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ABSTRACT: Single-ion magnets based on lanthanide ions in pseudo-D5h symmetry have gained much attention in recent years
as they are reported to possess a large blocking temperature and a large barrier for magnetization reversal. Magneto-structural
correlations reveal that the axial O−Ln−O angle is an important parameter to control the barrier, and while it can be fine-tuned
by chemical modification, an alternative would be to utilize hydrostatic pressure. Herein, we report the crystal structures and
static magnetic properties of two air-stable isostructural lanthanide SIMs under applied pressures. The complexes exhibit
pseudo-D5h symmetry around the Ln(III)-ion (Ln = Dy or Ho), which coordinates to five equatorial water molecules and two
large neutral phosphonic diamide ligands along the axial direction. High-pressure single-crystal X-ray diffraction experiments
revealed two phase-transitions and an increasing deviation from D5h-symmetry between ambient pressure and 3.6 GPa. High-
pressure direct-current magnetic measurements of the Dy(III) compound showed large steps in the hysteresis loops near zero
field, indicative of quantum tunneling of magnetization (QTM). These steps grow in size with increasing pressure, suggesting
that QTM becomes progressively more active, which correlates well with the pressure-induced increased overall deviation from
pseudo-D5h symmetry and decreasing axial O−Dy−O angle. A strong temperature dependence of the step size is seen at 0.3
GPa, which shows that the SMM character persists even at this pressure. To understand the origin of significant variation in the
tunneling probability upon pressure, we performed a range of ab initio calculations based on the CASSCF/RASSI-SO/
SINGLE_ANISO method on both Dy and Ho complexes. From the energies and magnetic anisotropy of the mJ sublevels, we
find a complex variation of the energy barrier with pressure, and using a constructed geometrical parameter, R, taking into
account changes in both bond angles and distances, we link the magnetic properties to the first coordination sphere of the
molecules.

■ INTRODUCTION

Single-molecule magnets (SMMs) are molecules which exhibit
blocking of magnetization below a certain temperature,
denoted by TB. If the molecule has a bistable magnetization
and a sufficiently high TB, then it would be possible to use
these molecules for high density data storage by magnetizing
them to be either spin-up or -down, reaching a state which is
maintained. For any technological implementation of SMMs to
be a feasible, we first need to locate systems with TB higher
than the boiling point of liquid nitrogen (77 K).
The discovery of the first SMM, a mixed-valence Mn12

cluster, dates back to 1993.1,2 For obvious reasons improved

compounds were subsequently sought, especially among
transition metal complexes often containing several metal
ions.3 Then, in 2003, Ishikawa discovered the first mono-
nuclear lanthanide SMM (TbPc2)

− (Pc = dianion of
phthalocyanine),4 and this prompted a search for SMM
properties among both lanthanide and transition-metal
monometallic systems.5 Eventually, this quest led to the
discovery of a monometallic Dy(III) SMM having a blocking
temperature of 60 K.6,7 This reinforced the belief that

Received: October 7, 2019
Published: December 12, 2019

Article

pubs.acs.org/ICCite This: Inorg. Chem. 2020, 59, 717−729

© 2019 American Chemical Society 717 DOI: 10.1021/acs.inorgchem.9b02962
Inorg. Chem. 2020, 59, 717−729

D
ow

nl
oa

de
d 

vi
a 

IN
D

IA
N

 I
N

ST
 O

F 
T

E
C

H
N

O
L

O
G

Y
 B

O
M

B
A

Y
 o

n 
O

ct
ob

er
 2

0,
 2

02
0 

at
 1

7:
04

:5
3 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

pubs.acs.org/IC
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.inorgchem.9b02962
http://dx.doi.org/10.1021/acs.inorgchem.9b02962


mononuclear lanthanide complexes were ideal candidates for
delivering SMMs with TB above 77 K and already two years
later another mononuclear Dy(III) SMM was discovered with
TB of 80 K.8

The energy barrier Ueff that hinders the equilibration of
magnetization is a useful alternative to the above-mentioned
TB when it comes to measuring the quality of an SMM. This
energy barrier, which can be extracted using dynamic ac
susceptibility measurements,9 is intimately connected to the
magnetic anisotropy of the SMM, and one widespread guiding
principle in synthetic research is to maximize the magnetic
anisotropy. For lanthanide systems, one way to achieve this
goal is to choose coordinating ligands that complement the
anisotropic shape of the 4f electron density of the central metal
ion,10 which is generally described as either oblate (flattened
sphere) or prolate (elongated sphere). Examples of oblate-
density ions are Dy(III) and Ho(III), and it has been shown
that special ligand fields where two ligands approach the
lanthanide in a trans-configuration will strongly amplify the
magnetic anisotropy of these ions and thus their SMM
potential.11 The perfectly linear two-coordinate lanthanide
complex is, however, difficult to synthesize because it exposes
the vacant equatorial coordination sites and such systems are
highly reactive.12 To alleviate these problems, it is possible
either to apply loosely bonded equatorial ligands or to use very
bulky axial ligands to impede the coordination in the equatorial
plane.13

Much of the progress in SMM research has relied on the
synthesis of classes of compounds with related structures and
subsequently correlating their magnetic properties with
variations of structural or electronic properties. However, this
approach is often limited by the fact that the electronic
properties, such as the ligand field strength or orbital
populations, have to be calculated ab initio and are thus
subject to unknown limitations which for lanthanides
potentially quite severe. Similarly, it is not always possible to
synthesize and crystallize complete compound classes observ-
ing isomorphous crystal structures. Inevitably, this leads to
differences in crystal packing and intermolecular interactions
having an unknown effect on the magnetic properties and
preventing systematic studies. On the contrary, it is possible to
study the structural and magnetic properties of the exact same
magnetic molecule in a continuously changing range of
environments by enclosing a single-crystal sample in a pressure
cell and vary its structure by application of an external pressure.
Studying SMMs under applied hydrostatic pressure can be
used to investigate how changes in structure affect the SMM
properties as well as to study the stability of these properties
under geometrical changes to the magnetic molecule. The
latter is of interest since previous studies have shown that
structural changes of this nature may occur when SMMs are
placed on a surface as would be necessary for their practical
use.14 To the best of our knowledge, the first combined high-
pressure X-ray crystallography and magnetic measurements on
SMMs was reported in 2005.15 However, only a few studies
using this method of investigation of SMMs have been
reported since then,16−20 and none of these have involved
lanthanide ions.
In this contribution, we therefore present results of high-

pressure structural and magnetic investigations of two Ln(III)
compounds, denoted 1Dy and 1Ho, in addition to theoretical
calculations of the electronic structure in the experimental
high-pressure geometries. We have previously reported on the

synthesis, ambient-pressure crystal structure, and magnetic
properties of these compounds.3,21 Importantly, these
compounds are air- and moisture-stable, which is clearly a
desired but rather uncommon property.21 Their crystal
structure consist of a central trivalent lanthanide ion in a
pseudo-D5h symmetry, which coordinates to two large neutral
axial phosphonic diamide ligands and five equatorial water
molecules (see Figure 1).

■ EXPERIMENTAL DETAILS
Synthesis. The synthesis of both 1Dy and 1Ho has previously

been described by Murugavel et al.3,21

Ambient and High-Pressure Single-Crystal X-ray Crystal-
lography. The structures of 1Ho and 1Dy were measured on a
Rigaku Oxford Diffraction SuperNova using an Atlas CCD detector
and a molybdenum X-ray source. The ambient-pressure structures of
both compounds were measured on a crystal in Paratone-N on a
nylon loop at 100 K. The pressure data was measured at ambient
temperature on a crystal inside an Almax Plate Diamond Anvil Cell
(DAC) with Daphne 7373 as the pressure-transmitting medium. A
ruby was added to allow the determination of the pressure inside the
DAC from the known pressure dependency of the fluorescence
wavelength shift.

The structure of 1Dy was measured at seven different pressures on
the same crystal and two additional pressures (1.62 and 2.05 GPa) on
a different crystal. The structure of 1Ho was measured at six different
pressures on a crystal from the same batch as the one used for
ambient-pressure measurements, and the unit cell was measured at
one additional pressure (1.26 GPa) on a crystal from a different batch.

Magnetic Measurements. The ambient-pressure magnetic data
of 1Ho was measured outside a pressure cell with a magnetic field
sweep rate of 270 Oe/s.3 The magnetic data at elevated pressures was
measured in a Quantum Design HMD High Pressure Cell made of
BeCu alloy on a Quantum Design Physical Property Measurement
System (PPMS) equipped with a 9 T magnet using a vibrating sample
magnetometer (VSM). The measurements were made on approx-
imately 0.4 mg of crystalline powder sample with Daphne 7373 as the
pressure-transmitting medium and a small piece of lead to be able to
center the cell and to measure the pressure inside the cell. Background
measurements were conducted using a fully assembled cell containing
only the lead piece and Daphne 7373.

The Ho sample was measured at three different pressures, and this
data was corrected for the background. The Dy sample was measured
at ambient pressure (inside the pressure cell) and at four different
pressures. In this case the background data was measured, but the
intensity of these were insignificant compared to that of the data.
However, below 7 K the signal from lead was removed from the data.

Computational Details. The hydrogen positions of 1Dy and
1Ho at all pressure points have been optimized using Gaussian09

Figure 1. Structure of 1Ho. Gray, C; red, O; light green, Ho; dark
green, I; dark blue, N; purple, P. The hydrogens (white) have been
omitted for clarity except on the lattice water. The thin dashed lines
represent hydrogen bonds.
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suite,22 using the UB3LYP23,24 functional. We have substituted Dy by
Gd to simplify the calculations. The CSDZ (Cundari Stevens Double
Zeta)25 and SDD (Stuttgart−Dresden)26−28 ECP (Effective Core

Potential) along with their corresponding basis set was used for Gd
and I atom, respectively. The 6-31G* basis set29,30 was used for the
rest of the elements.

Table 1. Selected Crystallographic Details for 1Dy

pressure (GPa) space group a (Å) b (Å) c (Å) β (deg) V (Å3)

0.53(2) I2/a 25.082(2) 13.144(3) 22.0288(17) 113.889(9) 6639.6(19)
0.9(2) I2/a 24.6651(13) 12.77(2) 22.117(10) 114.267(6) 6350.8(12)
1.32(3) I2/a 22.0670(12) 12.455(3) 24.3378(16) 114.267(7) 6098.2(14)
1.62(3) P21/c 22.6350(9) 12.6671(5) 22.147(2) 113.066(7) 5842.3(7)
2.05(3) P21/c 22.4950(8) 12.5803(4) 22.0201(18) 112.957(6) 5738.0(6)
2.21(4) P21/c 22.4635(12) 12.541(2) 21.9554(14) 112.970(7) 5694.6(12)
3.02(5) P21/c 22.258(10) 12.371(2) 21.7548(12) 112.786(6) 5522.8(10)
3.26(5) P21/c 22.211(10) 12.341(2) 21.7047(12) 112.7660(12) 5485.9(10)
3.59(6) P21/c 22.1440(11) 12.306(2) 21.6283(13) 112.728(6) 5435.9(11)

Table 2. Selected Crystallographic Details for 1Ho

pressure (GPa) space group a (Å) b (Å) c (Å) β (deg) V (Å3)

0.47(2) I2/a 24.924(12) 13.0723(5) 22.107(3) 114.24(3) 6568(4)
0.51(2) I2/a 24.795(12) 12.9712(5) 22.089(3) 114.25(4) 6478(4)
0.70(2) I2/a 22.066(3) 12.7745(5) 24.527(11) 114.24(3) 6304(3)
1.26(3) P21/c 22.002(9) 12.4447(12) 24.254(11) 114.11(6) 6061(4)
1.42(2) P21/c 22.607(4) 12.6890(5) 22.125(5) 112.96(3) 5843.9(19)
3.07(5) P21/c 22.061(4) 12.4423(6) 21.519(5) 112.03(3) 5475(2)
3.61(4) P21/c 21.885(7) 12.4064(8) 21.315(7) 111.50(4) 5384(3)

Figure 2. (a, b) shows the unit cell axes of 1Dy (a) and 1Ho (b) as a function of pressure. Black squares, red circles, and blue triangles represent
the length of a-, b-, and c-axes, respectively. (c, d) shows the unit cell angle β of 1Dy (c) and 1Ho (d) as a function of pressure. The data is colored
according to the phases, with red being phase 2 and blue being phase 3. Lines are added as visual guides.
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Ab initio calculations were performed on the optimized structures
at ambient pressure as well as at all pressure points. The calculations
were performed on the complex, including the solvents, counteranions
that are shown earlier to play an important role in determining the
Ueff values.

21,31 The calculations were made using MOLCAS 8.232−34

and were conducted with a multiconfigurational approach incorporat-
ing relativistic effects based on the Douglas−Kroll Hamiltonian.32 The
disk space has been reduced by the Cholesky decomposition
technique.32,33,35−41 ANO-RCC basis set were used for all atoms.
The following contraction schemes were used: [8s7p5d3f2g1h] for
Dy and Ho, [7s6p4d2f1g] for I, [3s2p] for N, [3s2p1d.] for O, [4s3p]
for P, [3s2p] for C, and [2s] for H. The ground-state atomic
multiplicity is 6H15/2 for Dy(III), while it is 5I8 for Ho(III).
Complete active space self-consistent field (CASSCF) calculations

were performed with the active space containing nine active electrons
in seven active orbitals (CAS(9,7)) for 1Dy. With this active space, 21
sextet states were computed. To obtain the spin−orbit coupled states
these CASSCF computed spin-free states (only 21 sextets were
considered) were mixed via the RASSI-SO (restricted active space
state interaction with spin−orbit coupling) module.42 Finally, the
energies of the lowest lying states, g-tensors, and crystal-field (CF)
parameters were computed using the SINGLE_ANISO module.33

The CASSCF calculations for 1Ho were performed with ten active
electrons in seven active orbitals (CAS(10,7)). With this active space,
35 quintet, 210 triplet, and 196 singlet states were computed. To
obtain the spin−orbit states, these CASSCF computed spin-free states
were mixed via the RASSI-SO module.

■ RESULTS AND DISCUSSION

Ambient Pressure Crystal Structures. At ambient
pressure,3,21 both compounds crystallize in the triclinic space
group P1̅. The unit cell volumes are close to 3500 Å3 and
contain two formula units. One formula unit consists of one
lanthanide ion, two coordinated phosphonic diamide ligands,
five coordinated water molecules, three iodides, and two free
phosphonic diamide ligands, which all form hydrogen bonds
with the water molecules of the complex, and then finally it
also includes one lattice water molecule (see Figure 1). All the
complexes in the unit cells are aligned parallel. Selected
crystallographic data are given in Tables 1 and 2, while further
details may be found in the Supporting Information.
The two compounds are isostructural at room temperature.

The lanthanide ion interacts stronger with the axial ligands
with bond lengths of approximately 2.2 Å, while the bond

lengths to the equatorial water molecules are approximately 2.4
Å. At ambient pressure, the Ln-ion is bound almost linearly to
the phosphonic diamide ligands with an O−Ln−O angle of
approximately 175°. The shortest Ln−Ln distance at ambient
pressure is 10.840 Å for 1Dy and 10.845 Å for 1Ho, suggesting
that the intermolecular magnetic interactions are small.

High-Pressure Crystal Structures. When gradually
applying pressure, both compounds undergo two phase
transitions at very similar pressures. We denote the ambient-
pressure crystal structure as phase 1, and we observe phase 2
already at the very first pressure point (∼0.5 GPa) for both
compounds. Several attempts to reach a lower pressure in
order to determine more precisely the phase transition
pressure were not successful. In phase 2, the compounds
have the monoclinic space group I2/a, and the unit cell volume
has doubled, now containing four formula units, with only half
the complex in the asymmetric unit. When the pressure is
increased above 1.4 GPa, phase 3 appears in space group P21/
c. The changes of the unit cell dimensions with pressure are
highly similar for 1Dy and 1Ho (see Figure 2). The decrease
for the b- and c-axes is generally small (less than 1.0 Å over the
full pressure range), while it is larger for the a-axis, especially
related to the second phase transition. The β-angle changes
strongly during the second phase transition, while also
generally decreasing. The ambient-pressure structure is
triclinic, and we can therefore only compare the volumes,
not the individual unit cell dimensions.
The decrease in unit cell volume as a function of pressure is

shown in Figure 3 where the points are colored according to
the three phases. In these figures, second order Birch−
Murnaghan43 Equation of State fits (EoS fits) are shown as full
lines.44 It should be noted that the precision of the fitted
parameters suffers from the low number of points for each
phase, but they can nevertheless still be used to highlight the
changes between phases. The EoS lines show a clear change in
curvature and thus compressibility between the phases.45 This
is quantified in terms of the refined bulk modulus K0, which in
phase 2 for both compounds is ∼6 GPa, while it is ∼17 GPa
for phase 3 (see Table 3). We interpret the strong resemblance
of the values as a sign of high precision of the high-pressure
structural results.

Figure 3. These figures show the unit cell volume (Z = 4) of 1Dy (a) and 1Ho (b) as a function of pressure. Phase 1 is indicated as black, phase 2
as red and phase 3 as blue squares. The squares are pressure points and the lines are second-order Birch−Murnaghan EoS fits for phase 2 and 3.
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Since the symmetry around the central ion undoubtedly has
a strong influence on the magnetic anisotropy of the molecule,
it is relevant to investigate in more detail how the geometry
changes with pressure. At ambient pressure, the angle between
the axial ligands (O−Ln−O) is 175°. For 1Ho, this angle
decreases with pressure especially in phase 2 from 172 to 167°
between 0.5 and 0.7 GPa, while in phase 3 it is almost constant
(see Figure 4). The same tendencies for each phase are not
discernible in 1Dy. Here, there is a large increase in the angle
at the last point of phase 2 (1.32 GPa) followed by a significant
decrease upon changing to phase 3. In contrast, the bond
distances involving Dy and Ho only change slightly (Figure
S1).
Instead of focusing on individual bonds to describe the

structure, we may instead use continuous shape measures
calculated with the program SHAPE46 to quantify how much
the symmetry of the complexes deviate from perfect
pentagonal bipyramidal (D5h) at different pressures, thus
taking into account also the distribution of the equatorial
ligands. For both compounds, the complex is closest to the
perfect shape at ambient pressure (Figure 5). In general, the
shape of the first coordination sphere deviates more from the
ideal polyhedron with increasing pressure, but for 1Ho the
shape measure decreases between 0.7 and 3.07 GPa before it
increases again for the last pressure point. For 1Dy, it can be
seen that the third pressure point of phase 2 (1.32 GPa) has a
significantly decreased shape measure, and thus reveal a
structure closer to an idealized coordination sphere. This
obviously correlates well with the observation of a significant
increase in the axial angle at this specific pressure point (Figure
4a).
If we look beyond the first coordination sphere, then we first

find three iodide ions and two free phosphonamide ligands
which all form hydrogen bonds to two of the five equatorial

water molecules (Figure S2). The distance between these
iodides and the central metal ion changes from ca. 5.0 to 4.8 Å
over the measured pressure range, with I2 being closer to the
Ln than I1 and I3 in phases 1 and 2. In contrast, I1 and I3
remain equidistant from Ln in the full pressure range, i.e., in all
crystalline phases observed. In phase 3, the distance to all three
iodides is almost equal for 1Ho, while I2 remains slightly closer
in 1Dy. The distance from the coordinating oxygen in the two
free ligands to the nearest Ln is approximately 4.1 Å and
decreases only slightly with pressure. For 1Ho, the distance to
the two ligands is very similar at all pressures, while for 1Dy
there is a significant unexplained difference at 2.21 GPa. The
distance is steadily decreasing with pressure for 1Ho, while it
varies more randomly in 1Dy.

High-Pressure Magnetic Properties. As mentioned in
the introduction, a strong motivation for us is to examine the
magneto-structural correlations. We have therefore performed
direct-current (dc) measurements of the field dependence of
the magnetization on powder crystalline samples of 1Dy and
1Ho inside a pressure cell. Because of the limits of the used
pressure cell, experimental high-pressure data was only
measured up to a limit of around 1.0 GPa. It is necessary at
this stage to point out that the high-pressure magnetic
measurements were carried out at very low temperature,
while the high-pressure crystal structures were determined at
room temperature. It is exceedingly difficult to perform high-
pressure crystallography at extremely low temperatures (T > 2
K), and we therefore in this work assume that the room-
temperature ambient-pressure crystal structure remains the
same down to 4 K and that the trends observed in the
structural evolution with pressure at room temperature is
mirrored at low temperature. However, we can obviously not
be certain that the phase transitions also occur at the lowest
temperatures. We are currently constructing a lab diffrac-
tometer, which will allow us to combine the use of specially
designed miniature high-pressure cells inside a three-stage
closed-cycle cryostat, expanding the attainable P, T phase space
to P > 10 GPa and T > 3 K, and these compounds will be
interesting to examine when this is operational.
Figure 6 shows the hysteresis loops measured for 1Dy at

different applied pressures and temperatures, all measured with

Table 3. Bulk Modulus K0 (GPa) for Phases 2 and 3 of 1Dy
and 1Ho

1Dy 1Ho

phase 2 5.85 6.52
phase 3 17.1 17.3

Figure 4. (a, b) Angle between the lanthanide ion and the axial ligands. Black, red, and blue squares represent phases 1−3, respectively. (a) 1Dy
and (b) 1Ho. Lines are added as visual guides. The large error bars reflect the uncertainty of the atomic positions from a high-pressure experiment.
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the sample inside a pressure cell. All data was measured using a
sweep rate of 100 Oe/s. Figure 6a shows the temperature
dependence of the hysteresis loops at ambient pressure in the
interval 4−12 K. With this sweep rate and at ambient pressure
the hysteresis loops are still open at 12 K. Figure 6b−d shows
the pressure dependence of the hysteresis loops at fixed
temperatures of 4, 8, and 12 K, respectively. At each

temperature, hysteresis loops were measured at 5 different
pressures in the interval 0−0.9 GPa. At 4 K, the hysteresis
loops are still open at the highest pressure of 0.9 GPa. The
inset in Figure 6c shows that there is still a small opening in the
hysteresis loops at 8 K and pressures above 0.3 GPa. At 12 K,
only the loops measured at 0 and 0.3 GPa show significant
opening.

Figure 5. Shape measures (D5h) of 1Dy (a) and 1Ho (b). Points are colored according to the phases, and lines are drawn as visual guides.

Figure 6. These figures show the hysteresis loops for 1Dy. (a) Hysteresis loops at 0 GPa and different temperatures between 4 and 12 K. (b−d)
Hysteresis loops for 4 (b), 8 (c) and 12 K (d) at five different pressures (0 GPa: black, 0.3 GPa: red, 0.5 GPa: green, 0.6 GPa: blue, and 0.9 GPa:
cyan).
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The hysteresis loops for 1Dy (Figure 6) show clear steps in
the magnetization at zero-field, which is a clear indicator of

QTM. It is not uncommon for Dy(III) SMMs to have steps in
their hysteresis loops.47 It is evident, especially from Figure 6b,

Figure 7. (a) Size of the steps of the 1Dy 4 K hysteresis curves at different pressures. (b) Width of the 1Dy hysteresis loops at M = 0 as a function
of pressure and at different temperatures. Lines are added as visual guides.

Figure 8. Anisotropy axis of 1Dy at (a) 0 GPa (b) 2.05 GPa (c) 3.59 GPa. Color code: Dy, greenish-yellow; I, cyan; P, light yellow; O, red; N,
blue; C, gray; H, white. The mechanism of magnetic relaxation of 1Dy at (d) 0 GPa (e) 2.05 GPa (f) 3.59 GPa. The red line represents QTM via
ground states and TA-QTM via excited states. The dashed sky blue line indicates a possible Orbach process. The olive line indicates possible
pathways of magnetic relaxation. The blue characters indicate the mJ composition of the Kramers doublet (KD) derived from 6H15/2 ground state.
Beta electron density of 1Dy at (i) 0 GPa, (j) 2.05 GPa, and (k) 3.59 GPa.
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that the steps increase in size with increasing pressure (see also
Figure 7a, where the extracted step size is shown as a function
of pressure) indicating that the extent of tunneling increases
with pressure. This can be explained by a distortion of the
symmetry around the Dy(III) ion with increasing pressure
which is consistent with the X-ray data.
To further evaluate the influence of pressure on the size of

the hysteresis loop opening, Figure 7b shows the total width of
the loops at M = 0 at different temperatures and pressures. At
ambient pressure, we observe a strong decline in the width
with increasing temperature. A similar dependency on the
temperature is apparent in the data measured at 0.3 GPa,
which strongly suggests that at a pressure of 0.3 GPa, 1Dy still
exhibits SMM character. At 0.5 GPa, we only observe a small
loop opening even at the lowest temperature, and this quickly
disappears as the temperature is increased. At pressures higher
than 0.5 GPa, no significant opening in the hysteresis loops is
seen, which means that such pressures are sufficient to quench
the blocking of magnetization under the given measuring
conditions. However, the nonzero opening observed at 0.3
GPa tells us that the SMM properties of 1Dy are stable under
relatively small pressures. At room temperature, we have
established that the phase transition from phase 1 to 2 occurs
at pressures below 0.5 GPa, but whether or not it has taken
place at 0.3 GPa is unknown. One interpretation of the
pressure-dependent magnetic measurements could be, given
the persistence of the loop opening at 0.3 GPa, that this

pressure is below the phase transition. However, as mentioned
previously, we have no certainty for the presence of phase
transitions at these low temperatures. In addition, we do not
see any strong discontinuities in the derived structural
properties at the phase transitions at room temperature that
would make us predict that the magnetic properties should
change fundamentally concomitantly with the phase changes.
Overall, the structural consequence of increasing the pressure
is a distortion away from ideal symmetry, which will, all else
equal, lead to increased tunneling rates.

Theoretical Studies. In an attempt to study the relaxation
mechanism and how they are influenced by pressure, we have
carried out ab initio CASSCF/RASSI-SO/SINGLE_ANISO
calculations on the X-ray structure of a 1Dy molecule at
different pressure points where the H atom positions are
optimized using DFT methods (see the “Computational
Details” section for more information).

Ambient Pressure. The calculation on the structure at
ambient pressure reveals an axial g-tensor (gx = gy = 0.000, gz =
19.973) in the ground state which leads to very small quantum
tunnelling of magnetization (QTM) (Table S3). The
anisotropy axis is oriented along the axial O−Dy−O bond
(shown in Figure 8a), and the Kramers doublets (KDs)
generated from the 6H15/2 state span up to 596.5 cm−1 (Table
S3). The QTM in the second excited state becomes large
enough for magnetization reversal (Figure 8d−f), which means
that the calculated energy barrier to magnetic relaxation,

Figure 9. Selected parameters as a function of pressure in 1Dy. (a) The estimated energy barrier, (b) the axial CFP (B2
0) value, (c) R. (d) shows

Ucal versus R.

Inorganic Chemistry Article

DOI: 10.1021/acs.inorgchem.9b02962
Inorg. Chem. 2020, 59, 717−729

724

http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.9b02962/suppl_file/ic9b02962_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.9b02962/suppl_file/ic9b02962_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.9b02962/suppl_file/ic9b02962_si_001.pdf
http://dx.doi.org/10.1021/acs.inorgchem.9b02962


denoted Ucal, attains a value of 326.5 cm
−1. This value deviates

from our previous report (478 cm−1) which could be
attributed to the difference in the temperatures of crystal
structure determination (in this study performed at room
temperature, while previous study used X-ray data measured at
120 K).21

The axiality of the CF may be quantified by examining the
atomic charges of the ligands. Here we implement the LoProp
charge analysis,48 which reveals significantly larger negative
charges on the axial oxygen atoms (ca. −1.15e) than on the
equatorial oxygen atoms (ca. −0.8e) (see Table S4). This will
stabilize the mJ = |±15/2⟩ state as the ground state, as this has
a distinctly oblate 4f electron density distribution, in contrast
to other mJ-states. This oblateness is directly illustrated by the
calculated β-electron density (Figure 8g−i) using the
procedure of Ruiz et al.49 In an analogous manner, we can
also use the CF parameters (CFPs) which have been estimated
using Stevens formalism HCF = ∑k=2,4,6∑q=−k

k Bk
qÕk

q, where Bk
q

and Õk
q are the CFPs and Stevens operators, respectively,50 to

show the magnetic anisotropy. QTM becomes smaller when
the axial CFPs Bk

q (q = 0) becomes larger compared to the
nonaxial Bk

q (q ≠ 0) CFPs. The large and negative axial CFPs
implies strong axiality of the 1Dy at ambient pressure and
stabilization of large mJ (±15/2) as the ground state (Table
S5).
High Pressures. Calculations show that the anisotropy axis

is found to be oriented along the axial O−Dy−O direction in
the ground state at all pressure points (Figures 8 and S5). The
angle between the anisotropy axis of KD1 and KD2 of 1Dy is
found to be very small (less than 10°) for all pressures except
1.62 GPa, where it is 13.2° (Table S6).
It is possible to derive a geometrical parameter which

combines the angular deviation from linearity of the O−M−O
part with the bond distance asymmetry between axial and
equatorial bonds and produces one single number, which we
denote R (for details, see the Supporting Information). This
number, R, correlates positively with the energy barrier, Ucal, as
shown for 1Dy in Figure 9d and for 1Ho in Figure 11.
At the first pressure point (0.53 GPa), the splitting of the

KDs is found to increase. As was the case at ambient pressure,
significant transverse anisotropy appears in the second excited
KD which implies relaxation of magnetization at this level and
leads to a Ucal of 513.4 cm−1 (Table S4). As the pressure is
increased further to 0.90 GPa, the geometrical parameter R
drops substantially, and this is mirrored in a decrease in both
the Ucal value (422.6 cm−1) and the energy splitting of the
eight KDs (Table S3 and Figure S6). Increasing the pressure to
1.32 GPa enlarges the geometrical distortion (larger R) which
is accompanied by larger Ucal and B2

0. The pressure-induced
geometrical variations of the first coordination sphere in 1Dy,
which are combined in the value of R, generally describe the
variations in the energy barrier quite well. However, even
though we use a rather simplified explanation, we are aware
that other factors influence the energy levels. For instance, the
inclusion of neighboring ions in the calculations is shown in
the next section to have a profound effect. Similarly, the spatial
distribution of iodide ions and the hydrogen bonding solvent
molecules around the central molecule will to some extent
influence the electronic wave function. These latter effects have
not been examined in this work.
Figure 10 shows that the mJ-states |±15/2⟩, |±13/2⟩, and |

±1/2⟩ are the ground, first, and second excited states,

respectively at all pressure points. The order of the other
excited states is found to vary as the pressure is changed.
The above calculations are carried out on single molecules

including the nearest counterions and solvent molecules.
However, neighboring molecules at longer separations may
also influence the magnetic properties not only when the
magnetic ions are close enough to allow magnetic exchange
interactions. This has been found to influence the magnetic
anisotropy in some cases,51 while in other cases no noticeable
differences are detected.52 One can argue that this is
particularly important for high-pressure studies, as the
intermolecular distances are altered in a complicated manner,
and it is important to check the role of intermolecular
interactions in the magnetization relaxation. To take this effect
into account, we have calculated atomic charges for the six
closest ions and molecules surrounding a central moiety using
a point charge model with CASSCF-computed LoProp
charges, and in this way perturbed the electronic structure
calculation.52−55

The calculation reveals changes in the Ucal value (46 cm−1)
and the overall CF splitting (32 cm−1) at 0 GPa (Figure S8 and
Table S7). At the highest pressure of 3.59 GPa, the Ucal value
has increased from 631.4 to 676.0 cm−1 and the overall
splitting has increased from 889.5 to 1382.8 cm−1, clearly
revealing significance of secondary atoms on the local CFs
(Figure S9 and Table S7), an effect that is often ignored. The
exact relationship between Ucal and external pressure is,
however, complicated. Generally, atoms approach each other
when the pressure is increased and the electrostatic field
increases, but the resulting compression of the crystal structure
is not isotropic (although the applied pressure is isotropic if
hydrostatic conditions are met) which means that the field is
anisotropic. In these crystal structures we find that the phase
changes have the conspicuous effect that the shortest Dy···Dy
distance is actually increasing, not decreasing, with increasing
pressure.
The change in the LoProp charge and axial CFP are

significant when the intermolecular interaction has been
included in our calculations (Tables S9 and S10). These
calculations clearly reveal that intermolecular effects related to
Madelung constants, that are often ignored,52 are necessary if
such static pressures are applied as substantial changes to the
estimated energy barrier, g-anisotropy and overall CF splittings

Figure 10. Energy splitting of the eight KDs of 1Dy along with the
change of mJ level at various pressure points.
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are noticeable even with a simpler model that is chosen to
represent the lattice effect.
In the case of 1Ho at ambient pressure, the ground state

pseudodoublet possesses a gzz value of 19.84 which is close to
the limiting, purely axial value of 20 (Table S11). The axial
nature of the ground-state pseudodoublet leads to the very
small tunnel splitting (Δtun) of 0.013 cm

−1 which results in the
stabilization of |mJ = ±8⟩ as the ground state (Table S11). For
the same reasons as explained for 1Dy, the LoProp charges in
1Ho imply stabilization of large mJ as ground state (Table S12
and Figure S4). The tunnel splitting between the first excited
pseudodoublets becomes significant (0.764 cm−1) for the
relaxation of magnetization. This leads to the Ucal value of
196.7 cm−1 which is the difference of energy between ground
and first excited pseudo doublets. The deviation of this Ucal

value from the previously calculated energy barrier by
Murugavel et al. is due to the small structural difference and
optimized position of hydrogen in our calculation.3

As the pressure is increased to 0.47 GPa, the value of R
increases due primarily to shortening of the axial Ho−O bond
distance and Δtun in the ground-state pseudodoublet decreases.
The pressure increase leads to the enhancement of Ucal value to
212.5 cm−1 (Table S11). Further increase in pressure at 0.51
GPa leads to the very small Δtun (0.001 cm−1) between the
ground-state pseudodoublets. As for the 0.47 GPa structure,
Δtun in the first excited pseudodoublet becomes very large
(2.480) and leads to a Ucal value of 272.2 cm−1 (Table S11).

In general, we find for 1Ho that large R-values result in
substantial Ucal values (Figure 11). Similarly, the low value of R
(0.38) found at 0.70 GPa is accompanied by the largest Δtun
between the ground state pseudodoublets (0.151 cm−1). At
this pressure point, the large deviation of the axial O−Ho−O
angle from 180° is the main reason for the small R value, and
this coincides with a significant decrease in the LoProp charges
of the axial oxygen atoms (ca. −1.09 compared to ca. −1.12 at
all other pressures, see also Table S12). Importantly, the
relaxation will at this pressure occur in the ground state
resulting in the absence of zero-field SIM behavior. The tunnel
splitting remains significant for all subsequent pressures and
direct QTM in the ground-state pseudodoublet takes place
(Figure 11c).

■ CONCLUSIONS

In conclusion, the crystal structure of two air-stable
isostructural Dy(III) and Ho(III) SMMs with pseudo-D5h
symmetry was investigated at pressures between 0 and 3.6
GPa. The structural investigations revealed two phase
transitions for both compounds: one just above ambient
pressure (∼0.5 GPa) from the triclinic space group P1̅ to the
monoclinic space group I2/a and another transition close to
1.4 GPa to the monoclinic space group P21/c. Overall, the
results revealed a generally increasing deformation of the D5h
symmetry around the lanthanide ions upon increasing
pressure. The dc magnetic measurements of 1Dy showed

Figure 11. Pressure dependence of (a) the estimated energy gap between the ground and first excited pseudo doublet state of 1Ho, (b) the value of
the geometrical parameter R, and (c) the tunnel splitting between the pseudo-KDs of 1Ho.
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steps in the hysteresis loops indicating quantum tunnelling of
magnetization (QTM). Measurements performed under
increasing pressure showed an increase in the magnitude of
these steps indicating an increase in QTM with pressure. This
is consistent with the decrease in the symmetry around the ion
with increasing pressure, which would lead to QTM. The
measurements also showed that the SMM properties of 1Dy
were somewhat stable at lower pressures. Ab initio calculations
have been used to show how the energy barrier to magnetic
relaxation, Ucal, changes with pressure. For 1Dy, Ucal fluctuates
strongly but overall increases with pressure, while the situation
is the opposite for 1Ho, where Ucal is generally lower at higher
pressures than at ambient conditions. There are many
structural parameters such as O−M−O (M = Ho and Dy)
angles, M−ligand distances, M−solvent distances, and M−
counteranion distances that may be playing their part in
controlling the calculated barrier height. Interestingly, we find
that the value of Ucal is correlated with a geometrical parameter
R, which is defined as a combination of O−M−O angle and
M−O distances. We also find that the intermolecular
interactions, included by a point-charge model, have a large
effect on the electronic energy levels, particularly at higher
hydrostatic pressure where the secondary coordination sphere
of ions and molecules is most strongly perturbed by pressure.
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