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ABSTRACT: The recently reported series of divalent lanthanide
complex salts, namely [K(2.2.2-cryptand)][Cp’sLn] (Ln = Y, La, Ce,
Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm; Cp’ = C;H,SiMe;) and the
analogous trivalent complexes, Cp’;Ln, have been characterized via dc and
ac magnetic susceptibility measurements. The salts of the complexes
[Cp’sDy]™ and [Cp’;Ho]™ exhibit magnetic moments of 11.3 and 11.4
Uy, respectively, which are the highest moments reported to date for any
monometallic molecular species. The magnetic moments measured at
room temperature support the assignments of a 4f"*! configuration for Ln
= Sm, Eu, Tm and a 4£'5d! configuration for Ln =Y, La, Gd, Tb, Dy, Ho,
Er. In the cases of Ln = Ce, Pr, Nd, simple models do not accurately
predict the experimental room temperature magnetic moments. Although
an LS coupling scheme is a useful starting point, it is not sufficient to
describe the complex magnetic behavior and electronic structure of these
intriguing molecules. While no slow magnetic relaxation was observed for
any member of the series under zero applied dc field, the large moments
accessible with such mixed configurations present important case studies
in the pursuit of magnetic materials with inherently larger magnetic

T(K)

moments. This is essential for the design of new bulk magnetic materials and for diminishing processes such as quantum

tunneling of the magnetization in single-molecule magnets.

B INTRODUCTION

The study of magnetic materials continues to drive research in
chemistry and physics, in particular permanent magnets and
single-molecule magnets." Certainly, these two categories differ
vastly in size, composition, operating temperatures, and current
applications.” While permanent magnets are currently used in
areas ranging from wind turbines to electric car motors,” single-
molecule magnets still represent an exploratory area of
chemistry and physics research. Additionally, permanent
magnets based on synthetic lanthanide-containing systems,
such as Nd,Fe ,B* and SmCos,* derive their properties from
the coupling of the anisotropic lanthanide moments with
itinerant electrons contributed by the diffuse 3d metal orbitals.
On the other hand, single-molecule magnets are often
composed of only several magnetic centers or a single metal
ion surrounded by an appropriate ligand field and exhibit
magnetic hysteresis below 14 K.> While magnetic coupling has
led to some truly exceptional systems,’ fine-tuning the ligand
field around a particular magnetic ion is the predominant
means through which the magnetic properties of these
molecules can be modulated.”
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A key connection between these two categories of materials
is the importance of the lanthanide ions in engendering
extraordinary properties. Indeed, the hardness of both
permanent magnets and single-molecule magnets stems from
the significant magnetic anisotropy of the lanthanide ions,
originating from strong spin—orbit coupling and the core-like
nature of the 4f orbitals. Another important contribution from
the lanthanide centers is their inherently large magnetic
moments arising from large total angular momentum J ground
states. In the case of permanent magnets, large lanthanide
anisotropy and magnetic moments enhance such properties as
the coercive field and saturation magnetization, both of which
influence the amount of useful work that can be achieved with a
given material. For single-molecule magnets, lanthanide
magnetic anisotropy in the presence of a suitable crystal field
can enhance hysteresis temperature, while a larger magnitude |
ground state can diminish ground-state tunneling,” leading to
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wider hysteresis loops and hence larger coercivity in molecular
materials.

In designing new bulk magnets (e.g, Dy in Nd,Fe,,B®) and
single-molecule magnets, electronic modification is made
primarily through dopant atoms or symmetry and ligand field
alterations. These alterations may enhance the magnetic
anisotropy, though another important parameter, namely the
overall magnetic moment for the material, cannot be
substantially altered without changing the identity of the
constituent metals. It is interesting to consider how current
properties of lanthanide-based magnetic materials may be
further improved beyond tuning the crystal field surroundings,
for instance by intrinsically enhancing the magnetic moment of
one or more of the metal ions.

In this light, the recent discovery of the divalent state across
the entire lanthanide series in compounds of the type [K(2.2.2.-
cryptand) ][Cp’sLn] (Cp’ = C;H,SiMe;, Figure 1)’ presents a

Figure 1. Crystal structure of [K(2.2.2-cryptand)][Cp’;Ho]; pink,
gray, green, yellow, red, and blue spheres represent Ho, C, Si, K, O,
and N, respectively.” A molecule of THF that crystallizes in the lattice
is not shown.

fascinating case study in the consideration of new magnetic
centers for the design of exceptional new magnetic materials.
Indeed, characterization via X-ray crystallography,'® UV—vis
spectrophotometry, and electronic structure calculations

suggests that in the cases of Ln = La, Ce, Pr, Nd, Gd, Tb,
Dy, Ho, Er, Lu, the electronic configuration is an
unprecedented 4f'5d', wherein the d,> orbital is preferentially
occupied in the tris(cyclopentadienyl) ligand field.” In
principle, the accessibility of this configuration should lead to
larger magnetic moments, as the additional electron can
enhance spin and also total angular momentum, J, in particular
for the later lanthanides. An increase in the magnitude of the |
ground state would lead to a concomitant increase in the
overall magnetic moment compared to the trivalent lantha-
nides, which currently exhibit the highest magnetic moments
for any metal ion. We report here the results of static and
dynamic magnetic susceptibility measurements on the com-
pounds [K(2.2.2-cryptand)][Cp’sLn] (Figure 1) and their
corresponding trivalent analogues Cp’;Ln and discuss the
relevance of these results to the potential design of new
magnetic materials.

B EXPERIMENTAL SECTION

The compounds [K(2.2.2-cryptand)][Cp’;Ln] and Cp’;Ln were
prepared as previously reported.” Crystals of [K(2.2.2-cryptand)]-
[Cp’sLn] were grown from the THF reaction solution layered with
Et,0 at —35 °C, while crystals of Cp’;Ln were grown from pentane at
—35 °C.

Magnetic Measurements. Magnetic samples were prepared by
adding the powdered crystalline compound to a S mm inner diameter
quartz tube with a quartz platform 3/4 down the length of the tube.
For all samples but [K(2.2.2-cryptand)][Cp’;Ho], solid eicosane was
added to prevent crystallite torqueing and provide good thermal
contact between the sample and the bath. The tubes were fitted with
Teflon sealable adapters, evacuated using a glovebox vacuum pump,
and flame-sealed under static vacuum. Following flame sealing, the
solid eicosane was melted in a water bath held at 40 °C. Due to the
previously observed temperature sensitivity of a number of these
compounds, test samples were also prepared using cotton or Nujol
(liquid at room temperature) as a restraint, to observe any effect of
heating on the room temperature yyT values. Static magnetic
susceptibility data of such samples of Tm" (cotton), Dy" (nujol),
and Nd" (cotton) exhibited significant magnetic torqueing below 40
K, obscuring the low-temperature magnetic behavior. Even still, at high
temperatures it was found that the moments of these samples agreed
with those measured with eicosane restraint, and thus temperature-
sensitivity was not a significant factor. In the case of Ho', a sample
firmly restrained with a small piece of cotton (no heating) did exhibit a
slightly larger value of the static magnetic susceptibility times
temperature (yyT) at 300 K (16.06 emu-K/mol for the cotton

Table 1. Experimental and Predicted yyT Values for the Ln" Complexes [Cp’;Ln]~ and Ln™ Complexes Cp’;Ln

Ln" n exp. tegt exp. yuT" T (4£'5d") coupled
Y 0 1.78 0.4 0.375
La 0 1.72 0.37 0.375
Ce 1 2.62 0.86 0.33
Pr 2 293 1.07 0.875
Nd 3 3.01 1.13 0.9
Sm S 3.64 1.66 0

Eu 6 7.65 7.60 1.5
Gd 7 891 9.93 10

Tb 8 10.48 13.73 14.42
Dy 9 11.35 16.1 17.01
Ho 10 11.41 16.26 169
Er 11 9.94 12.35 14.06
Tm 12 4.14 222 9.23
Yb 13 0 0 3.9

T (4fh) auT (4£'5d") uncoupled exp. (theor.) yy T Ln™ (4f")
N/A 0.375 0

0.8 0.375 0

16 118 0.68 (0.8)
1.64 1.98 132 (1.6)
09 202 127 (1.64)
0 047 0.27 (0.09)
7.88 0375 3.17 (0)
11.82 8.26 7.58 (7.88)
14.13 12.20 9.34 (11.82)
14.07 1451 1228 (14.13)
11.48 1445 11.95 (14.07)
7.15 11.86 1135 (11.48)
2.57 7.53 638 (7.15)
0 295 242 (2.57)

“Units of pp. All yy,T data are reported in units of emu-K/mol and were collected under a field of 0.1 T (1 T in the case of Y" and La").
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sample versus 15.61 emu-K/mol for the eicosane sample). Thus, the
reported Ho"" data are from the sample restrained with cotton, while
for all other compounds the data were obtained from eicosane-
restrained samples.

Magnetic susceptibility measurements were performed using a
Quantum Design MPMS2 SQUID magnetometer. Dc susceptibility
data measurements were performed at temperatures ranging from 1.8
to 300 K, using applied fields of 1, 0.5, and 0.1 T (variable
temperature) and fields ranging from 0 to 7 T (magnetization
measurements, 2, 6, and 10 K). Ac magnetic susceptibility measure-
ments were performed using a 4 Oe switching field. All data were
corrected for diamagnetic contributions from the core diamagnetism
estimated using Pascal’s constants."'

B RESULTS AND DISCUSSION

Dynamic magnetic susceptibility measurements performed on
Cp’5Tb and Cp’;Dy and all the divalent complexes'* revealed
only noise or high-frequency tails under zero or applied fields,
indicating fast relaxation times and precluding the extraction of
any information regarding a barrier to slow magnetic relaxation.
Thus, no further exploration of the dynamic properties was
carried out. In the case of the anisotropic trivalent lanthanide
species, static magnetic susceptibility measurements revealed
fairly characteristic temperature dependence, namely a relatively
gradual decline of the y\T product (and therefore also 4 =

8ymT) with decreasing temperature, resulting from the
presence of magnetic anisotropy and depopulation of the
crystal field levels of the ] ground state. For all lanthanides but
Sm'™ and Eu", the room temperature yyT values are lower
than those predicted for the free Ln®* ion (Figure S1 and Table
1), a result that has been observed previously for tris-
(cyclopentadienyl) complexes.'” These lower values can be
ascribed to the size of the crystal field splitting, such that at
room temperature the full J manifold is not completely
populated. However, for Er'™, Tm™, and Yb™, the y,,T values at
300 K very closely approach those determined for the
respective free ions. In the case of Sm™ and Eu', the room
temperature yyT values are 0.27 and 3.17 emu-K/mol,
respectively, substantially larger than the values of 0.09 and 0
emu-K/mol predicted for the free ions. This is a common result
due to the presence of low-lying ] = 7/2 (Sm"™, A = 1000
ecm™!) and J = 1 (Eu™, A = 300 cm™) excited states for these
ions, which renders the simple LS coupling scheme insufficient
to describe the level population as the temperature is increased
and kT exceeds A.'* In the case of the isotropic Gd™ ion, the
xmT data are more or less linear over the entire temperature
range from 300 to 1.8 K.

For nearly all of the divalent lanthanide complexes there is a
substantial increase in the room temperature yyT value when
compared with the trivalent analogues, with the exception of
Pr', Nd", and Tm", which all exhibit smaller room temperature
JmT values than predicted even for the trivalent lanthanide ions
(Table 1). To approach the analysis of the magnetic
susceptibility for each complex, we can turn first to the ground
electronic configurations suggested from experiment and
theory;” namely, Eu" (Figure 2), Sm", and Tm" (Figure S2)
appear to fall into the 4f"' category, while the remaining
lanthanides lie in the 4f'5d" category.'® For the former ions,
this oxidation state is well-established in the literature,'® and
their ground electronic state may be described to a first
approximation using LS coupling. For example, free Eu" with a
4f" configuration (n =7, L = 0, S = 7/2) is predicted to exhibit
JuT = 7.88 emu-K/mol at room temperature, according to eq
1:
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Figure 2. (Top) Plot of the static magnetic susceptibility times
temperature (yy,T) versus T collected at 0.1 T for [K(2.2.2-
cryptand)][Cp’sLn] (Ln = Gd, red circles, Eu; light-blue circles)
and the trivalent Cp’;Gd (black circles). Dashed and solid lines
represent the theoretical T value at 300 K assuming the coupled
4f'5d" configuration for Gd™ and the 4f’ configuration for Gd"/Eu",
respectively. (Bottom) Variable-temperature M(H) curves for
[K(2.2.2-cryptand)][Cp’;Gd] collected from 0 to 7 T. Data points
are given by colored spheres, and solid lines represent the
corresponding Brillouin function for an § = 4 system.

1T =gJJ+1)/8 1)
Indeed, the room temperature experimental yy T value is 7.60
emu-K/mol for [K(2.2.2-cryptand)][Cp’sEu] (Figure 2, open
light-blue circles), supporting the 4f’ assignment for Eu", as
does the nearly temperature-independent behavior character-
istic of an isotropic ion.

LS coupling provides a similarly reasonable description of the
uT value at 300 K for Tm'", with the experimental value of
2.22 emu-K/mol agreeing quite well with the predicted value of
2.57 emu-K/mol. In the case of Sm", a glance at the T data
reveals that LS coupling falls short, as was true above for Sm'".
Indeed, the experimental y,T value at 300 K is 1.66 emu-K/
mol, while that predicted for 4f° is 0 emu-K/mol. Again, this
result is suggestive of a low-lying ] excited state, which is not
uncommon for Sm™."”

For the lanthanides that were found to fall into the 4f'5d"
category, a basic description of their ground states can be
achieved using LS coupling rules. Given the indication from
density functional theory (DFT) calculations that the added
electron occupies the d,> orbital,” the analysis can be simplified
since this added electron would then contribute no orbital
angular momentum. There are, however, two general
possibilities we can consider regarding the nature of the
coupling between the d electron, the f electrons, and the orbital
angular momentum contributed by the latter. In particular, we
can imagine a scenario where spin—spin coupling between the f
and d electrons is stronger than any LS coupling, and thus we
can describe the complexes with an overall spin of Syor = Sy +
1/2. This total spin would then couple with the orbital angular
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momentum contributed by the f electrons, yielding an overall ],
and then, using eq 1, we would arrive at theoretical yT values
for a given lanthanide.

The alternative scenario is then one in which the LS coupling
of the f electrons dominates (in general, where the d electron
precesses with the magnetic field independently of the f
electrons), and then the resulting y,,T value for the d electron
(¢mT = 0.375 emu-K/mol for S = 1/2) would add to the yT
value obtained for LS coupling for the f electrons. In other
words, by adding 0.375 emu-K/mol to the theoretical yT
value for a given Ln", one arrives at the predicted Ln" yT
value and magnetic moment. In the following analysis, this
latter scenario, where LS coupling > f electron spin coupling,
will be referred to as the uncoupled scheme. The case described
in the previous paragraph, now with f and d spin coupling > LS
coupling, will be referred to as the coupled scheme. This type of
analysis was first introduced by Cloke and co-workers'® in their
discussion of the magnetism of zerovalent bis(1,3,5-tri-
tertbutylbenzene) lanthanide complexes. This earlier work is
the motivation behind our present evaluation (as a brief aside
we note that the possibility of a multiconfigurational ground
state can also not be ruled out for some of these molecules, see
below in the discussion for Nd", etc.). To investigate these two
possibilities, the simplest lanthanide ion to start with is Gd",
which should remain isotropic with the addition of an electron
into an orbital of primarily d; character. Indeed, the static
magnetic susceptibility for [K(2.2.2-cryptand)][Cp’3Gd] col-
lected under an applied field of 0.1 T over the temperature
range from 1.8 to 300 K reveals a nearly temperature-
independent yT product, with a room temperature magnitude
of 9.93 emu-K/mol (p¢ = 8.91 pg) (Figure 2). Both of these
factors support a 4f'Sd' assignment, as a 4f"*' configuration
should exhibit a y,,T product at room temperature much closer
to the theoretical value of 11.82 emu-K/mol and should further
show evidence of magnetic anisotropy, due to the J = 6 ground
state for a 4f° ion.

To address the nature of the interaction between the f
electrons and the d electron, variable-field magnetization
measurements were performed at temperatures of 2, 6, and
10 K (Figure 2). The data overlay quite well with the
theoretical magnetization curves defined by an S = 4 Brillouin
function, while the sum of S = 1/2 and S = 7/2 Brillouin
functions (Figure S3) provides a less than satisfactory
agreement with the experimental data. This result suggests
that the coupled scenario above provides a more reasonable
description of the configuration for [K(2.2.2-cryptand)]-
[Cp'3Gd].

Two other simple cases to consider are [K(2.2.2-cryptand)]-
[Cp';Y] and [K(2.2.2-cryptand)][Cp’;La], both S = 1/2. For
Y", the unpaired electron will necessarily occupy the 4d shell,
and for this ion, as well as La", experimental evidence suggests
that the occupied orbital is d,> in character.” Indeed, static
magnetic susceptibility data for both compounds collected at 1
T reveal room temperature y,T values of 0.4 emu-K/mol (Y")
and 0.37 emu-K/mol (La"), very close to the theoretical value
of 0.375 emu-K/mol expected for an S = 1/2 system (Figure
S4). Dc susceptibility data collected at a lower field of 0.1 T
also revealed significant temperature-independent paramagnet-
ism in the case of Y (Figure S4).

The remaining lanthanides can be grouped into two
categories, based on the agreement of their experimental yT
values with those predicted for the 4f'Sd' configuration. The
first category encompasses TbY, DyH, Ho",, and Er, where the
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room temperature yyT values surpass the predicted values for
the uncoupled 4f'Sd' configuration and closely approach the
coupled scenario, in agreement with the results already
discussed above for Gd" (Table 1). The lack of perfect
agreement might be attributed to the strong crystal field of the
[Cp’]™ ligand, which could result in incomplete population of
the ground J state at room temperature and/or some quenching
of orbital angular momentum; the discrepancy could also very
well indicate that this simple model does not sufficiently
describe the magnetic properties of these compounds.
However, the agreement is still quite good, and the results of
the model correspond well with prior experimental data.
Notably for Dy" and Ho" (Figure 3), the y\T values at 300 K

4f°

2 T T T T T
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Figure 3. Plot of the static magnetic susceptibility times temperature
(xmT) versus T for [K(2.2.2-cryptand)][Cp’sDy] (top, purple circles,
1 T) and [K(2.2.2-cryptand)][Cp’3Ho] (bottom, pink circles, 0.1 T)
along with data for the trivalent analogs under the same respective
applied fields (black circles). Dashed colored lines represent the
theoretical yyT value at 300 K assuming the coupled 4f’5d'
configuration for each divalent ion, while solid black lines correspond
to the theoretical room temperature y,T value for the corresponding
free trivalent ions.

are 16.1 emu-K/mol (u.4 = 11.35 pg) and 16.26 emu-K/mol
(degr = 11.41 pg), respectively. To the best of our knowledge,
these represent the highest moments yet exhibited by any metal
ion.

A final comment regards the experimental room temperature
wT value for Tb" (Figure S5, also see for Er'"). While the value
of 13.73 emu-K/mol exceeds that expected for the uncoupled
4'5d" configuration (Table 1), the predicted room temperature
xuT values for the 4f and coupled 4f°5d" configuration are
14.13 and 1442 emu-K/mol, respectively. Thus, the difference
between the experimental room temperature T value for Tb"
and either of these theoretical possibilities is similar in
magnitude to the error between experimental and predicted
xmT for some of the trivalent compounds discussed above. This
result again highlights the limitations of such a simple model to
describe the magnetic behavior. However, the y T data for Tb"
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are certainly in support of prior experimental evidence
suggesting the 4f'Sd" configuration.

The remaining lanthanides, NgU (Figure 4), Cell, and Pr!!
(Figure S6) fall into a distinct category, with room temperature

1.8
1.6 1
1.4 ]
12 ]

4P

Ll
5
.....

S, |\ g 1)t

w! (emu-K/mol)

[Cp';Nd]
0.0 Frrrrr e

0 50 100 150 200 250 300
T(K)

Figure 4. Plot of the static magnetic susceptibility times temperature
(xmT) versus T collected at 0.1 T for [K(2.2.2-cryptand)][Cp’;Nd]
and Cp’;Nd. The room temperature yy,T value for Nd" exceeds that
predicted for a 4£°5d" configuration and also a 4f* configuration.

amT values that do not agree well with any of the theoretical
categories in Table 1. These values are substantially lower than
those predicted for the uncoupled 4f'Sd' configuration, and
perhaps based on the Gd" data above, this possibility may
therefore be excluded. The experimental values for all three
ions actually fall between those predicted for the coupled 4f'Sd"
and a 4f""! configuration. Based on just the y,,T values alone, it
is tempting to consider the possibility of a mixed electronic
configuration. In the case of Nd", DFT calculations did suggest
that the HOMO contains both d and f character,” perhaps
adding some credence to this speculation.
Variable-temperature dc susceptibility data collected at
higher fields for these three ions indicates that for Nd" and
Ce" (both having an even electron count) there is some
contribution from temperature-independent paramagnetism
(Figure S7), and thus mixing with excited ] states may in
part explain the very linear behavior in T as well as the larger
than predicted yT value at room temperature for these two
ions. Indeed, under a field of 1 T, the room temperature y T
values for Ce!' and NdU are 0.74 and 0.96 emu-K/mol,
respectively, closer to (though still larger than) the theoretical
values for the coupled 4f'5d" configuration. In the case of Pr",
dc susceptibility data collected at fields of 0.5 and 1 T exhibited
no change from the 0.1 T data, suggesting that temperature-
independent paramagnetism is not a significant contribution to
the linear yyT behavior for this compound or the larger than
predicted room temperature yuT value (considering the

coupled 4f'5d" scheme).
B SUMMARY AND CONCLUSIONS

In support of recent spectroscopic and computational results
on the series of compounds [K(2.2.2-cryptand)][Cp’sLn], dc
magnetic susceptibility data suggest that a 4f" configuration is
reasonable for Sm", Eu', and Tm" Conversely, for the
remaining paramagnetic later lanthanides, as well as Y" and
La", low-temperature magnetization data (Gd") and room
temperature yyT values reveal that a coupled 4f'5d
configuration is more likely. However, Ce", Pr", and Nd" are
outliers, exhibiting dc susceptibility data that do not strongly
support either configuration; rather the room temperature jy T
values reveal the severe limitations of such a simple model and
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the use of magnetic susceptibility data alone in deciphering
electronic structure. The data for these three lanthanides could
suggest the interesting possibility of a mixed configuration
intermediate between 4'5d' and 4f*, though additional
experiments such as EPR, photoelectron spectroscopy, XAS,
and even more refined theory to account for the presence of
lanthanide anisotropy are imperative to enabling a more
rigorous understanding of these molecules.

Even still, dc susceptibility data reveal exceptionally large
room temperature T values and magnetic moments for the
later lanthanides, stemming from the 4f'Sd" configuration. In
particular, Dy" and Ho" exhibit room temperature magnetic
moments that are to our knowledge the highest reported for a
single metal ion. Heretofore unheard of, the accessibility of
such enormous moments could have intriguing implications in
single-molecule magnetism and in the design of new bulk
magnet materials. Larger magnetic moments can diminish
tunneling of the magnetization7 in molecular materials,
currently one of the major drawbacks in the design of single-
molecule magnets with enhanced hysteresis temperatures.
Thus, it is interesting to consider that within the proper ligand
field symmetry, such accessible moments may enhance single-
molecule magnet properties. Bulk magnetic materials are
currently limited to early lanthanides such as Nd™ or Sm',
an exclusivity that arises from the nature of the magnetic
coupling between the f and transition-metal d electrons. For the
early lanthanides, the coupling is ferromagnetic, while in the
case of the later lanthanides, it is antiferromagnetic; thus, while
the anisotropy of the former is smaller, the larger magnetic
moments that result from ferromagnetic coupling lead to better
permanent magnetic behavior.™ If such novel divalent
lanthanides were accessible in bulk magnetic materials, the
electronic configuration and the larger moments in the case of
the later lanthanides could impact both the nature of the
magnetic coupling and enhance the overall moment of the
material, thus holding promise in the design of new hard
permanent magnets with large magnetic energy products.
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