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ABSTRACT: Single-molecule magnets (SMMs), are regarded as excellent nanoma-
terials for high-density information storage and quantum computing. The local
symmetry of the crystal field for the metal ion plays an important role in pursuing a
high-performance SMM. Herein, two highly stable distorted hexagonal bipyramidal
(quasi-D6h) Dy complexes exhibiting slow relaxation of the magnetization are reported.
A hexagonal bipyramidal Dy model complex with 18-crown-6 was also designed to
study the relationship between magnetic anisotropy and symmetry. The combined
experimental and theoretical results indicate that quantum tunneling is highly
dependent on the local symmetries of the crystal field. The magnetic anisotropy
becomes much stronger when the symmetry is closer to a standard D6h geometry. These
results support the conclusion that the hexagonal bipyramidal geometry is a viable one
for the design of new classes of SMMs.

■ INTRODUCTION

Single-molecule magnets (SMMs), molecules that exhibit slow
magnetic relaxation and magnetic hysteresis of a molecular
origin, were first reported in 1993.1 Their potential for
applications in high-density information storage2 and quantum
computing devices3 has sparked a new field of coordination
chemistry aimed at the synthesis of transition metal- and
lanthanide-based SMMs. Since the well-known dodecametallic
manganese-acetate complex [Mn12O12(OAc)16(H2O)4]-
(Mn12Ac) was reported,1,4 hundreds of polynuclear transition
metal compounds have been synthesized as targets for
nanoscale magnets.5 As a result of these efforts, many
fascinating cases of large ground spin states or high
anisotropies in the form of negative axial zero-field splitting
(D) have been unearthed.6 The combination of both desired
properties, however, is difficult to accomplish. Polynuclear
SMMs with strongly coupled metal spins can give rise to a high
total spin ground state S, but the geometries of such molecules
are more symmetric than single metal ion complexes which
reduces the magnetic anisotropy of molecules.7 Simply put, the
S values and negative D values are countervailing trends.
Mononuclear SMMs with very large anisotropies have

become prominent in the field of molecular magnetism in
recent years. Lanthanide ions such as Tb(III),8 Dy(III)9 and
Er(III)10 exhibit relatively large spin ground states and huge
spin−orbit coupling effects. Many mononuclear SMMs have
been designed based on the aforementioned lanthanide ions as
well as low coordinate first row transition metal complexes.11,12

Quantum tunneling of the magnetization (QTM) con-
stitutes another major challenge for designing SMMs.13 A
considerable body of theoretical calculations and experimental
data has led to a general understanding that QTM is caused by
the overlap of wave functions13 and is strongly influenced by
crystal fields,14 inter- and intramolecular interactions,15 and
hyperfine interactions.16 Unlike polynuclear systems, QTM of
mononuclear SMMs cannot be avoided through coupling
interactions in order to ameliorate fast relaxation.15 Con-
sequently, an approach that serves to exert control over the
crystal field is the logical choice. The crystal-field effect can be
described by the Hamiltonian ĤCF = ∑Bk

qÔk
q17a (Bk

q are crystal
field parameters and Ôk

q are the equivalent operators in Stevens
notation).17b,c Usually the elements with q ≠ 0 and k = 2, 4
(and 6 for lanthanide ions) are considered to be one of the
sources of QTM. Some local symmetries of the crystal field,
such as D∞h for linear 2-coordinate,18 D5h for pentagonal
bipyramidal,9a−c D4d for square antiprismatic,8b,19 and
sandwich-type,10a,c complexes, are known to mitigate QTM.
An ideal hexagonal bipyramid (D6h) with the crystal field

Hamiltonian ĤCF = B2
0Ô2

0 + B4
0Ô4

0 + B6
0Ô6

0 + B6
6(Ô6

6 + Ô6
−6) might

also serve as an appropriate symmetry for mononuclear
SMMs,20 because Bk

q (q ≠ 0, and k = 2, 4, 6) vanishes except
for B6

6 in this symmetry for the crystal field, which can weaken
the QTM in theory.17a On the basis of this hypothesis, we
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report slow magnetic relaxation behavior in the distorted
hexagonal bipyramidal Dy-based complexes [Dy(t-
Bu3PO)2(NO3)3] (1) and [Dy(t-Bu3PO)2(NO3)3]·
0.5CH3CN (2). Their magnetic properties have been
measured and elucidated through crystal field and ab initio
calculations.

■ RESULTS AND DISCUSSION
Crystal Structures. Complex 1 was synthesized in EtOH

according to a literature procedure,21 and 2 was synthesized in
CH3CN. Both complexes self-assemble from Dy(III) ions, t-
Bu3PO ligands, and NO3

− and are stable in air. When the
solutions of metal ion and ligands are mixed, white crystals
immediately appear. Interestingly, they share a similar [Dy(t-
Bu3PO)2(NO3)3] unit (Figure 1), that are different morphol-
ogies or different solvates than the structure reported in ref 21.

Complex 1 crystallizes in the orthorhombic space group
Pnma (Table S1), with one-half of a molecule of 1 in the
asymmetric unit. The molecule lies on a crystallographic mirror
plane (Figures 1 and S2). The t-Bu3PO groups occupy the axial
positions and the three chelating nitrate anions occupy the
equatorial positions and are coplanar. The Dy(III) ion is in the
plane of the nitrate ligands, deviating only 0.07(6) Å from the
equatorial plane. The equatorial Dy−O distances are
2.375(7)−2.416(9) Å longer than the axial ones of 2.213(7)
and 2.215(7) Å, indicating that the coordination environment
of Dy(III) is a compressed distorted hexagonal bipyramid
(Continuous Shape Measurement22 relative to the hexagonal
bipyramid, CShM(HBPY), of 0.636). The axial t-Bu3PO
groups form a nearly linear O1−Dy−O2 angle of 172.6(3)°.
The O−Dy−O bite angles of the nitrate ions range from
52.1(3) to 56.2(4)°, and the O−Dy−O bond angles between
nitrate ions range from 64.8(3) to 69.8(5)° (Figure S2 and
Table S2). Furthermore, the distance between adjacent oxygen
atoms of the same nitrate ion range from 2.09(6) to 2.27(5)
and between nitrate ions range from 2.58(0) to 2.71(9) Å
(Figure S2). The complexes pack the unit cell along the n and
a glide planes of the space group, resulting in intermolecular
Dy···Dy distances of 9.29(1) Å (nearest neighbors) and
10.914(8) Å (next nearest neighbors) (Figure S1).
Complex 2 crystallizes in the monoclinic space group P21/c

with two independent molecules of Dy(NO3)3(t-Bu3PO)2 in
the asymmetric unit (2-A and 2-B). These molecules exhibit
slightly different geometries than that of complex 1. Two of the
chelated nitrate ions are rotated about the N···Dy axis by
approximately 10−15° which breaks the symmetry of the

nitrate ligand plane that was observed for 1. As a result of these
rotations, the coordination geometry of 2-A and 2-B are more
distorted from that of an ideal hexagonal bipyramid than is 1
(CShM = 1.108 and 1.237, respectively). The shortest distance
between Dy(III) ions of neighboring units is 8.47(1) Å, which
is shorter than that found in 1 (Figure S1). The average Dy−O
bond lengths and O−Dy−O angles are summarized in Table
S2.

Static Magnetic Properties. The temperature-dependent
direct-current (dc) magnetic susceptibility measurements
(Figure S3) were performed under a 1 kOe applied dc field
on polycrystalline samples of 1 and 2. The room temperature
χMT values are 14.16 cm3 mol−1 K (1) and 14.2 cm3 mol−1 K
(2), which are in good agreement with the expected values (S
= 5/2, L = 5, 6H15/2, J = 15/2, gJ = 4/3, 14.17 cm3 mol−1 K).
The χMT products decrease gradually over the whole
temperature range for both complexes, an indication of the
thermal depopulation of the excited mJ states of the Dy(III)
ions and anisotropies of the Dy(III) ions. The magnetization
data of 1 and 2 from zero dc field to 7 T at different
temperatures are depicted in Figure S3 (inset). All field-
dependent magnetizations at 1.8 K exhibit an abrupt increase
below 1 T, and the slight increase reaching the maximum
magnetizations of approximately 5 NμB without saturation,
indicating strong magnetic anisotropy of Dy(III) ions.9,19

A small hysteresis loop was observed for 1 at 1.8 K,
indicating strong QTM for 1. Complex 2 exhibits typical
butterfly-shaped loops at low temperature due to the faster
relaxation at zero field and becoming slower in the presence of
a field (Figure S4). The hysteresis loops remain open up to at
least 3 K for 2.

Dynamic Magnetic Properties. In order to probe the
low-temperature relaxation dynamics of the two complexes,
temperature and frequency dependence of the alternating
current (ac) magnetic susceptibility measurements were
carried out on polycrystalline samples (Figures S5, S6, S9,
and S10). Under a zero applied dc field, only the beginning of
temperature dependent out-of-phase ac susceptibility signals
indicating slow relaxation of the magnetization was apparent
for 1 and 2 (Figures S6 and S10). The peak is largely
temperature independent which is consistent with quantum
tunneling of the magnetization. To further evaluate the
magnetic properties, we examined the ac magnetic suscepti-
bility properties while applying an external magnetic field to
suppress QTM. The field dependence of the ac susceptibility
data was examined between 0.2 and 3 kOe (Figures S5 and
S9); these are sufficiently small fields such that the influence of
Zeeman effects can be ignored.
Although there are two symmetry-independent molecules in

2, only one relaxation process was observed over the whole
field range. The field of 0.8 kOe was chosen as optimal for the
observation of a maximum in χM′′ for the two complexes. In
order to study the influence of magnetic field for magnetization
dynamic properties, a 2.0 kOe external dc field was also applied
to perform additional ac measurements over the same
temperature range.
Under a 0.8 kOe external dc field, frequency-dependence of

the in-phase (χM′) and out-of-phase (χM′′) ac susceptibility
data exhibit typical slow magnetic relaxation behavior (Figures
2a,b, S7a, and S11a). Only one slow relaxation process was
observed over the entire temperature range. The maximum for
χM′′ (999 Hz) appears at 8.8 and 10.1 K for 1 and 2,

Figure 1. Local structures of complexes 1 and 2. H and C atoms are
omitted for the sake of clarity. Color code: N, blue; O, red; P, yellow;
Dy, cyan.
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respectively. There is still only one relaxation process for both
complexes under 2.0 kOe (Figures 2a′,b′, S7b, and S11b).
The relaxation times (τ) were extracted from the ac

susceptibilities susceptibilities using a generalized Debye
model23 with CCFIT package. The coefficient α is 0−0.17 in
the 3.3−14 K range for 1 (Table S4 and Figure S8a), and 0−
0.15 in the 4−16 K temperature range for 2 (Table S6 and
Figure S12a) under 0.8 kOe, which is indicative of a relatively
narrow distribution of relaxation times. The Cole−Cole fitting
results for the 2.0 kOe data are essentially the same; these are
summarized in Figures S8b and S12b and Tables S5 and S7.
In the high-temperature region, ln(τ) is linearly dependent

on T, indicative of a thermal relaxation process. The best fit to
the Arrhenius law is summarized in Table 1 (plots shown in
Figure 3). The energy barrier is ∼36.9−38.4 K for 1, which is
lower than the one for 2 (43.5−48.3 K). In the low
temperature regime, ln(τ) exhibits a nonlinear dependence
on T, presumably due to the presence of nonthermal relaxation
pathways. In this case, the relaxation data may have
contributions from QTM, direct, Raman, and Orbach

relaxation processes.24 No obvious QTM process can be
ascertained from the frequency-dependent out-of-phase ac
susceptibility data, so to avoid overparameterization, the QTM
process was ignored in the fits. The fitting is described in the
following:

τ τ= + + −− −AT CT U k Texp( / )n1
0
1

B (1)

where A is the direct coefficient, C and n are the Raman
coefficients, H is the magnetic field, U is the thermal barrier of
the Orbach relaxation process, T is temperature, and kB is the
Boltzmann constant.
The Raman process is typically regarded as a magnetic field

independent process. The coefficient n is fixed for fitting the
high magnetic field data. The best fits were obtained with an n
= 6.00 for 1 and n = 5.80 for 2. Although the parameter n in
the Raman relaxation process is usually equal to 9 for Kramers
ions,25 lower values may be expected if optical phonons are
taken into account.24 The thermal barrier of the Orbach
relaxation process is similar to the linear fittings. For complex
2, the direct process is sensitive to the magnetic field; at high

Figure 2. Out-of-phase alternating-current molar magnetic susceptibilities for 1 under 0.8 kOe (a) and 2.0 kOe (a′), for 2 under 0.8 kOe (b) and
2.0 kOe (b′) dc field. Lines are the fitting results.

Table 1. Fitting Results for Complexes 1 and 2 under 0.8 and 2.0 kOe dc Field with Arrhenius Law and eq 1

complex 1 2

dc field 0.8 kOe 2.0 kOe 0.8 kOe 2.0 kOe

model Arr. Law eq 1 Arr. Law eq 1 Arr. Law eq 1 Arr. Law eq 1
A (s−1 K−1) 1.44 1.00 0 2.24
C (s−1 K−1) 0.0055 0.0036 0.0013 0.0018
n 6.00 6.00 5.80 5.80
τ0 (s) 2.72 × 10−6 6.23 × 10−6 3.37 × 10−6 5.02 × 10−6 2.01 × 10−6 3.64 × 10−6 2.93 × 10−6 3.76 × 10−6

Ueff (K) 38.4 37.1 36.9 36.5 48.3 46.9 43.5 43.8

Inorganic Chemistry Article

DOI: 10.1021/acs.inorgchem.8b03206
Inorg. Chem. 2019, 58, 2610−2617

2612

http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b03206/suppl_file/ic8b03206_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b03206/suppl_file/ic8b03206_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b03206/suppl_file/ic8b03206_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b03206/suppl_file/ic8b03206_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b03206/suppl_file/ic8b03206_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b03206/suppl_file/ic8b03206_si_001.pdf
http://dx.doi.org/10.1021/acs.inorgchem.8b03206


temperatures, the Orbach process is dominant. As the
temperature is lowered, the Raman process begins to play an
important role in the relaxation process (Figure 3).
Theoretical Analysis. Complete Active Space Self-

Consistent Field (CASSCF) calculations on the Dy fragments
of complexes 1, 2-A, and 2-B, using X-ray crystal structure
parameters (Figure S14) were carried out with the MOLCAS
8.2 program package.26 Complexes 2-A and 2-B have a quasi-
C3 and three quasi-C2 symmetry axes, while 1 has a quasi-C3
and only one C2 axis. The calculations predict that the ground
states of complexes 2-A and 2-B are well-separated from the
first excited states (162.9 and 168.8 cm−1, respectively, Table
S8) with strong magnetic anisotropy of the ground state (J =
15/2, gx,y ≈ 10−3). A much lower degree of magnetic axiality in
the ground state was found for complex 1 (gx,y ≈ 10−1) (Table
2). The orientation of the main magnetic axis of the ground
Kramers doublet in 1 is oriented in the equatorial plane, while
the anisotropy axes of 2-A and 2-B coincide with the geometric
C3 axis (Figure S14), indicating that the magnetic anisotropy is
sensitive to the local symmetry. The matrix elements of the
transversal magnetic moment between states27 which is related
to the rate of spin-phonon transitions and the degree of QTM,
is described in detail in Figure 4. The electronic states and
magnetic transition probabilities for the complexes in zero field
give the most probable relaxation paths where the values of the
transverse magnetic moment are the largest. In this way the
corresponding blocking barrier can be defined.28

For 1, the transverse magnetic moment is non-negligible in
the ground state (0.19 μB), which explains why QTM is fast at
low temperature which is in good agreement with the fact that
there is only a weak ac susceptibility response in zero external
field. The relaxation path (|−15/2⟩→ |−5/2⟩ → |+5/2⟩ → |

+15/2⟩) which is defined as thermally assisted QTM is another
possibility. With an external dc field, the QTM within the
ground doublets is suppressed, resulting in a field-induced

Figure 3. Arrhenius plots of ln(τ) vs the inverse temperature T −1, calculated from data at dc field of 0.8 kOe (a) and 2.0 kOe (a′) for 1; 0.8 kOe
(b) and 2.0 kOe (b′) for 2, respectively. Blue lines show the fit of data to the Arrhenius expression τ = τ0 exp(Ueff/kBT), and red lines show the fit
of data using eq 1, see in the text. For parameters of the fit, see Table S7.

Table 2. g (gx, gy, gz) Tensors of the Lowest Kramers
Doublets (KDs) of the Dy Fragments of Complexes 1, 2-A,
2-B, and Model Complex

KDs 1 2-A 2-B model

1
gx 0.455 0.002 0.001 0.000
gy 0.703 0.011 0.019 0.000
gz 17.900 19.601 19.610 19.893

2
gx 9.026 10.447 9.860 0.089
gy 8.387 8.365 8.624 0.091
gz 2.598 3.457 3.785 17.028

3
gx 10.467 0.608 0.781 0.068
gy 7.573 1.102 1.250 0.131
gz 1.649 2.590 2.232 13.937

4
gx 9.408 9.366 8.098 1.211
gy 7.183 6.413 6.702 1.976
gz 4.126 3.056 3.979 7.524

5
gx 1.965 1.161 0.332 0.033
gy 3.569 1.734 1.539 2.037
gz 6.875 6.584 5.225 9.917

6
gx 2.487 1.779 10.356 0.016
gy 4.859 5.295 5.870 3.784
gz 9.178 9.597 0.426 9.898

7
gx 2.501 1.846 1.703 0.023
gy 2.613 6.379 5.478 0.574
gz 12.634 12.650 10.278 5.505

8
gx 0.001 0.702 11.763 12.315
gy 0.504 3.015 7.974 7.226
gz 16.258 15.317 1.956 1.207
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SMM. The most possible relaxation routes for 2 are thermally
assisted QTM though the first excited states (J = 7/2 for 2-A
and J = 9/2 for 2-B) with a small transverse magnetic moment
in the ground state (ca. 10−2 μB). From theoretical calculation
only, both complexes might be SMMs with high energy
barriers.
To understand the underlying origin of different dynamic

magnetic properties for 1 and 2, we analyzed the parameters of
the crystal field for these complexes from the MOLCAS 8.2
calculation results. (Table S9). For an ideal hexagonal
bipyramid, the crystal field Hamiltonian is defined by ĤCF =
B2
0Ô2

0 + B4
0Ô4

0 + B6
0Ô6

0 + B6
6(Ô6

6 + Ô6
−6).15a

Distortions in the geometry, however, make the equivalent
operators Ôk

q with q ≠ 0 relevant. The parameters Bn
0 (n = 2, 4,

6) and B6
6 are larger than other parameters for complexes 1 and

2, which is in good agreement with the D6h symmetry crystal
field Hamiltonian. The nonzero values of Bn

m(n = 2, 4, −n ≤ m
≤ n, and m ≠ 0) suggests significant QTM in the absence of an
external dc field for all complexes. For complex 1, the axial
parameter B2

0 (−1.56) is equal in magnitude to the nonaxial
parameter B2

2 (1.50), accounting for its poor SMM perform-
ance under a zero dc field. The axial parameter B2

0 of complexes
2-A and 2-B is 10 times larger than other nonaxial parameters,
suggesting a stronger uniaxial anisotropy. As a result, a high-
temperature hysteresis loop is observed.
The calculated energy gaps between the ground and the first

excited states for the three complexes (Table S9) are much

larger than the experimental ones, an indication that the
Orbach process is not the primary relaxation route. It has been
recently shown9d,29 that low energy intramolecular vibrations
play an important role in spin relaxation of SMMs. In the
current work, the experimental energy barriers of 1 and 2 are
very similar and close to 40 K, which are consistent with the
typical energies of low energy vibration modes.29c The
molecules in 1, 2-A, and 2-B have the same chemical
composition and similar geometries; therefore, the local
vibrations should be very similar. In fact, the very different
theoretical energy barriers and similar experimental energy
barriers suggest that the low energy vibrations are contributing
to relaxation of the spin in a similar fashion.
Both 1 and 2 exhibit poor SMM performance so it is not

possible to discern on the basis of these data alone whether the
hexagonal bipyramidal geometry is a viable one for the design
of new classes of SMMs with high performance. Clearly, it is
possible that the magnetic properties are related primarly to
the symmetry distortion. To test this hypothesis, a more
standard hexagonal bipyramidal Dy model complex with 18-
crown-6 and Me3PO was designed (Figure S13 and Table S8).
The calculated results based on this model are summarized in
Tables 2, S9, and S11. The calculations indicate that the three
lowest doublets of the model complex have very strong
magnetic anisotropy: gx = gy = 0.000, and gz = 19.893 for the
ground state (J = 15/2); gx = 0.089, gy = 0.091, gz = 17.028 for
the first excited state (J = 13/2); gx = 0.068, gy = 0.131, and gz

Figure 4.Magnetization blocking barriers in 1 and model complex 2-A, and 2-B. The thick black lines represent the Kramers doublets as a function
of their magnetic moment along the magnetic axis. The green lines correspond to diagonal quantum tunnelling of the magnetization (QTM); the
blue line represents off-diagonal relaxation process. The numbers at each arrow refer to the mean absolute value of the corresponding matrix
element of transition magnetic moment.
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= 13.937 for the second excited state (J = 11/2). The wave
functions with a projection of the total moment |mJ⟩ for the
lowest three spin−orbit states are quite pure. The most
possible relaxation routes for model complex are thermally
assisted QTM though the first excited states with a very small
transverse magnetic moment in the ground state (ca. 10−4 μB,
Figure 4). All of these findings indicate that the magnetic
anisotropy become stronger when the symmetry is closer to
D6h. The results indicate that the hexagonal bipyramidal
geometry is a viable one for the design of new classes of
SMMs.

■ CONCLUSIONS
In the present work, two highly stable quasi-D6h Dy(III) single-
molecule magnets, the first of their kind, are reported. A
comparison of complexes 1 and 2 leads to the conclusion that
QTM is highly dependent on the local symmetries of the
crystal field. The calculation results of the designed nearly ideal
hexagonal bipyramidal Dy model complex with 18-crown-6 has
a much stronger magnetic anisotropy than 1 and 2. When the
ground Kramers doublet of the metal ions is more axial, QTM
will be suppressed more effectively. From these results, it can
be concluded that the crystal field produced by a hexagonal
bipyramidal geometry is a viable crystal field for designing high
performance SMMs. Moreover, the work illustrates how
controlling crystal morphology can effectively tune the
symmetries of the crystal field. Slight changes in crystal field
triggered by crystallographic packing effects provide a means
for more deeply understanding magneto-structural correlations
and the mechanisms of slow magnetic relaxation. Ongoing
efforts in our laboratory aimed at obtaining a high performance
SMM in a perfect hexagonal bipyramidal geometry are
underway.

■ EXPERIMENTAL SECTION
General Methods. All reagents and solvents were purchased from

commercial sources without any purification. The ligand t-Bu3PO was
prepared by a reported procedure.21

Preparation of Dy(NO3)3(t-Bu3PO)2 (1). Dy(NO3)3·6H2O (55
mg, 0.12 mmol) in 5 mL of EtOH and t-Bu3PO (55 mg, 0.25 mg) in 5
mL of EtOH were mixed and stirred for 10 min. The solution was
evaporated slowly over the course of a month to give white block
single crystals of 1 with a yield of 81% based on Dy. Elemental
analysis calcd (%) for C24H54DyN3O11P2: C (36.71), N (5.35), H
(6.93); found: C (36.57), N (5.20), H (6.82). IR data ATR (cm−1):
1514(m), 1467(s), 1272(s), 1022(s) for NO; 1055(s) for PO.
Preparation of Dy(NO3)3(t-Bu3PO)2·0.5CH3CN (2). Dy(NO3)3·

6H2O (55 mg, 0.12 mmol) in 5 mL of CH3CN and t-Bu3PO (55 mg,
0.25 mg) in 5 mL of CH3CN were mixed and stirred for 10 min. The
solution was evaporated slowly over the course of a month to give
white block shaped single crystals of 2 in a 92% yield based on Dy.
Elemental analysis calcd (%) for C50H111Dy2N7O22P4: C (37.26), N
(6.08), H (6.94); found: C (37.37), N (5.98), H (6.85). IR data ATR
(cm−1): 1517(m), 1465(s), 1272(s), 1023(s) for NO; 1053(s) for
PO.
Crystallographic Data Collection and Refinement. Crystallo-

graphic data of complexes 1 and 2 were collected on a Bruker APEX-
II CCD area-detector diffractometer with Mo Kα radiation (λ =
0.71073 Å) using an φ and ω scans at 296 K. The diffraction data
were integrated using SAINT,30a and were corrected for absorption
using SADABS.30b All non-hydrogen atoms were located by the
Patterson method.30c The structures were solved by direct methods
and refined using the full-matrix least-squares technique within the
SHELXTL program package.30d All non-hydrogen atoms were refined
with anisotropic displacement parameters. The hydrogen atoms were
generated geometrically (C−H 0.96 Å) using the riding-model.

CCDC 1520163 and 1491580 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via www.ccdc.ca-
m.ac.uk/data_request/cif.

Physical Measurements. The IR spectra were carried out using a
Nexus 870 FT-IR spectrometer with KBr pellets in the range from
400 to 4000 cm−1. Elemental analyses of C, N, and H were measured
on a PerkinElmer 240C elemental analyzer. The static magnetic
measurements were collected on a MPMS-XL7 SQUID magneto-
meter. The alternating current (ac) susceptibility measurements were
collected on a Quantum Design VSM SQUID magnetometer. The
static magnetic measurements were performed in the temperature
range 1.8−300 K in a field of 1000 Oe and the magnetization
isothermal measurements were performed in fields of between 0 and 7
T on a polycrystalline sample. The ac susceptibility measurements
were carried out under an oscillating field of 2 Oe with frequency
ranging from 1 to 999 Hz. Experimental susceptibilities were
corrected for diamagnetism using Pascal’s constants31 and for the
sample holder by previous calibration.

Ab Initio Calculations for Complexes 1, 2, and Model
Complex. Complete-active-space self-consistent field (CASSCF)
calculations on the Dy fragments (see Figure S18) of complexes 1
and 2 on the basis of X-ray data were carried out with the MOLCAS
8.2 program package.26 The model complex is based on [Nd(18-
crown-6)(BH4)2]

+.32 For CASSCF calculations, the basis sets for all
atoms are atomic natural orbitals from the MOLCAS ANO-RCC
library: ANO-RCC-VTZP for Dy(III) ion; VTZ for close O; VDZ for
distant atoms. The calculations employed the second order Douglas−
Kroll−Hess Hamiltonian,33 where scalar relativistic contractions were
taken into account in the basis set and the spin−orbit coupling was
handled separately in the restricted active space state interaction
(RASSI-SO) procedure.34 The active electrons in 7 active spaces
include all f electrons CAS (9 in 7) for three complexes in the
CASSCF calculation. To exclude all doubts we calculated all the roots
in the active space. The maximum number of spin-free states that
were possible with our hardware included all from 21 sextets, 128
from 224 quadruplets, and 130 from 490 doublets for Dy(III)
fragments.
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