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Abstract: A family of fully sandwiched arachno-lanthanacarborane
complexes formulated as {1°~[u-1,2-[0-CeH4(CH2)2]-1,2-
C2B1oH10l2Ln}{Lis(THF)10} (Ln = Tb, Dy, Ho, Er, Y) is successfully
synthesized, where the “carbons-adjacent” carboranyl ligand
(arachno-C2B1oH10*") bears four negative charges and coordinates to
the central lanthanide ions using the hexagonal 1°-C2Bs face. Thus,
the central lanthanide cations are pseudo-twelve-coordinate and
have an approximate local Den Symmetry or hexagonal-prismatic
geometry. As the crystal field effect imparted by this geometry is still
unknown, we thoroughly investigated the magnetic properties of this
series of complexes and found the crystal field imposed by this
ligand causes a relation of Tb > Dy > Ho > Er for the energy gaps
between the ground and the first excited states, which is of striking
resemblance to the ferrocenophane and phthalocyanine ligands
despite that the latter two ligands give disparate local coordination
geometries. Moreover, the effective energy barrier to magnetization
reversal of 445(10) K, observable hysteresis loop up to 4K and the
relaxation time of the yttrium diluted sample reaching 193(17)
seconds at 2 K under an optimized field for the Tb analogue of this
family of arachno-lanthanacarborane complexes, render a new
benchmark for Tb3* based single-molecule magnets.

A molecule that can store bytes information is appealing due to
the facile assembly of such large number of entities from
solution to crystal solids and vice versa. Thus, such a molecule
is termed as single-molecule magnet (SMM), which has the full
function of a magnetic material and can be used to store
massive information within a small volume.["! However, to make
the working temperature of these molecules as high as possible
the local environment of the metal ions should be dedicatedly
engineered by means of coordination chemistry.? Heavy
lanthanide cations of Tb%, Dy%, Ho® and Er** are mostly
concentrated for building high-performance SMMs owing to the
large magnetic anisotropy originated from large unquenched
orbital angular momentum and strong spin-orbit coupling effect.!
Once the effective energy barrier (Uerr) arising from magnetic
anisotropy is large enough the magnetization reversal is slowed
and finally blocked. This temperature is termed as blocking
temperature (Ts) for SMMs. Technically, Ts can be measured by
the temperature with maximum zero-field-cooling (ZFC)
susceptibilities (Ts?"C); the temperature where the relaxation
time is 100 s (78'%°) and the temperature with an opened
magnetic hysteresis loop (T&").

Historically, the first lanthanide SMM - [TbPc2]” (Pc = dianion
of phthalocyanine) - was reported by Ishikawa et. al in 2003.
Here, the axial Pc? ligands display a square antiprismatic
geometry to central Tb%, resulting a well split and stabilized
magnetic ground state with Uer = 328 K.* In 2011 Gao et. al
reported the first organometallic SMM - [(Cp*)Er(COT)] (Cp =
cyclopentadienyl and COT = cyclooctatetraene ) - with Uett of
323 K.V . From then on, Ln®* SMMs with 7"-bound aromatic
ligands of [C4]?~,® [Cs]",7-1% [C4P]>~,['""T [Ce]?~,1'@ and [Co] " etc.
were intensively investigated, resulting in record Uerr of 2332 K
and Tg'% of 72 K in mixed-valence dinuclear complex
(CpiP®)2Dy2ls. Our group also exploited a new organometallic
SMMs with the dicarbollide dianion (Scheme 1a, left), which can
generate strong ligand field to Dy®* as well as Cp does.['¥]

However, so far most of the high-performance SMMs are
based on Kramers ions with half-integer spins such as Dy*" and
Er¥*, which have the ground terms of ®Hisz and “lspe,
respectively. For non-Kramers ion such as Tb®* with integer spin
("Fe), the *my degeneracy is not guaranteed and the inherent
energy difference (or tunnel splitting, Awn) between two low lying
states (|/my> and |m,>) accelerates the quantum tunnelling of
the magnetization (QTM) process, which makes faster magnetic
relaxation.['¥! In this case, the ligands charge distribution should
be guided with symmetry strategy to eliminate all transverse
crystal field (CF) parameters and hence suppress the QTM by
selecting the proper local symmetries such as Cn (n > 7
including C-), Csh/Dsn, Se/Dad, and S12/Deq.['822

The Dss symmetry has showed great advantage in building
Tb® based SMMs since the double-decker [TbPc]
reported.2% In this family, the heteroleptic bisphthalocyanine
complex [Tb(Pc)(Pc’)] achieves a record effective magnetization
energy barrier Uer of 932 K with optimized square-antiprism
coordination geometry of the central Tb% ion.?* In addition to
this coordination geometry, the ferrocenophane based
[TbFcs(THF)2Li2]~ complex with local trigonal prismatic geometry
and quasi-Dsn symmetry occupies the second best performed
Tb® SMMs. In addition to the phthalocyanine and
ferrocenophane other ligand systems for reported Tb® SMMs
can hardly achieve Ues larger than 100 K (Table 1) and most of
them show slow magnetic behavior at relatively low
temperatures.?-3|n particular for the Cp family the replacement
of Dy** by Tb® makes the performance much deteriorated.?52¢l
As such, the Tg'% and Ts?C have never been observed for
reported Tb® based SMMs.



Table 1. Reported mononuclear Tb® SMMs according to sequence of Ue.

Ustr (K) Ta"
Tb3 SMMs Haz0 ) Ref.
[Tb(Pc)(Pc)] 932 / 24
2Tb 445(10) 4 This work
[TbFca(THF)oLiz]” 393 2 26
[TbPca]- 328 / 23
[Cp*Tb(BPh4)] / 1.8 25
[Tb(Cp!t)2]* 9.7 / 35
Tb(picNN)s(H20)s 22.8(5) / 29
[Tb(hfac)s(NIT- 8 / 33
[Tb(hfac)s(NITPhOEt))]  29.3 / 27

From the above examples we can see the crystal field splitting
for the Tb®" ion remains tricky compared to the Kramers ions
such as Dy** and Er®*. When coordinating to the ring-like
organometallic ligands small [C4]?>~ and [Cs]” are able to give
strong axial crystal fields to Dy®*,[1% while larger [Cg]?>” and [Cq]
are more likely to obtain high performance Er®* SMMs.['2all13]
However, neither sizes of the rings are fitting to the Tb%" ion in
order to enhance the crystal field splitting of the ground and first
excited states.[**13% Thus, the exploration of crystal field splitting
under the [Ce]* and [C7]" rings is significant. For [Ce], the
benzene ring is the handiest to explore, yet such a ligand always
shows a variety of reducing species, such as [CsHs], [CeHs] ™
and [CeHe]?~, which impose huge synthetic challenge. So far only
gas phase complexes of low valent oxidation state for several
lanthanides are known, 38371 which are too sensitive to study the
magnetic properties. Therefore, the crystal field effect imparted
from the six member ringed ligand to the lanthanide ions
remains unknown.

Herein, we develop a new hexadentate organometallic ligand,
the novel arachno-carboranyl tetraanion (arachno-R2-C2B1oH10*"),
which derives from the parental o-carborane molecule but
consisting of both an open 7°-C2B4 face and an open 7°-C2Bs
face, for coordinating to the lanthanide (Scheme 1a).%
Obviously, the frontier orbitals of [C2Bs4] hexagonal face is
towards tilting to apices as the nido-R2-C2BsHe? species does,
indicating a major coordinating site.[?%40

Scheme 1 The schematic diagram of the carboranyl ligands. (A) The
comparison of the nido—C2BeH112~ and arachno-Rz-C2B1oH10*” ligands. (B) ELF
coloring maps of benzene (left) and arachno-Rz-C2B1oH10*" (right). (The color
from blue to red corresponds to ELF value varying from 0.0 to 1.0.).

Moreover, the electron localization function (ELF) analysis of
the [C2B4] face via the Multiwfn program®'l shows almost
identical electron distribution image as benzene (Scheme 1b),
suggesting an analogous aromaticity, but with four additional
delocalized electrons. Such a unique feature of this ligand brings
strong crystal field effect to the central lanthanide ions, which in
turn dominates the magnetic property of this series of complexes
(vide infra).

As shown in Scheme S1, fully sandwiched lanthanacarborane
complexes, namely {#®-[u-1,2-[0-CeH4(CH2)2]-1,2-
C2B1oH10]2LnKLis(THF )10} (Ln = Tb, 2Tb; Dy, 2Dy; Ho, 2Ho; Er,
2Er; Y, 2Y), were synthesized using the metathesis reaction
between anhydrous LnClz and the lithium salt of arachno-
carborane, namely [{u-1,2-[0-CeHa(CH2)2]-1,2-
C2B1oH10}Lisa(THF)e]2  (1Li). The yttrium diluted samples of
2Dy@2Y and 2Tb@2Y were also prepared in a similar way (for
synthetic detail, see Supporting Information).

Figure 1 The crystallographic structure of 2Tb. (A) Molecular structure of
the {7%-[u-1,2-[0-CsHa(CHz2)2]-1,2-C2B1oH10]2Tb}*>~ (thermal ellipsoids
drawn at the 30% probability level and all the hydrogen atoms are
omitted). Color codes: olive green, Tb3*; orange, B; black, C; and the
same as follows. (B) Simplified molecular structure of {7%-[u-1,2-[o-
CeHa(CH2)2]-1,2-C2B1oH10]2Tb}*~  with distorted hexagonal-prismatic
geometry.

The five complexes all crystallized in the chiral space group
P2i. As they are isostructural, we only discuss the Tb%-
analogue as a representative. The anionic moiety of 2Tb,
namely {7°-[u-1,2-[0-CeHa(CH2)2]-1,2-C2B10H10]2Tb}°", exhibits a
full-sandwich structure where the central Tb®" ion is sitting in the
center of two C2Bs hexagonal faces with the
Centroid---Tb---Centroid angle of 153.2° and short Tb---Centroid
distances of 2.038(2) - 2.039(2) A (Figure 1A). The Tb---B/C
distances to the 7°-C2B4 face range from 2.544(3) A to 2.796(2)
A. Thus, the central Tb%" ion is pseudo-twelve-coordinate and
possesses a distorted hexagonal-prismatic geometry. Such a
geometry imparts a pseudo-Den local symmetry to the central
lanthanides (Figure 1B). The bulky and rigid groups of o-xylylene
are staggered with an angle of with almost a linear inclination of
58.6°. This is obviously the origin of chirality of the complex
arising from all achiral components including ligands, metal ions



and other solvent molecules. The counter cations are comprising
of five solvated lithium cations {Li(THF)x}* attaching to the
carboranyl cages by means of triple or quadruple Li---H-B
interactions. The absence of Li---7°-C2Bs bonding (indicated by
the open bonds) interactions is much different from that of the
pristine lithium salt [{u-1,2-[0-CeHa(CH2)2]-1,2-
C2B1oH10}Lis(THF )e]2.

It is worth noting that each crystal of 2TbA, 2Dy and 2Ho is
enantiomeric pure with the Flack parameters close to zero
(Table S1). However, the enantio pure isomers of the [Ln(R-
C2B10H10)2]° complexes are randomly crystallized, and the
whole batches of samples show nearly racemic property. To
further analyze this phenomenon, we took 2Tb as an example.
We randomly selected ten crystals and solved the structures.
Almost half of them give the left-handed (A) enantiomer (2TbA)
and the other half gives the right-handed (A) enantiomer (2TbA).
They are mirror-symmetry related structures (Figure S2). Similar
results can be also found in other lanthanide analogues.*?
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Figure 2 The ab initio calculated electronic states. Comparison of ab initio
calculated electronic states of [Ln(R-C2B10H10)2]>” (Ln = Tb, Dy, Ho, Er).

To check the crystal field effect of such a hexagonal-prismatic
geometry we performed ab initio calculations at SA-
CASSCF/RASSI level®l for 2Dy, 2Tb, 2Ho and 2Er (see
Supporting Information for details). The electronic structure of
2Tb gives a high axiality of ground state g. of 17.94 with a tunnel
splitting gap (Awn) of 0.0005 cm™ (Figure S52). The principal
magnetic axis points exactly to the center of the [C2B4]
hexagonal face (Figure S51). The first and second excited states
lie at around 514 K and 974 K (Figure 2) with relatively pure my
= |£5> and |+4>, respectively. The wave functions of states
higher than the fourth excited state are highly mixed.
Considering large enough Awn value and much higher transition
possibility at the second excited state, Orbach relaxation is
supposed to pass through this state, making theoretical energy
barrier around 514 K, which is close to the experimental value.
For 2Dy, its ground Kramer Doublet (KD) possesses high
axiality, which is reflected in its g-tensor of gx = gy = 0, g- = 19.86
and wave function of 97.9% |+15/2>. The excited KDs contain
relatively pure wave function until the fifth KD and g. angle of the
fifth excited KD arrives at 75.95°, hinting that Orbach relaxation
goes through this KD and theoretical energy barrier is about

1091 K (Figure S50 and Table S3). Furthermore, the transition
probabilities between ground states for 2Dy is determined to be
2.8 x 10® pg?, which is far less than that of 2Tb with 27 ug?
(Table S7 and S8). Compared with 2Dy and 2Tb, the energy
gaps between the ground and first excited states of 2Ho and 2Er
are much smaller and mixed under this crystal field (Figure 2,
Tables S5 and S6).

Accordingly, the experimental magnetism of 2Ho and 2Er
shows almost absent ac signals under zero DC field (Figure
S30). Thus, below we mainly focus on discussing the magnetic
properties of 2Tb and 2Dy.

The temperature dependence of molar magnetic
susceptibilities (ym) were collected for complexes 2Tb and 2Dy
in the temperature range 2 to 300 K under an applied field of
1000 Oe (Figures S14 and S15), which gives ymT products of
2Tb and 2Dy (in emu K mol™) to be 11.53 and 13.59 at 300 K,
respectively. These values are consistent with the expected
values of 11.82 emu K/mol for the free Tb®" (4f%) ion and 14.17
emu K mol™" for the free Dy* (4f°) ion. The ymT curve keeps
decreasing to about 8.6 emu K mol™" at 2 K for 2Tb (Figure S14);
while for 2Dy, decreasing slowly down to 6 K followed by a
sharp drop-off to 7.2 emu K mol' at 2 K (Figure S15). The
isothermal magnetization (M) at 2 K show the maximum values
of 4.8 us and 5.3 us at 5 T for 2Tb and 2Dy, respectively. Both
xmT(T) and M(H) plots can be well fitted by using our crystal field
parameters obtained via the ab initio calculations described
above.

The strong temperature and frequency dependent ac
susceptibilities under zero dc field of 2Tb and 2Dy were
revealed by temperature- and frequency- dependence of the in-
phase (the real component, ») and the out-of-phase (the
imaginary component, ") ac susceptibilities (Figures S18-S29).
For 2Tb, (Figure S19a), the " curves under zero dc field give
the “tails” of ac susceptibilites which submerge at low
frequencies, indicating strong QTM in the low temperature range.
For 2Dy the y"(v) peaks are clearly observed up to 40 K under
zero dc field (Figure S21). The relaxation times (z) are thus
extracted by using the CC-FIT program with generalized Debye
model (Figures S31-S36).*4 As ac susceptibility measurements
for our SQUID can only detect relaxation time between 0.001 s
to 1 second, we performed dc relaxation measurements to
obtain the lower temperature relaxation data. After magnetizing
a sample at 5 T for 5 min and we then reduced the magnetic
field to 2000 Oe and detecting the magnetic moments at periodic
time intervals. The obtained magnetic relaxation data were fitted
to an exponential function (Equation S1; for detail, see
Supporting Information). All the relaxation time data can be
plotted in Figure 3.

As shown in Figure 3, each plot obeys the Arrhenius law
(t™1 = 1,"teUef/T ) in the high temperature regime, indicative
of Orbach process. However, further cooling results in different
relaxation behavior for each compound. For the Tb analogues
(2Tb and 2Tb@2Y), the plots become power-law (CT™ ) like
temperature-dependent, which is the characteristic of a two-
phonon Raman process. For the Dy analogues (2Dy and
2Dy@2Y), the relaxation time is much flat below 20 K, indicating
a dominant QTM process. According to this difference, the plots
of temperature-dependent relaxation times for the Tb analogues
were fitted using Equation 1, while the same equation without
the CT™ term was applied for the Dy analogues.



i =1, te Ver/T + CT" + 774y Eq. 1
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Figure 3 The temperature-dependent of the relaxation time. (A) The plots are
for 2Dy (orange plot), 2Dy@2Y (purple plot), 2Tb (red plot) where Hyc = 0 Oe,
2Tb where Hqc = 2000 Oe (navy plot), 2Tb@2Y where Hac = 0 Oe (pale green
plot) and 2Tb@2Y where Hac = 2000 Oe (olive plot). The hollow points are
from the A.C. susceptibility data and the solid points are from measurements
of the D.C. magnetic relaxation time. The solid lines are the best fit with
equation 1. (B) The expanded region from Figure 3A from 10 K to 50 K.

The best fitting parameters are given in Table 2, from which
we can see under zero dc field the effective energy barrier for
the Tb analogue is larger than the Dy analogue, which is well
consistent with the energy gaps of the ground and the first
excited spin states obtained from ab initio calculations (see
above). However, at lower temperatures we see the longer
relaxation times for the Dy analogue, which prompts us a much
significant QTM effects for the Tb analogue. To vary this
hypothesis, we performed field-dependent relaxation time
measurements. After optimization we found 2000 Oe dc field is
the best to mitigate the QTM effect for the Tb analogue (Figures
S24 and S25). By applying this field the relaxation times for both
2Tb and 2Tb@2Y are much enhanced, giving Uerr = 485(13) K,
7o = 2.4(2) x 10°, € = 9.4(2)x10* s K™, n = 3.4(2) for 2Tb and
Uert = 485(13) K, 7o = 1.35(5) x 10, C = 4.5(2) x10* s" K", n =
3.4(2) for 2Tb@2Y. At 2K, the relaxations times for 2Tbh@2Y
and 2Tb are 193(17) and 81(7) seconds, respectively (Figures 3,
S37-S41 and Table S2).

For 2Tb the hysteresis loops remain opening up to 4 K with a
sweep rate of 20 mT/s. (Figures S46-S48). For 2Dy, the Tg" is
approaching 6 K with a sweep rate of 0.15 mT/s (Figures S44
and S45).

Table 2. Fitting parameters for 2Tb, 2Tb@2Y, 2Dy and 2Dy@2Y.

2Tb 2Tb@2Y 2Dy  2Dy@2Y
Field (Oe) 0 2000 0 2000 0 0
Ust[K]  445(10) 485(13)  445(10) 485(13) 320(10) 320(10)
7, [1070s] 13(3)  24(2)  13.92) 135(5) 150(3)  180(3)
Cls'K"  2.3(3) ?(-;‘(()?) 0.42(3) ‘i-f(()ﬁ) / /
n 22Q2) 34@2) 22(1)  34(@2) / /
Torm [8] ‘1-17(()2) / 00332) / 0.045(4)  6.8(6)

It is worthy to compare with other high-performance Tb®'-
based SMMs. The Uer of 445(10) K for 2Tb is higher than the
five-member ringed [Tb(Cp™)2]* and the eight-member ringed
[Tb(COT )]~ (Figure 4). The outperformance for the six-
member ringed Tb sandwich than both five- and eight- member
ringed analogues indicate other factors rather than the
Tb---centroid distance decides the relaxation parameters. This
could be the symmetry since the Tb% ion lies in an
approximately six-fold rotation axis and the local symmetry of
the central Tb® ion is close to Den. Similar situation was also
found in [TbFcaLi2(THF)2]” and [Tb(Pc)2]”, which have distorted
trigonal-prismatic geometry with Dsn symmetry and square-
antiprismatic geometry with Dss symmetry, respectively.
[TbFcsLiz(THF)2]7, [Tb(Pc)2]” and 2Tb exhibit larger energy gaps
between my = +6 and my = 15.If we further compare the energy
barriers of their Dy** congeners we obtain the same order of
magnitude.d This is to tell us that the magnetic property of the
central lanthanide ions brought by the arachno-carborane ligand
is somehow similar to both ferrocenophane and phthalocyanine
ligands. 2311261
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Figure 4 The structures and electronic states of other high performance Tb%*-
based SMMs. (A) Comparison of structures of of [TbFcsLiz]”, [Tb(Pc)z2],
[Tb(Cp™)2]* and [Tb(COT)2]", from left to right, respectively. (B) Comparison of
ab initio calculated electronic states of [TbFcsLiz]", [Tb(Pc)2]", [Tb(Cp™)2]* and
[Tb(COT)2]", from left to right, respectively



In conclusion, the arachno-Rz-C2B1oH10*™ carbollide is one of
the few ligands that bears four negative charge and
demonstrates aromaticity of the six-membered 7°-C2B4 face for
coordination. Theoretical study of this series of complexes
including the Tb%, Dy*, Ho* and Er** analogues show the
crystal field imparted by the local pseudo-twelve-coordinate
hexagonal-prismatic geometry from the arachno-Rz-C2B1oH10*"
ligand is similar to both ferrocenophane and phthalocyanine. All
the fully sandwiched lanthanide complexes for these three
different ligands give the same relation of Tb > Dy > Ho > Er for
the energy gaps between the ground and the first excited states
despite that the local coordination geometries and symmetries
are strikingly varied. The experimental investigation for the
magnetic property of this family of arachno-lanthanacarborane
complexes confirms this trend for Uetr. Moreover, the observed
Uert = 445(10) K, Ts" = 4 K and the relaxation time of the yttrium
diluted sample reaching 193(17) seconds under an optimized
field at 2 K render 2Tb as one of the best performed Tb®* SMMs.
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This work shows a family of fully sandwiched lanthanide complexes derived from the tetraanionic arachno-carboranyl ligand possess
a novel hexagonal-prismatic local coordination geometry which significantly enhances the magnetic axiality of the Terbium(lll)
analogue.



