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The synthesis and magnetic properties of two pairs of isomeric, exchange-coupled complexes,
[LnClg(TiCpo)sl (Ln = Gd, Th), are reported. In each isomeric pair, the central lanthanide ion adopts either
a pseudo-octahedral (O-Ln) or trigonal prismatic geometry (TP-Ln) yielding complexes with C; or Csp,
molecular symmetry, respectively. Ferromagnetic exchange coupling is observed in TP-Ln as indicated
by the increases in x,T below 30 K. For TP-Gd, a fit to the susceptibility reveals ferromagnetic coupling
between the Gd®* ion and the Ti** ions (J = 2.90(1) cm™). In contrast to O-Tb, which shows no single-
molecule magnetic behavior, the TP-Tb complex presents slow magnetic relaxation with a 100s-
blocking temperature of 2.3 K and remanent magnetization at zero field up to 3 K. The calculated
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Introduction

f-Elements with high single-ion anisotropy have been identified
as ideal building blocks for high-performance single ion
magnets (SIMs) after the report of [TbPc,]” (Pc =
phthalocyanine),’™ and have achieved remarkable blocking
temperatures.>” There are different strategies for reducing the
rate of relaxation, and designing high-performance single-
molecule magnets (SMMs), including using appropriate
molecular geometry and the introduction of magnetic exchange
coupling.®® These exchange interactions span the range of
exchange coupling with 3d metals and organic radical ligands,
dipolar coupling, and direct exchange in lanthanide-lanthanide
bonds.'*** Building exchange interactions into high-symmetry
lanthanide SIMs, while maintaining the local symmetry of the
lanthanide ion in the resultant exchange coupled SMM is
a substantial synthetic challenge.*** There are relatively few

“School of Chemistry and Biochemistry, Georgia Institute of Technology, Atlanta,
Georgia 30332-0400, USA. E-mail: hsl@gatech.edu

*Department of Chemistry, University of Nevada, Reno, Nevada 89557-0216, USA
‘Department of Chemistry, University of Chicago, Chicago, Illinois 60637, USA
‘Nuclear and Radiological Engineering and Medical Physics Program, School of
Mechanical Engineering, Georgia Institute of Technology, Atlanta, Georgia 30332-
0400, USA

T Electronic supplementary information (ESI) available: Complete experimental
details, crystallographic information, phase purity study, and magnetic property
CCDC 2089332-2089336 2091038. For ESI
crystallographic data in CIF or format see
https://doi.org/10.1039/d25c06263a

and
DOLI:

measurements. and

other electronic

4302 | Chem. Sci, 2023, 14, 4302-4307

examples and most cases require compromises on the local
symmetry of the lanthanide ion.*"*>**

The appropriate molecular geometry can enhance the
magnetic anisotropy and reduce the quantum tunneling of
magnetization (QTM) process. For lanthanide cations sitting in
certain local symmetry such as Csy, and C,, (n > 6), the transverse
crystal field parameters vanish, and therefore QTM process can
be suppressed in SIMs.*'” Isomeric pairs are ideal for studying
geometry and symmetry effects on SMM behaviors. However,
few examples have been reported due to the significant
synthetic challenge.'®" The magnetic exchange can create
higher spin manifolds in molecular platforms and reduce the
QTM relaxation.”® Multinuclear lanthanide complexes featuring
radical bridging ligands show magnetic blocking temperature
(temperature where the relaxation time is 100 s) up to 20 K
partially due to the magnetic interactions between spins.'®*
Some heterometallic complexes with both lanthanide and
transition metals are also found to be good SMMs.'*** There-
fore, the combination of both appropriate ligand field and
magnetic interaction can lead to high-performance f-element
based SMMs with largely quenched QTM process and high
single-ion anisotropy.”***®

Titanium(m) with a d* electronic configuration can be used
for the design of magnetic materials. The reports on the
titanium-based molecular nanomagnets are limited which
could be attributed to the instability of Ti*" in ambient condi-
tions. The recent studies on Ti*" based qubits®*** and geomet-
rically frustrated magnets® suggests that Ti*" could serve as
a good candidate for the design of novel quantum materials.
However, to our knowledge, no SMMs with Ti*" has been

© 2023 The Author(s). Published by the Royal Society of Chemistry
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reported. In this case, we employ the small spin orbit coupling
of the d' electron in the a, orbital (mixed s and d,_ > parentage)
of the [Cp,TiCl,]'~ metalloligand to simplify the analysis of the
exchange coupling between the titanium sites and the aniso-
tropic lanthanide as a function of the site symmetry of the
lanthanide ion.*® This structure establishes a design and
analytical framework to address molecular analogs of exchange
coupling in electronically or geometrically frustrated 2D mate-
rials. To this end, we note that forcing a central anisotropic spin
center to mutually satisfy ferromagnetic exchange with three
metalloligands is a simple structural analog of the connectivity,
and requisite dominant exchange pathways, in honeycomb
materials such as Na,PrO;, Na,IrOz;, and RuCl;;>>° the latter
two systems may have dominant Kitaev exchange.* This para-
digm may eventually build to molecules in which all the
exchange coupled ions present significant anisotropy and are
closer analogs of the 2D materials.**

Herein we report the synthesis of two pairs of isomeric,
lanthanide complexes, [LnCl¢(TiCp,);], (Ln = Gd, Tb). The two
isomeric pairs include a pseudo-octahedral geometry (O-Ln)
and a trigonal prismatic geometry at the central lanthanide (TP-
Ln). The O-Tb shows no SMM behaviors while the TP-Tb shows
slow relaxation behavior with 100s blocking temperature of 2.3
K. The calculated electronic structures of both compounds
suggest that trigonal prismatic geometry is critical to the
observed magnetic behavior in TP-Tb.

Results and discussion

The synthetic methodology was based on the preparation
(Cp,Ti™Cl),MCl, (Cp = CsH;5~, M = Zn, Mn and Be) compounds
which were prepared in Lewis acid/base reactions.’*** The O-Tb
complex, was prepared in the reaction of anhydrous TbCl; and
(Cp2TiCl), (mrbe,: M(cp,micy, = 2:3.05) in toluene (82% yield).
However, the reaction of (Cp,TiCl), with excess TbCl;-xTHF
(Prver,*THF : nicp ricyy, = 2.16: 1) results in the formation of
both O-Tb and its isomeric analog, TP-Tb. Although the yield of
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Fig. 1 (a) Molecular structure of TP-Tb with thermal ellipsoids at 50%
probability. (Inset) Image of TP-Tb single crystals. (b) Molecular

structure of O-Tb with thermal ellipsoids at 50% probability. (Inset)
Image of O-Tb single crystals. Black, blue, green, and grey represent
carbon, terbium, chlorine, and titanium, respectively.
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TP-Tb in the reaction is low (~10% yield), these two isomers
crystalized independently with different crystal morphologies
(Fig. 1 and S1,1 needles of TP-Th and parallelepipeds of O-Th),
which allowed the physical separation of the TP-Tb complex
(see ESIf). The gadolinium analogs of these two terbium
isomers, TP-Gd (Gd*" in trigonal prismatic geometry) and O-Gd
(Gd*" in octahedral geometry), were also prepared. However, the
operative conditions do not follow the Tb analogs. The reaction
of GdCl;-xTHF with (Cp,TiCl), in toluene results only in TP-Gd
(57% yield). The O-Gd can only be isolated from the reaction
mixture (both O-Gd and TP-Gd were found) of the redox reaction
between Cp,TiCl, and Gd powder. The yield of O-Gd is also low
(less than ~5% yield). All attempts to prepare [DyClg(TiCp,)s]
with trigonal prismatic geometry were not successful despite
that the Kramers ion Dy*" could also result in interesting SMM
behavior. Synthetic attempts on different lanthanides suggest
that the formation of TP-Ln or O-Ln phases largely depends on
the size of lanthanide cations. For Gd**, which has a larger ionic
radius, the TP-Gd is the stable phase which is of high yield. For
the smaller Tb** and Dy’** cations, the TP-Ln phases are of
extremely low yield and the O-Tb is the dominant product in
reactions.

The structures of these four compounds were characterized
by single-crystal X-ray diffraction (Fig. 1, S3 and S47) and can be
described by the chelation of three [Cp,Ti"™'Cl,]'~ ligands to one
Ln*" cation. Both TP-Tb and TP-Gd crystalized into the P6;/m
space group, and the symmetry of both molecules can be
described by the Cj, point group. SHAPE analysis indicates
a slightly distorted trigonal prismatic geometry for the [LnClg]*~
polyhedron (Table S91) in TP-Ln.***® The O-Tb and O-Gd
complexes crystalized into the P2,/n space group. The [LnClg]>~
polyhedra in O-Tb and O-Gd have distorted octahedral geom-
etry, and the symmetry of both molecules is C;.

Due to the limited yield of O-Gd, only the single crystal X-ray
diffraction (SCXRD), infrared (IR) and Raman spectroscopy data
were collected on O-Gd. For TP-Tb, O-Tb, and TP-Gd, the purity
of these samples was confirmed by multiple techniques. The
elemental analysis (EA) of these three samples matched well
with the theoretical value (see ESIT for details). However, the EA
results can not differentiate the phase purity of isomers. The IR
spectra of these samples are very similar as shown in Fig. S7a.f
Notable differences between TP-Ln and O-Ln can be observed in
Raman spectra (Fig. S7bf) which uniquely determines the phase
purity sample on single crystal level. To determine bulk phase
purities, power X-ray diffraction (PXRD) was performed. The
PXRD patterns of TP-Tb, O-Tb and TP-Gd matched well with the
simulated patterns from the SCXRD results, and no additional
peaks can be observed for all patterns which indicates the bulk
phase purities of these three samples (Fig. S61).

dc Magnetic susceptibility data were collected for TP-Tb, O-
Th, and TP-Gd from 2 to 300 K under 0.1 T (Fig. 2). The xmT (Xm
is molar magnetic susceptibility) values at 300 K for TP-Tb and
O-Tb are 13.35 and 12.06 emu K mol " respectively. The theo-
retical value for one magnetically isolated Tb*" and three S = 1/2
Ti*" ions is 12.93 emu K mol ~*. The x,T value of O-Tb is slightly
lower than the theoretical value. The x\T value at 300 K for TP-
Gd is 9.28 emu K mol " which is close to the theoretical value of
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Fig. 2 (a) Temperature dependence of xm at 0.1 T FC and ZFC
conditions for TP-Tb. (Inset) Temperature dependence of ymT at 0.1 T
FC condition for TP-Tb and TP-Gd. The blue dashed line is the fitting
result to the TP-Gd xmT curve. (b) Temperature dependence of yu at
0.1 T FC and ZFC condition for O-Tb. (Inset) Temperature dependence
of xmT at 0.1 T FC condition for O-Tb.

9.00 emu K mol " for one magnetically isolated Gd** ion and
three Ti** ions. For both TP-Tb and TP-Gd, with lower temper-
ature, xyT value starts to rise at 30 K, maximizing around 14 K.
The maximum x,,T value for TP-Gd is 14.0 emu K mol " which
is slightly lower than the theoretical value of 15 emu K mol " for
an S = 5 system which establishes the ferromagnetic interac-
tions between Ti*" and Gd**. This ferromagnetic interaction is
indicated by the coupling constant between Ti** and Gd**, Jri_gq
= 2.90(1) em™", which was derived by fitting the temperature
dependence of x\T and the magnetic field dependence of
magnetization of TP-Gd results.’” Antiferromagnetic interac-
tions between Ti’" sites are confirmed by the Jp . =
—0.94(3) em™'. Considering the similar temperature depen-
dence behavior observed in TP-Tb compared to TP-Gd, the
magnetic interaction between Ti’* ions and the Tb** ion are
assumed to also be ferromagnetic with a similar ordering of the
exchange coupling strength.®

For O-Tb, the x\T value decreases with lower temperature
from 300 K to 2 K. The lack of low-temperature maximum xyu7
compared to the TP-Tb is indictive of different magnetic inter-
actions between Tb** and Ti**. The temperature dependence of
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xm for TP-Tb and O-Tb shows a dramatic difference. In O-Tb,
the field-cooling (FC) and zero-field-cooling (ZFC) curves both
increase monotonically with lower temperature from 300 K to 2
K. In TP-Tb, the FC curve increases monotonically with lower
temperature while the ZFC curve peaks at 2.6 K. The divergence
between FC and ZFC plot and the peak around 2.6 K in TP-Tb
are indicative of the blocking of the magnetization and indicate
that TP-Tb should present slow magnetic relaxation behavior.

The ac magnetic susceptibility measurement was conducted
on both O-Tb and TP-Tb to study their dynamic magnetic
properties. The data for O-Tb show negligible out-of-phase
magnetic susceptibility (xy) from 2 K to 9 K, which confirms
the lack of slow magnetic relaxation behavior in O-Tb (Fig. S167).
For TP-Tb, one single peak can be observed in the frequency
range from 1 to 750 Hz between 4 K to 30 K in the temperature
dependence of xy" plot (Fig. S107). The peak position is
temperature-dependent which suggests the lack of QTM process
from 4 K to 30 K. Magnetic relaxation times, 7, were extracted
from fits of the ac susceptibility data to a generalized Debye
model (Fig. 3a, see ESI{). The QTM process is temperature-
independent and the temperature-dependence of t value
should be flattened if the relaxation is governed by a fast QTM
process. The t value increases with lower temperature down to 2
K which confirms the lack of fast QTM relaxation process in the
probed range. Under zero magnetic field, without a fast QTM
process, the relaxation behaviors are normally dominated by
Orbach and Raman processes. However, the attempts to fit the ¢
value from 6 K to 30 K with the inclusion of Raman processes
lead to less reasonable fitting results (see ESI} for details). Fitting
the 7 from 4 K to 30 K to the function ' =14 ;" exp(—Upst1/ksT)
+ 1o, ' exp(—Ueso/ksT) results in Ugq = 23.54(9) em ™Y,
Toq = 0.00152(2) 8, Uesr, = 395(18) em ™, 179, = 6.4(59) x 10~ % s
The t value from 2 K to 4 K was derived by dc relaxation
measurements. The t = 175(16) sat 2.2 Kand t = 72(18) sat 2.4 K
suggests the blocking temperature, Tj, (temperature where
relaxation time 7 value is larger than 100 s), is around 2.3 K.

It is notable that the pre-factor 7, = 0.00152(2) s for the
Orbach process in TP-Tb is several orders higher than in most of
the reported SMMs (Table S15%). Great progress has been made
recently on improving the U value, which is important for the
slower Orbach relaxation process (1" = 1o ‘exp(—Ueg/ksT).>*
However, increasing the value of t,, which is related to the
vibrational modes of molecules, remains challenging.*>*°
Recent theoretical works suggest that further improvements to
monometallic single-molecule magnets requires moving vibra-
tional modes off-resonance with the electronic transitions.**
The variable field magnetization measurements on TP-Tb at
a sweep rate of 40 Oe s~ ' when |uoH| < 2 T and 150 Oe s~ * when
|uoH| > 2 T reveal magnetic hysteresis loop with remnant
magnetization at zero field up to 3 K (Fig. 3b), indicating that
TP-Tb is a hard-magnet below 3 K. The sharp drop of coercive
field at 2.5 K compared to 2 K could be attributed to the Orbach
relaxation procedure with Uy = 23.54(9) ecm ™" since the 75, '
exp(—Uet,1/ksT) equals to 1163 s at 2.5 K and equals to 3.4 x
10" s at 2 K.

The in-field ac susceptibility measurements on TP-Tb were
also conducted. As shown in Fig. S13-S15,t the application of

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Inverse temperature dependence of 1. The black dots are
derived from fitting the xn" dependence of xn” plot (Cole—Cole plot)
to the generalized Debye model, while the blue dots are derived from
fitting the dc relaxation data to the stretched exponential functions.
The red dashed line corresponds to the fits of t from 8 Kto 30 K to the
function 17! = 10,1*1 exp(—Uesr1/ksT) + 10,2*1 exp(—Uefr 2/kgT). The
black dashed line corresponds to the line © = 100 s. (b) Variable field
magnetization data for TP-Tb collected from 2 K to 5 K at a sweep rate
of 40 Oe st when |uoH| < 2 T and 150 Oe s~* when |uoH| > 2 T.

magnetic field decreases the relaxation time especially with the
application of 2500 Oe dc magnetic field. Only QTM and direct
processes are magnetic field dependent.*® The QTM can be
suppressed by higher field and yield increased relaxation times,
while the direct process can be amplified by applied field
leading to decreased relaxation times. Therefore, the decrease
of relaxation time with higher magnetic field is consistent with
our conclusion for the lack of a dominant QTM process in TP-Tb
in the probed range and is indicative of the existence of a direct
process under an applied magnetic field for TP-Tb.

To gain insight into the origin of the magnetic properties of
the O-Tb and TP-Tb complexes, we performed XMS-CASPT2
electronic structure calculations on the reduced-size model
complex, [TbClg]>~, using the OpenMolcas software** (see ESIT).
The energy diagrams of the electronic states arising from the
crystal field splitting of the ground “Fg level of Tb*" ion and the
transition magnetic dipole moments between these states are
shown in Fig. 4. The electronic states of TP-Tb are nearly doubly-
degenerate, the energy of the first excited state (260 cm™") and

© 2023 The Author(s). Published by the Royal Society of Chemistry
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the anisotropy barrier (446 cm ') are large compared to those of
O-Tb (41 cm™" and 363 cm ™', respectively). These differences in
electronic structure reflect the C;, symmetry of the TP-Tb
complex and the strongly distorted geometry of O-Tb. Mean-
while, the transition dipoles indicate that in TP-Tb the magnetic
relaxation proceeds through few high-energy excited states,
while in O-Tb many low-energy states are involved. The larger
transition dipoles in O-Tb complex arises from the significant
mixing of the M; components in each electronic state (Table
S16t). In contrast, the TP-Tb electronic states are nearly pure
superpositions of +M; components (Table S17t). These
computational results are in agreement with the experimental
finding of slow magnetic relaxation in the TP-Tb complex and
the absence of SMM behaviors in O-Tb.

The calculated energy of first excited doublet (260 cm ™) is
much larger than the U, (23.5 cm™") but closer to Ue,
(395 em™ ') in TP-Tb. Considering that the Jyi_gq = 2.90(1) cm™*
in TP-Gd, it is suggestive that the dominant Orbach process is
dictated by the strength of exchange coupling despite the strong
anisotropy of Tb*" in TP-Tb. Similar phenomenon has been
studied in several radical-bridged dilanthanide complexes.*
Although magnetic exchange leads to an Orbach process with
a small barrier (Uegr; = 23.5 cm ') in TP-Tb, the exchange
coupling greatly suppresses the zero-field relaxation behavior
(mainly the QTM process) since the monolanthanide-1]
metallocenophane with similar D;, Ln*" local structure, but
no magnetic exchange, show soft magnetism and butterfly-
shape hysteresis loops.*>*®

a F -——
-
” -
/
=
o
=
T @
s_ 3 - - g
> e
= 4 ©
2 k g
fin] \ d
=
= @
/ LN
¢ |
/ . TP-Tb
L L
Momentum / pg
b .
s y
T A > Wrd 3
§ . oo\ ~_ |W-: &
< \ =
) NV O-Tb S
2 2 \
g . 3
fii] D' o
3
- ~
- -=
~ - &
-
o -

Momentum / pg

Fig. 4 The energy diagrams of the electronic states arising from the
crystal field splitting of the ground “Fg level of Tb** ion and the tran-
sition magnetic dipole moments between these states calculated for
the models of TP-Tb (a) and O-Tb (b) complexes.
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Conclusions

In conclusion, the magnetic property studies on these newly
synthesized species show that the TP-Tb complex exhibits SMM
behaviors with the blocking temperature of 2.3 K and remanent
magnetization at zero field up to 3 K, while the O-Tb complex
shows fast magnetic relaxation behavior in the probed range.
The observed properties are attributable to the combination of
high local symmetry of the lanthanide ion and the magnetic
exchange between Ti*" and Tb*" in TP-Tb. This work builds on
a nascent strategy to improve SMMs by combining the magnetic
exchange interactions and high local symmetry in f-element
based molecules. Additionally, these complexes establish
a step-wise path to examining the role of geometric and elec-
tronic magnetic frustration in the dynamic properties of
molecular nanomagnets.
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