atoms in n’>-fashion in the axial position instead. For 7, the tri-
fluoromethyl pyrazolate ligands are used and the average
Dy-cen(N-N) is 2.306(5) A and Dy-O(THF) bond lengths range
from 2.421(3) to 2.531(3) A. The cen(N-N)-Dy-cen(N-N) angle
is almost linear (178.71(9)°), while adjacent O(THF)-Dy-O
(THF) angles lie between 72.23(3)° and 73.06(7)°. These values
are very close to the ideal angle (72°) for pentagonal bipyrami-
dal geometry. When trifluoromethyl pyrazole is replaced by
pyrazole, complex 8 is formed, which has a shorter average
Dy-cen(N-N) of 2.283(8) A. The cen(N-N)-Dy-cen(N-N) angle
is 174.23(27)° and the O(THF)-Dy-O(THF) angles lie between
70.7(2)° and 75.5(2)°, giving a DPB geometry (Fig. 2). When
planar THF molecules are substituted by pyridine and thia-
zole, complexes 9 and 10 are formed, respectively. The axial
average Dy-cen(N-N) is 2.289(6) A for 9 and 2.300(1) A for 10.
The cen(N-N)-Dy-cen(N-N) angle is 177.66(22)° for 9 and
175.16(37)° for 10, while N(pyridine)-Dy-N(pyridine) angles
lie between 69.77(10)° and 76.52(10)° and N(thiazole)-Dy-N

This journal is © the Partner Organisations 2020

Fig. 2 The side and top view of the DPB polyhedron of 8. Colour
codes: Dy, bright green; N, blue; O, red; centroid of N=N, white.

(thiazole) angles lie between 69.58(14)° and 78.29(14)°, respect-
ively. The shortest Dy---Dy separation for complexes 7-10 is
similar, ranging from 9.947(7) A to 11.466(3) A (Fig. S9-S127).
The selected bond distances and angles for complexes 7-10
are listed in Tables S7-S10.}

Magnetic characterization

The temperature dependence of magnetic susceptibilities
under 1000 Oe dc field was analysed. At room temperature, for
all compounds, the yy,T products (in emu K mol ™) are in good
agreement with the expected value of 14.17 emu K mol ™" for
free Dy(w) ions (S = 5/2, L = 5, g = 4/3). Upon cooling, the y\T

Inorg. Chem. Front., 2020, 7, 4367-4376 | 4369
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curve decreases steadily below 150 K before rapidly decreasing
below 30 K for all ten complexes, which reflects thermal
depopulation of the my sub-levels (Fig. S13 and S14t). The
field-dependent magnetizations reach values in the range of
5.20-5.60up per Dy(u) ion for all complexes at 2 K. The unsa-
turation values indicate the presence of anisotropy in all com-
plexes. Low temperature magnetization studies also show a
distinction between complexes 1-6 and 7-10. Complexes 1-6
show a simple increase in M(H), while 7-10 show S-shaped
curves at 2 K suggesting a frozen effect (Fig. S15 and S16+).
Alternating current (ac) susceptibilities were measured in
the frequency range of 1-1218 Hz (Fig. 3 and S17-S35+). Under
zero dc field, only very small tail of out-of-phase (y”) ac suscep-
tibility signals could be observed above 2 K for 1, which is
possibly caused by a strong QTM effect, while other complexes
show obvious frequency/temperature dependent in-phase (y')
and out-of-phase ac susceptibility signals. At a frequency of
1218 Hz, the maximum signal occurs between 16 K and 34 K
for complexes 2-10, where the maximal temperature (34 K) is
found for 8, suggesting that 8 may possess the highest barrier.
Cole-Cole plots were constructed from these data and fitted
to the Debye model (Fig. $36-548t).** The relaxation times 7
were plotted versus T~'. For complexes 2-5 and 7-10, the plots
are nearly-linear at high temperatures, slow curvature at inter-
mediate temperatures and show temperature-independence at
the lowest temperatures. A model including three possible

T T
;| 10 100 1000

Wave Frequency | Hz

Fig. 3 Frequency-dependent in-phase (upper) and out-of-phase
(lower) ac susceptibility of 8 in zero static field.
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relaxation processes (QTM, Raman and Orbach mechanisms)
was employed to analyze the relaxation.

L CT™ + 1yt exp(—Uet/T) (1)

In this equation, C and n are parameters of the Raman
process and 7qry is the rate of the quantum tunneling of mag-
netization (QTM). In the higher temperature regime, the
Orbach relaxation process is dominant, acting as a thermally
activated regime, while the Raman process makes a major con-
tribution at intermediate temperatures and the QTM process
appears when the temperature is below 10 K.

The curves were all fitted with eqn (1) and the key magnetic
fit parameters are given in Table 1. We found that it is possible
to fit the data of complex 1 using only the Raman process by
the equation

-1
T = TQT™

=CT". (2)

The best Raman fit gives C = 0.045(2) s™* K™" and n = 5.55
(3). While

T =CT" + 19 " exp(—Ues/T) (3)

with Orbach and Raman processes used for 6, giving C =
0.011(2) and n = 2.83(4). Among the complexes with a halide on
the pseudo five-fold axis of the DPB (complexes 1-6), complex 6
possesses the highest U value of 470(5) K. Complexes 7-10
have U.g values between 380(5) and 521(8) K. The barrier for 8
appears largest at 521(8) K among all ten complexes.

To confirm the magnetization blocking, zero-field cooled
and field cooled (ZFC-FC) magnetic susceptibility measure-
ments were carried out with 2000 Oe dc field. The ZFC-FC
plots show a divergence at about 4.5 K for 8-10 (Fig. 4a, S49
and S507). The magnetic hysteresis shows butterfly shapes up
to 5 K for 8-10 with a sweep rate of 12 Oe s~ (Fig. 4b, S51 and
S52t). These phenomena confirm the presence of a ground
state QTM process at low temperature.

Magneto-structural correlations

The effects on the anisotropic barriers of the Dy(i) complexes
by substituting terminal ligands with varying electron-with-
drawing substituents have been reported previously.*” As we
sequentially modify the axial pyrazolate ligands and equatorial

Table 1 Experimental energy barriers (Ue¢), and key magnetic fit para-
meters for complexes 1-10

Complex Ue/K  74/s ClsTP K™ n/s TQrm/S

1 — — 0.045(2) 5.55(3) —

2 205(2) 5.45(3)x 107 8.0(1) 2.31(3) 0.0012(2)
3 313(4) 8.96(3)x 107" 2.40(4) 2.30(3)  0.0026(4)
4 360(3) 2.70(1) x 107" 0.25(3) 2.90(8) 0.014(3)
5 270(8) 1.50(2)x 10™°  0.15(1) 3.02(5)  0.15(1)

6 470(5) 2.00(5)x107'°  0.011(2) 2.83(4) —

7 380(5) 1.87(4)x 107" 0.62(1) 2.02(2)  0.0033(4)
8 521(8) 9.05(5) x 10°**  0.021(6) 3.01(4) 0.12(5)

9 470(6) 8.50(3)x 107>  3.5(2)x107"  4.13(5) 4.55(4)
10 444(4) 8.20(4)x 107> 0.0049(5)  3.77(3) 0.55(4)

This journal is © the Partner Organisations 2020


https://doi.org/10.1039/d0qi00906g

Published on 21 Waysu 2020. Downloaded on 07/02/2026 10:52:20 PM.

Inorganic Chemistry Frontiers

a) 35+

w
(=]
1
A
N

N
3]
1

0\0

3 -1
Z.,/ em” mol

N

o

1

OIJ
1.5
3 —o—FC
\ —a—7FC
1.04 0\0\‘\0
T——

o
3
1

b)

—o—5K

M/,

T ML B e
-15 -10 -5 0

H/KkOe

o -
o
[

Fig. 4 (a) FC (black) and ZFC (red) magnetization plots for 8. (b)

Magnetic hysteresis loops for 8 between 2 K and 5 K with a field sweep-

ing rate of 12 Oe s,

solvents, while keeping the DPB geometry for the central Dy(u)
ions, a potential magneto-structural correlation may be
obtained for this series of complexes.

Complex 1 relaxes fast with a questionable “barrier”. By
comparing 1 with 2-6, we found that as the Dy-cen(N-N) dis-
tance increases by adding electron-withdrawing substituents
(Tables S1-S67), the U.g decreases. The increased bond dis-
tance between the terminal ligand and the Dy(i) centres indi-
cates a weaker ligand field acting on the Dy(u) ions. For com-
plexes 2-5, in which the substituents are composed of alkyls,
the Dy-cen(N-N) distances and the Cl-Dy-cen(N-N) angles are
similar, indicating less electron-pushing effect (Fig. 5). Among
this mono-pyrazolate series, complex 4 gives the highest
effective energy barrier of 360(3) K (Table 1), which is probably
due to the shorter Dy-cen(N-N) distance and the straighter Cl-
Dy-cen(N-N) angle.

Similar to 1, 7 has a lower U value than other three com-
plexes in the second series of complexes due to the introduc-
tion of an electron-withdrawing trifluoromethyl group.
Complexes 8-10 have identical axial ligands to each other
but different equatorial ligands. Within these three complexes,
Uegr decreases from 8 to 10, as the average Dy-cen(N-N) dis-
tance for the component in the crystal structure increases

(Fig. 6).
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Fig. 5 The zero field 7t vs. T plot for 1-6. Solid lines are the best fits
using equations described in the text.
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Fig. 6 The zero field 7 * vs. T plot for 7—10. Solid lines are the best fits
using equations described in the text.

For the Raman process, all samples other than 1 show a
77! = CT" (eqn (2)) trend with n from 2.02(2) to 4.13(5), which
is reasonable for mononuclear lanthanide SMMs (n = 2-9). In
many high-performant SMMs, n could be smaller in the pres-
ence of optical phonons (usually n = 2-5).%%?>?>?% Combined
with our previously reported pentagonal-bipyramidal com-
plexes, they fall into two classes: one containing five THF equa-
torial ligands, and the other containing five py/NS equatorial
ligands. Interestingly, the first class in our system possesses a
lower n value (2.02-3.02 for complexes 2-8) than that of
[DyL'L?*(THF)5][BPh,] (L'/L> = “OCMe;, ~“OSiMe;, “OPh, CI~ or
Br7) (3.7-4.7),>%** approaching phonon-bottleneck. Such a sig-
nificant reduction indicates that our initial goal of using pyra-
zolate ligands to form the axial coordination is achieved suc-
cessfully. For the second class, the n values of 3.77-4.13 for
complexes 9 and 10 are comparable to 3.6-4.2 for
[Dy(L),(py)s][BPh4] (HL = (S)-(—)-1-phenylethanol, tert-butanol,
trimethylsilanol or phenol);****® thus maybe such an idea
cannot fulfil all the situations.

Interestingly, complex 8 coordinated with THF molecules
possesses higher blocking temperature (Tg) with the highest
ZFC peak of 4 K but hysteresis temperature open up to 5 K,
which is similar to 9 and 10. This is different from the formal

Inorg. Chem. Front., 2020, 7, 4367-4376 | 4371
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PB-type Dy(im) SMMs, where the py ligand can enhance the
inter-/intra-molecular n-n interactions,®*® causing complexes
coordinated with py to possess obviously higher hysteresis
temperature than ones coordinated with THF. This is probably
because bis-bidentate-chelating Dy(ur) ions are stiff enough to
ignore the interactions with the equatorial ligands, further
confirming our initial motivation of using such types of bi-
dentate pyrazolate-type ligands. Besides, due to the small
steric hindrance of thiazole, the geometry configuration of
complex 10 is deviated more from the ideal PB geometry,
giving lower hysteresis temperature.

Electronic structure calculations

To gain insight into the magnetic properties of 1-10 on a
microscopic scale, we performed ab initio calculations at the
SA-CASSCF/RASSI level***” (see the ESI{ for details). According
to the crystal structures, these complexes can be divided into
two classes, namely 1-6 and 7-10. The total magnetic energy
splitting of 1-6 span an energy space below 620 K. The main
magnetic anisotropy axes for 1-6 are all pointing to the cen-
troid of the pyrazolate ligand through the Dy™ ion and colli-
near with the pseudo-C; axis. However, the energy of low-lying
Kramer doublets (KDs) and possible transition pathways are
largely different from each other. For 1, the KD possesses a
strongly mixed doublet with a wavefunction containing signifi-
cant contributions from excited states, namely a mixture of
states with 10%|+15/2) + 12%|+11/2) + 18%|+9/2) + 18%]+7/2)
+ 15%]|+5/2) + 10%|+3/2), which lead to a strong QTM effect.
For 2-5, the ground doublet has a wavefunction largely based
on m; = |+15/2 ) (though some of them mixed with part of
|+13/2 ) states), suggesting a possible relaxation pathway to
higher KDs. For 2, the ground KD possesses a nearly perfect
axial g-tensor (g, = g, = 0 and g, = 19.87) with 89%]|+15/2) +
10%]|+13/2), while the first excited KDs are constructed by
19%|+13/2) + 13%|+5/2) + 39%|+3/2) + 19%|+1/2) and second
excited ones with 36%]|+13/2) + 42%]|+1/2). In this case, QTM
with a relatively large transition probability of 3.8 and 4.8u;>
between the first and second excited KDs, respectively, can be
predicted. The situations for complexes 3-5 are quite similar
but slightly different from those for 2. The ground KDs show
axial-type g-tensors with most contributions from the |+15/2)
state, while the first excited KDs are constructed by the
majority of |+13/2) states, which leads to magnetic relaxation
to higher KDs. However, other higher-lying doublets are strong
admixtures of the m; functions. The most possible pathways
for magnetic relaxation localize in the range of 267-340 K,
310-376 K and 258-294 K, for 3, 4 and 5, respectively (Fig. S58,
S60 and S627t). For 6, the axiality type can be kept up to the
second KDs, leading to the best SMM behaviour observed
among 1-6. The three low-lying KDs (Table S197) follow the
order of |+15/2), |+13/2) and |+11/2), with relative energies of
0, 293 and 441 K, respectively. The subsequent excited states
are highly mixed and bunched over 480 to 619 K. Using the
average matrix elements of magnetic moment between the
electronic states as a proxy for transition propensity, we
predict the most efficient magnetic relaxation pathway to
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occur via the highly bunched set of states with 480-491 K, as
also consistent with experimentally observed Ue¢ (ca. 470 K).

The main magnetic anisotropy axis for 7-10 is nearly colli-
near with the pseudo-Cs axis lying along the axial cen(N-N)-
Dy-cen(N-N) orientation (Fig. 7b, S65, S67 and S697). For 7,
the ground KDs are highly anisotropic with 94%]+15/2) and g,
=19.79. However, due to the relatively weak coordination from
the tfpz ligand, the first excited state meets with a strong
mixed state with 10%]|+13/2) + 15%]|+9/2) + 27%|+7/2) +
34%]|+5/2), and the magnetic axis of the g-value is perpendicu-
lar to the pseudo five-fold axis over this KD. Therefore, we
would expect Orbach relaxation to proceed via the first and/or
third excited states (319-378 K). For 8, the ground KDs are
similar to those of 7 with 96%]+15/2) and g, = 19.82, but the
contribution to the first KDs from |+13/2) is largely enhanced,
which keeps the principal axis of the g-value parallel to the
ground ones. As shown in Fig. 7a, the relaxation can step to
the third excited KDs. In this case, the predicted barrier is ca.
503-558 K, higher than that of 7. For 9 and 10, the possible
relaxation pathway is close to that of 8, but the replacement of
equatorial ligands leads to lowered corresponding energy
levels. The predicted energy relaxation pathway is through
second to fourth excited KDs (414-483 K) for 9 and
(369-461 K) for 10.

a)
600 e ¥ ® e e 800
N _——‘ g s—_-soo <
5 400 707 A8 A :
2 i ,ﬁ a0 B
= 200r
5 i / \ 200 S
of - {o
-10 -5 0 5 10
magnetic moment (p)
b)

Fig. 7 (a) Ab initio calculated electronic states of the J = 15/2 manifold
of the ®Hys/» term of Dy in 8. Arrows depict the relaxation pathway for
direct vertical transitions to the first-neighbor multiplet (red), QTM
(green) and Orbach/Raman relaxation (blue), while the number of the
corresponding colour represents the probability of transition. (b) The
principal magnetic axis of the ground Kramer's doublet of 8. Colour
codes: Dy, bright green; N, blue; O, red; C, grey.
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Compared to [Dy(O'Bu),(py)s][BPh,] 11, 8 (as the represen-
tative of best SMMs here) shows reduced U, We preclude that
this is its reduced axiality of the bidentate-chelating coordi-
nation mode to the Dy(u) ion, which essentially breaks the Cs
symmetry. In a microscopic view, we can find that 11 possesses
much purer excited KDs than 8. Meanwhile, since ‘BuO~
anions offer stronger electronegativity than pyrazolate ligands,
the magnetic energy splitting is largely different (791 K for 8
vs. 1755 K for 11).

Conclusions

In summary, a new family of air-stable dysprosium(m) SMMs
with DPB geometry and different substituent pyrazolate
ligands and solvent molecules are studied. Modification of the
axial ligand notably suggests that the magnetic anisotropy is
markedly reduced by employing electron-withdrawing substitu-
ent groups. Compared to the formal PB geometry, DPB Dy(1)
SMMs are inferior to the former due to the weaker ligand field
and broken axial symmetry. However, the alleviative equatorial
ligand effect indicates the success of bi-dentate-chelating pyra-
zolate ligands, which effectively reduces the vibration from the
central metal ions and peripheral ligands. Further balance
between the axiality and the rigidity of the molecule is essen-
tially critical to design high-performance Dy(ir) SMMs.

Experimental section
Materials

All manipulations were performed under an atmosphere of
purified argon in a glovebox or using standard Schlenk tech-
niques. Anhydrous DyCl; salts were prepared according to lit-
erature procedures.’® NaH, NaBPh,, 3-(trifluoromethyl)pyra-
zole, 3-methylpyrazole, 3-isopropyl-1H-pyrazole, pyrazole, 3,5-
dimethylpyrazole, and 3,5-diisopropylpyrazole were purchased
commercially and used as received without further purifi-
cation. THF, pyridine, thiazole and hexane were dehydrated
and deoxygenated using a solvent purification system prior to
use.

Synthesis

Preparation of 1. To a solution of tfpzH (68 mg, 0.5 mmol)
in THF (4 mL), NaH (60% dispersion in mineral oil, 20 mg,
0.5 mmol) was slowly added under stirring. Upon complete
addition, the reaction mixture was stirred for 30 min.
Subsequently a suspension of anhydrous DyCl; (134.5 mg,
0.5 mmol) and NaBPh, (171.1 mg, 0.5 mmol) in about 4 mL of
THF was slowly added. Then the mixture was heated to 75 °C
and stirred for 12 hours. After filtration through Celite and
evaporation, pale yellow crystals were isolated by layering satu-
rated THF solution of 1 with hexane at —35 °C. Yield: 350 mg
(64% based on Dy). Elemental analysis found (caled)% for
Cs,H,oBCIDYF;N,O4: C, 57.46 (57.52); H, 6.37 (6.45); N, 2.57
(2.58).
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Preparation of 2. Following an analogous procedure to
prepare 1, MepzH (41 mg, 0.5 mmol) is used instead of tfpzH
to give 2 as colourless crystals. Yield: 287 mg (62% based on
Dy). Elemental analysis found (caled)% for C,sH¢;BCIDYN,O5:
C, 59.98 (60.20); H, 6.57 (6.58); N, 2.89 (2.93).

Preparation of 3. Following an analogous procedure to
prepare 1, IprpzH (55 mg, 0.5 mmol) is used instead of tfpzH
to give 3 as colourless crystals. Yield: 346 mg (66% based on
Dy). Elemental analysis found (calcd)% for Cs,;HgoBCIDyN,Og:
C, 61.78 (61.66); H, 6.57 (6.57); N, 2.63 (2.66).

Preparation of 4. Following an analogous procedure to
prepare 1, Me,pzH (48 mg, 0.5 mmol) is used instead of tfpzH
to give 4 as pale yellow crystals. Yield: 308 mg (58% based on
Dy). Elemental analysis found (caled)% for Cs;H,,BCIDyN,O:
C, 59.73 (59.83); H, 7.26 (7.24); N, 2.60 (2.63).

Preparation of 5. Following an analogous procedure to
prepare 1, Ipr,pzH (76 mg, 0.5 mmol) is used instead of tfpzH
to give 5 as colourless crystals. Yield: 391 mg (70% based on
Dy). Elemental analysis found (caled)% for Cs;HgsBCIDyN,O:
C, 61.33 (61.23); H, 7.44 (7.43); N, 2.49 (2.51).

Preparation of 6. Following an analogous procedure to
prepare 1, pzH (34 mg, 0.5 mmol) is used instead of tfpzH to
give 6 as colourless crystals. Yield: 278 mg (54% based on Dy).
Elemental analysis found (caled)% for Cs;H,3BCIDyN,O,: C,
59.55 (59.43); H, 6.57 (6.60); N, 2.69 (2.72).

Preparation of 7. Following an analogous procedure to
prepare 1, tfpzH (136 mg, 1 mmol) is used to give 7 as colour-
less crystals. Yield: 400 mg (72% based on Dy). Elemental ana-
lysis found (caled)% for Cs,HesBDyFsN,O5: C, 56.08 (56.10); H,
5.65 (5.75); N, 5.05 (5.03).

Preparation of 8. Following an analogous procedure to
prepare 1, pzH (68 mg, 1 mmol) is used instead of tfpzH to
give 8 as colourless crystals. Yield: 233 mg (48% based on Dy).
Elemental analysis found (calcd)% for CsoHgeBDyN,Os: C,
60.59 (61.45); H, 6.71 (6.76); N, 5.65 (5.74).

Preparation of 9. Following an analogous procedure to
prepare 8, the powder was dissolved in py and layered with
hexane. After a few days, pale yellow crystals of 9 were
obtained. Yield: 249 mg (44% based on Dy). Elemental analysis
found (caled)% for CeHsgBDyNy;: C, 65.59 (65.81); H, 5.84
(5.13); N, 13.57 (13.62).

Preparation of 10. Following an analogous procedure to
prepare 8, the powder was dissolved in NS and evaporated
slowly at room temperature. After a few days, yellow crystals
were obtained. Yield: 198 mg (38% based on Dy). Elemental
analysis found (caled)% for C,sH,;BDyNoSs: C, 52.11 (51.85);
H, 3.84 (3.94); N, 11.88 (12.10).

Air stability. All the crystals kept the original unit cells after
being exposed to air for two weeks.

X-ray crystallography data

All data were recorded on a Bruker SMART CCD diffractometer
with MoKa radiation (1 = 0.71073 A). The structures were
solved by direct methods and refined on F* using SHELXTL.
CCDC 1991398 (1), 1991399 (2), 1991400 (3), 1991401 (4),
1991402 (5), 1991403 (6), 1991404 (7), 1991405 (8), 1991406 (9)
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and 1991407 (10)} contain the supplementary crystallographic
data for this paper.

Magnetic properties

Magnetic susceptibility measurements were carried out with a
Quantum Design MPMS-XL7 SQUID. Freshly prepared crystal-
line samples were embedded in eicosane to avoid any field
induced crystal reorientation. Diamagnetic corrections have
been applied for the eicosane and for the molecule, the latter
being calculated from the Pascal constants.

Computational method

AD initio calculations at the SA-CASSCF/RASSI level were per-
formed on program MOLCAS 8.0 *° and the structure was orig-
inally taken from the X-ray structure. The basis sets were
chosen from the ANO-RCC library®® as have been used in
many works.>'* The Dy atom was treated with VITZP quality,
and then the related B, C and O atoms with VDZP quality and
others with VDZ quality. The state-averaged CASSCF orbitals of
the sextets, quartets and doublets were optimized with 21, 224
and 490 states, respectively, with the RASSCF module. 21, 128
and 130 sextets, quartets and doublets chosen to construct
and diagonalize in spin-orbit (SO) coupling Hamiltonian with
the RASSI’! module. These computed SO states were written in
the SINGLE_ANISO>™® program to compute the g-tensors,
crystal field parameters and magnetic energy levels for the
doublets of the ground J = 15/2 multiple of the °H;s,, term for
Dy(m). The two electron integrals were Cholesky decomposed
with a threshold of 1 x 107® to account for the accuracy.>®
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