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ABSTRACT: We investigate and compare the magnetic
properties of two isostructural Dy"-containing complexes.
The Dy" ions are chelated by hexadentate ligands and possess
two apical bidendate nitrate anions. In dysprosium(III) N,N’-
bis(imine-2-yl)methylene-1,8-diamino-3,6-dioxaoctane (1), the
ligand’s donor atoms are two alkoxo, two pyridine, and two
imine nitrogen atoms. Dysprosium(III) N,N’-bis(amine-2-
yl)methylene-1,8-diamino-3,6-dioxaoctane (2) is identical with
1 except for one modification: the two imine groups have been
replaced by amine groups. This change has a minute effect on
the structure and a larger effect the magnetic behavior. The two
complexes possess slow relaxation of the magnetization in the
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presence of an applied field of 1000 Oe but with a larger barrier for reorientation of the magnetization for 1 (U,g/kg = S0 K) than
for 2 (U.g/ky = 34 K). First-principles calculations using the spin—orbit complete active-space self-consistent-field method were
performed and allowed to fit the experimental magnetization data. The calculations gave the energy spectrum of the 2] + 1
sublevels issued from the | = 187 , free-ion ground state. The lowest-lying sublevels were found to have a large contribution of M;
= +!5/, for 1, while for 2, M; = +'%/, was dominant. The observed differences were attributed to a synergistic effect between the
electron density of the ligand and the small structural changes provoked by a slight alteration of the coordination environment. It
was observed that the stronger ligand field (imine) resulted in complex 1 with a larger energy barrier for reorientation of the

magnetization than 2.

B INTRODUCTION

Magnets have fascinated scientists for centuries and are at the
center of many technological advances." Since their discovery in
the 1990s, single-molecule magnets (SMMs) have been the
focus of extensive research. The interest for these kinds of
molecules lies in their magnetic bistability. It was shown that, at
low temperatures (liquid-helium range), even in the absence of
an external magnetic field, SMMs retain magnetization over
long periods.” This bistability is observed in molecules that
possess a large spin (S) ground state in addition to large Ising-
type magnetic anisotropy (negative zero-field-splitting param-
eter D) for the spin Hamiltonian DS,> — S(S + 1)/3. The
energy barrier of reorientation of the magnetization (U) is U =
SAIDI and (S* — 1/4)ID| for integer and half-integer spin
systems, respectively. Therefore, to increase U, and con-
sequently increase its temperature of operation, it is possible to
increase either S or D or both. The strategy employed for first-
generation SMMs was to assemble large clusters that had high-
spin ground states. The classic example is the famous
dodecametallic manganese acetate family of SMMs (Mn,,Ac),

which have S = 10 and U, up to 74 K.* However, the increase
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of the total spin has yielded a decrease in the total anisotropy of
these systems. For example, Christou et al. reported a
transition-metal complex that had a record barrier (U, = 86
K) but a ID| parameter of 0.62 K (down from 2.0 K).>

In order to render SMMs that are attractive as potential new
materials for quantum information devices that use spins to
manipulate or store information,’ it is essential to design and
synthesize SMMs that function at higher temperatures.
Therefore, in the past decade, strategies that employ metals
with large orbital angular momenta, such as lanthanides and
actinides, have been successfully employed.” In the pursuit for
new SMMs, the most remarkable results have been obtained
with lanthanide coordination compounds.® For example,
Winpenny and co-workers reported a polynuclear SMM that
exhibited record barriers of U, = 528 K in undiluted samples
and U, > 800 K for magnetically diluted samples.’
Furthermore, slow relaxation in Ln-SMMs may be observed
in single-lanthanide-ion complexes. Very large energy barriers
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of reorientation of the magnetization were reported for
phthalocyanin (Pc) double-decker complexes of terbium(III)
and dysprosium(IIT)'* and for an erbium(III) ion sandwiched
between polyoxometallate ligands."'

Among the lanthanides, the largest number of pure Ln-
SMMs has been achieved with dysprosium(III)."> This
phenomenon may be explained by the high moment and
high anisotropy of the dysprosium(III) ion, which has a half-
integer ground state (for the free ion: ®H,s;, and g = */3),
leading to low-lying Kramers doublets and consequently to
reduced predisposition in dysprosium(III) systems to show
quantum tunneling of the magnetization (QTM). The synthetic
strategy employed thus far is similar to that used for the
construction of transition-metal SMMs and has relied on the
synthesis of polydentade ligands followed by lanthanide-ion
complexation. The ligand field lifts the degeneracy of the 2] + 1
sublevels. This, in turn, may result in a ground state that has m;
= =], generating large Ising-type magnetic anisotropy.13 Even
though theoretical calculations allow for determination of the
nature of the ground state and thus consent a satisfactory
interpretation of the magnetic behavior, the influence of the
chemical parameters on the magnetic properties is still unclear.
Therefore, the study of smaller systems is crucial for
understanding the rules that direct the overall anisotropy and
magnetic properties of Ln-SMMs.

To the best of our knowledge, previous studies have mostly
focused on either changin% the lanthanide ion while keeping
the ligand system constant' *'***®'>'* or changing the ligand
but keeping the coordination sphere around the lanthanide ion
identical in multilanthanide systems.”'* In a study by
Ishikawa and co-workers, protonation of the ligand resulted
in the switching of the SMM properties of the terbium double-
decker molecule.'® This behavior was attributed to the loss of
D,; symmetry caused by deprotonation. Furthermore, the
electrostatic environment around the lanthanide ion changed
between the protonated and deprotonated states. In a recent
study by Murugesu and co-workers, the effects of electron-
withdrawing groups on the energy barrier in dinuclear
dysprosium(III) SMMs were investigated. It was found that,
by a change in the electronic properties of the ligands situated
in the equatorial position with respect to the anisotropy axis, a
drastic increase in the energy barrier of the magnetization could
be observed.'” In the quest to better understand these rules,
herein, we investigate and compare the magnetic properties of
two dysprosium(III)-containing complexes. A small modifica-
tion in the ligand resulted in the synthesis of two isostructural
mononuclear dysprosium(III) compounds, which have different
magnetic behaviors. In this system, the charge and coordination
geometry around the dysprosium(III) ion does not change
between the two complexes. The observed magnetic data are
correctly reproduced by first-principles calculations, which
indicated that the magnetic moments of the ground Kramers
doublet are different in the two complexes. These differences
are attributed to a synergistic effect between the coordination
geometry, which is almost identical in the two complexes, and
the electronic nature of the donor atoms.

B EXPERIMENTAL SECTION

General Procedures. All reactions were carried out in a 20 mL
scintillation vial. Unless otherwise stated, all reagents were purchased
from Aldrich or TCI and used without further purification. Methanol
(MeOH) was dried by distillation over calcium hydride. The complex
dysprosium(III) N,N’-bis(imine-2-yl)methylene-1,8-diamino-3,6-diox-
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aoctane (1) was synthesized according to literature procedures.'*

N,N’-Bis(imine-2-yl)methylene-1,8-diamino-3,6-dioxaoctane (LH,)
was synthesized according to modified literature procedures.'®
Electrospray ionization mass spectrometry (ESI-MS) spectra were
recorded on a Thermo Scientific 2009 mass spectrometer. NMR
spectra were recorded on a Bruker Aspect 300 NMR spectrometer. IR
spectra were recorded on a Bruker TENSOR-27 Fourier transform
infrared (FT-IR) spectrometer equipped with an attenuated total
reflectance (ATR crystal diamond/ZnSe) sample holder in the 4000—
500 cm™' range. Elemental analysis was taken on a Thermo Scientific
Flash analyzer.

Synthesis of Dysprosium(lll) N,N’-Bis(amine-2-yl)methylene-
1,8-diamino-3,6-dioxaoctane (2). To a 20 mL scintillation vial
were added LH, (85.6 mg, 0.26 mmol) and S mL of dry MeOH with
stirring at 323 K for S min. To this solution was added dropwise a
solution of Dy(NO,);-SH,0 (113.6 mg, 0.26 mmol) in 1 mL of dry
MeOH, and the solution was left at 323 K for 3 h. The product was
purified by vapor diffusion of Et,O into a MeOH solution of 2 (m =
0.112 g; yield = 80%). IR (v/cm™): 3317 (br), 2946 (br), 2888 (br),
2529 (br), 2162 (s), 1981 (br), 1780 (m), 1660 (s), 1626 (m), 1589
(m), 1571 (m), 1469 (br), 1446 (s), 1366 (br), 1352 (br), 1286 (s),
1226 (s), 1156 (s), 1104 (m), 1091 (m), 1051 (m), 1033 (m), 1010
(s), 988 (s), 962 (m), 937 (s), 897 (s), 875 (s), 813 (m), 785 (m), 744
(m), 707 (br), 662 (s), 634 (m). ESI-MS: m/z 309.05 ([2]**). Elem
anal. Caled for C,4H4,N,0,,Dy (C,,H;,N,0,,Dy): C, 30.55; H, 4.59;
N, 13.10. Found: C, 30.70; H, 4.33; N, 13.25.

Single-Crystal X-ray Diffraction Studies. X-ray diffraction data
were collected by using a Bruker Kappa X8 APEX II diffractometer
with graphite-monochromated Mo Ka radiation (4 = 0.71073 A).
Crystals were mounted on a CryoLoop (Hampton Research) with
paratone-N (Hampton Research) as the cryoprotectant and then flash
frozen in a nitrogen-gas stream at 100 K. The temperature of the
crystal was maintained at the selected value (100 K) by means of a
Cryostream 700 series cooling device to within an accuracy of +1 K.
The data were corrected for Lorentz polarization and absorption
effects. The structures were solved by direct methods using SHELXS-
97" and refined against F* by full-matrix least-squares techniques
using SHELXL-97*° with anisotropic displacement parameters for all
non-hydrogen atoms. Hydrogen atoms were located on a difference
Fourier map and introduced into the calculations as a riding model
with isotropic thermal parameters. All calculations were performed
using the Crystal Structure crystallographic software package
WINGX.*' The crystal data collection and refinement parameters are
given in Table S1 in the Supporting Information (SI).

Magnetic Measurements. The magnetic susceptibility measure-
ments were obtained using a Quantum Design SQUID MPMS-XL7
magnetometer operating between 1.8 and 300 K for direct-current
(dc) applied fields ranging from —7 to +7 T. dc analysis was
performed on polycrystalline samples of 1 and 2 (17.61 and 17.31 mg,
respectively) wrapped in eicosan under a field between 0.1 and 1 T
and between 1.8 and 300 K. Alternating-current (ac) susceptibility
measurements were carried out under an oscillating field of 1.5 or 3 Oe
and ac frequencies ranging between 0.1 and 1500 Hz. Diamagnetic
corrections were applied for the sample holder and eicosan.

Micro-SQUID Measurements. Magnetization measurements on
oriented single crystals were carried out with an array of micro-
SQUIDs.*> This magnetometer works in the temperature range of
0.04—7 K and in fields of up to 0.8 T with sweeping rates as high as
028 T s™' and exhibits field stability of better than mT. The time
resolution is approximately 1 ms. The field can be applied in any
direction of the micro-SQUID plane with precision greater than 0.1°
by separately driving three orthogonal coils. In order to ensure good
thermalization, a single crystal was fixed with apiezon grease.

B RESULTS AND DISCUSSION

Synthesis. The one-pot reaction between 2-formylpyridine
(2 equiv) and 1,8-diamino-3,6-dioxaoctane (1 equiv) with
Dy(NO,;);-6H,0 (1 equiv) in MeOH afforded 1
(C13H,N4O3Dy; Scheme 1).'* We reasoned that synthesizing
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Scheme 1. Schematic Representation of the Synthesis of
Complexes 1 and 2
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a series of ligands that have different electronic properties
would lead to the synthesis of complexes with geometrical
conformations similar to those of 1 but with different magnetic
behaviors. Therefore, amine-containing ligand H,L was
synthesized via standard imine reduction chemistry and
subsequently reacted with Dy(NO,);:6H,0 (1 equiv) in
MeOH to afford 2 (C;3H,¢N¢OgDy; Scheme 1).

Both 1 and 2 were purified by recrystallization from diethyl
ether, affording off-white X-ray-quality crystals. ESI-MS peaks
at m/z 614.05 ([1]*) and m/z 618.19 ([2]*) confirmed the
presence of 1 and 2 in solution. Further confirmation of
complex formation was given by the FT-IR spectra (see the SI),
which indicated the presence of the C=N band at 1625 cm™
for 1 and the N—H stretch at 3300 cm™" for 2.

Crystal Structures. Single-crystal X-ray analysis of 1 and 2
revealed that both complexes crystallized in the triclinic PT
space group and are isostructural. Shown in Figure 1 is the
overlap of the two structures, in which it is possible to better
visualize the slight differences between 1 and 2. In both 1 and
2, the central dysprosium(Ill) ion is coordinated to four
nitrogen atoms and six oxygen atoms with Dy—N bonds of
2.483-2.585 A and Dy—O bonds of 2.460—2.561 A. As
expected, the amine N2—Dy (or N3—Dy) bonds are 3% longer
than the imine N2—Dy (or N3—Dy) bonds (Table 1). The
ligands arrange around the dysprosium(III) ion in a similar
fashion. Two oxygen (O1 and O2) and two nitrogen (N2 and
N3) atoms are arranged in the equatorial plane around the
dysprosium(I1I) ion. Because of the steric bulk of the pyridine
rings (Pyl and Py2), N1 and N2 are twisted out of this mean
plane. The dihedral angles between the planes formed by Pyl
and Py2 are 57° and 66° for 1 and 2, respectively (Figure 1).
Two nitrate ions contribute four of the donor atoms. The
charge balance is given by one nitrate counterion, and there is
one molecule of MeOH in the crystal lattice. Analysis of the
packing arrangement reveals that there are no strong
intermolecular forces between neighboring molecules (such as
hydrogen bonds and z—z stacking) and that the closest
distance between dysprosium(III) ions is 8.1 A.
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Figure 1. X-ray crystal structure of complexes 1 (black) and 2 (gray).
The figure was obtained by overlaying O1 and O2. Solvent molecules
and counterions are omitted for clarity.

Table 1. Selected Bond Distances (A)

1 2
Dy—-N1 2.585(3) Dy-NI 2.5575(15)
Dy—-N2 2.483(4) Dy-N2 2.5541(13)
Dy—-N3 2.503(3) Dy-N3 2.5438(14)
Dy—N4 2.552(3) Dy—N4 2.5502(13)
Dy-01 2.493(3) Dy-01 2.4669(11)
Dy-02 2.478(3) Dy-02 2.4601(12)
Dy-03 2.540(3) Dy-03 2.5614(12)
Dy-04 2.455(3) Dy—04 2.4649(12)
Dy-0S 2.490(3) Dy-0S 2.5256(13)
Dy-06 2.430(3) Dy-06 2.4786(12)

The structural differences between 1 and 2 were investigated
because it was shown that the geometry around the lanthanide
ion greatly influences the magnetic properties of the resulting
complexes.®™?* The two structures differ slightly in the
coordination environment; therefore, to better appreciate the
differences, 1 and 2 were overlaid at the O1 and O2 positions
(Figure 1). Thus, it is possible to see that only small differences
in the positions of the donor atoms arise at the N3 and N4
positions. All but two (N1 and N2) of the 10 donor atoms are
identical, with the main difference being the strength of the
ligand field (electronic properties) of the nitrogen (imine being
stronger than amine) atoms. The stronger ligand field resulted
in a complex (1) that displayed (i) a larger energy difference
between the ground state and first excited state and (ii) a
dominant contribution to the ground state of the M; = +15/,
over the M; +'3/,, while the reverse occurs for 2. These
results directly translate to a larger energy barrier of
reorientation of the magnetization for 1 than for 2.

The lanthanide inner-coordination spheres of 1 and 2
resemble each other and are far from an idealized geometry.
The closest description may be portrayed as a distorted
bicapped square antiprism (Figure 2).). The first deviation from
an idealized geometry arises because the atoms do not form a
square but a trapezoid. Two trapezoids are defined by the mean
planes through four of the coordinating atoms (O1, O4, N4,
0OS and 03, 02, N1, 06). The two trapezoids are twisted at
skew angles of ¢ = 58° (1) and 40° (2) with respect to one
another (Figure 2). This angle is far from the expected value for
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Figure 2. Perspective showing the distorted bicapped square-
antiprismatic geometries of the central dysprosium(III) ion for 1 (a

and b) and 2 (c and d).

an ideal D,; symmetry (@ = 45°). The second deviation arises
from the dihedral angle between the two mean planes, which
are at 10° (1) and 9° (2) with respect to one another.
Magnetic Properties. Magnetic susceptibility measure-
ments for 1 and 2 were carried out under dc applied field
between 2 and 300 K at 1000 and 10000 Oe (Figures 3 and 4).

8 50

150 200 250

T/K

100 300

Figure 3. Temperature dependence of the yT product at 1000 Oe
(1.8—150 K) and 10000 Oe (150—300 K).

At room temperature, the values of yT are 13.71 cm® mol™ K
for 1 and 13.62 cm® mol™ K for 2, which are in good
agreement with the expected values for mononuclear
dysprosium(III) complexes (*His)y, ¢ = */3 and yyThee ion =
14.17).>® yT decreases gradually and then more rapidly below
50 K, which is most likely due to crystal-field effects (thermal
depopulation of the M; sublevels (stemming from the ] = '/,
ground state). The magnetization (M) versus field (H) plots
show that the field dependence of the magnetization does not
saturate at the highest available fields and the corresponding M
= f(H/T) curves do not superimpose. M reaches at H=7 T a
value close to 5.2 g, much weaker than that expected for
saturation (gyJ = 10 ). This behavior is indicative of highly
magnetically anisotropic complexes.**

Dynamic Magnetic Properties. Dynamic magnetic
measurements were carried out on complexes 1 and 2, and a
frequency dependence of the out-of-phase susceptibility (y”)
was observed for both systems. It has been previously reported
that 1 showed a frequency dependence of " under zero dc
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Figure 4. Field dependence of the magnetization at variable
temperatures for 1 (top) and 2 (bottom). The solid lines correspond
to the SO-CASSCE fits.

applied field, which is indicative of SMM behavior, and that 1
undergoes slow relaxation of the magnetization below 10 K.'*®
To probe the potentiall SMM behavior of 2, ac magnetic
susceptibility measurements were also carried out in the
absence of a dc applied field. Similar to 1, 2 also undergoes
slow relaxation of the magnetization; however, no maximum for
" was seen in either complex at the frequency and temperature
ranges studied (T > 2 and v < 1500 Hz). This behavior is
frequently reported for lanthanide-containing complexes and
may be attributed to small energy barriers stemming from
QTM.">** QTM occurs when states are brought into
resonance because of the matching of energy levels at zero
field and/or under an appropriate magnetic field. It is common
for full-integer spin systems to show QTM. However, QTM
should not be observed in half-integer spin systems according
to Kramers' spin-parity theorem,”® which dictates that no
matter how asymmetric the crystal field, ions with an odd
number of electrons have to have at least a doubly degenerate
ground state. Therefore, a perturbation that lifts this degeneracy
has to be present in order to render QTM possible in our
system. Similarly to what was reported by Ishikawa and
Wernsdorfer, it is reasonable to say that QTM in the case of
dysprosium(I1I) is occurring between entangle states of nuclear
and electronic spins.'** Additionally, tunneling may be induced
by dipolar coupling and small exchange interactions between
molecules.

In order to bypass QTM, ac susceptibility measurements may
be carried out under a small optimized dc field, which causes a
shift in the maxima of the y” = f(T) curves toward higher
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temperatures (Figure S). The optimal dc field is the field at
which the minimum characteristic frequency is observed and

a) c) 1488 Hz
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Figure 5. ac susceptibility data for complexes 1 (a and b) and 2 (c and
d). Plots of ' (a and c) and ¥’ (b and d) versus temperature at
different wave frequencies under a dc field (H = 1000 Oe).

was found to be 1000 Oe for 1."** Because we are comparing 1
and 2, this external field was kept constant for a better
comparison. Maxima of 9.7 and 8.0 K were observed, at the
aforementioned dc field, for a frequency of 1500 Hz for 1 and
2, respectively.

For both complexes, the relaxation time shows two distinct
regimes stemming from a temperature-independent quantum
tunneling regime at low temperatures and a temperature-
dependent thermally activated regime at temperatures above S
K. This high-temperature regime follows the Arrhenius law 7 =
7o exp(Ug/kgT). It is possible to extrapolate values for the
energy barrier of the magnetization (U,) and the preexpo-
nential factor (7,) by plotting the magnetization relaxation
times (7) obtained from the ac data as In 7 versus 1/T. In
accordance with the ac data and the first-principles calculations,
different U, and 7, values were found for 1 (50 K, 6.80 x 1077
s) and 2 (34 K, 2.51 X 107% s). 2 has a lower energy barrier of
the magnetization. These values are comparable to those
reported in other mononuclear dysprosium(III) systems. For
example, U,g/ky = 60 K was found for a Dy/DOTA system”®
and U,g/ks = 23 K for a dysprosium macrocycle.”

Semicircular Cole—Cole plots*® were obtained for both 1
and 2 at temperatures ranging from 1.8 to 6.0 K (Figure 6).
The plots for complex 2 showed only one relaxation pathway,
while those for 1 indicated the appearance of the beginning of a
second relaxation mechanism at low temperature. Only one
part of this semicircle was fitted using a generalized Debye
model. Analysis revealed that the @ parameter is close to zero at
higher temperatures, indicating a single relaxation process,
while at low temperatures (tunneling regime), for both
complexes, a varies between 0.2 and 0.4, which is consistent
with previously reported values and suggests that in the
tunneling regime the system is more sensitive to strain.”®
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Figure 6. Cole—Cole plots obtained for complexes 1 (a) and 2 (b).
The solid lines represent the fit obtained with a generalized Debye
model.

In order to test the influence of inter- and intramolecular
exchange on the magnetic behavior, we investigated the effect
of magnetic dilution on relaxation of the magnetization of 1 and
2. For this, we cocrystallized a sample in which the
dysprosium(III) complex was magnetically diluted with the
isostructural yttrium(III) analogue in a molar ratio of 1:10.
Dynamic magnetic measurements were carried out on these
diluted samples (see the SI). No significant differences were
seen between the energy barriers of relaxation of the
magnetization of these diluted samples compared to the
undiluted ones. Therefore, we may conclude that intermo-
lecular forces and dipolar interactions are negligible at the
temperatures studied (>1.8 K).

The slight difference in coordination of the ligand field
affected the overall magnetic properties of the complexes. To
further probe into the differences in the SMM behavior of 1
and 2 and to gain further insight into their low-temperature
behavior, single-crystal magnetization measurements were
performed using a micro-SQUID*? instrument at temperatures
ranging from 0.03 to S K. The field was aligned parallel to the
easy axis of magnetization by the transverse field method.>" For
both complexes, hysteresis loops (Figure 7) were observed and
have steplike features, which is indicative of QTM (see the SI
for expanded graphs).%’l‘k"’27 Each step represents a level where
tunneling may occur. The system shows a strong sweep rate
dependence. The coercive field increases with increasing
temperature (between 0.03 and 0.5 K). Typically, the coercivity
of the hysteresis loops increases with decreasing temperature
and increasing sweep rate; however, in SMM with a strong
tunneling rate at H = 0, this behavior is inverted. At low
temperatures, most of the molecules tunnel when the field is
swept over the zero-field level crossing.Zb At high temperatures,
the net tunneling rate is reduced by thermally assisted
relaxation/excitation near zero field and hysteresis is observed.

Theoretical Calculations. Small modifications in the
ligand field have been known to greatly influence the overall
magnetic properties of the resulting SMM molecules.'**** In
order to gain insight into the observed magnetic properties and
into the nature of the ground state of the complexes, first-
principles calculations were performed.

The excited states of the complexes have been calculated
with the spin—orbit complete active-space self-consistent field
(SO-CASSCF) method using the MOLCAS76 suite of
programs.”® ANO-RCC basis sets of DZP quality were used.
The active space included all nine 4f electrons of the
dysprosium(I1I) ion spanning seven orbitals. First, a CASSCF
calculation is performed.** Second, the spin—orbit is evaluated
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Figure 7. Hysteresis loops for complexes 1 (a) and 2 (b).

by a state interaction® and the g factors are calculated by a
method previously described by Bolvin.*®

The obtained energy gaps for the first nine Kramers doublets
for 1-3 are listed in Table 2. The first eight are derived from

Table 2. Energies of the Lowest Nine Kramers Doublets and
the Main Component of the g Factors of the Ground State
for Complexes 1 and 2

doublet/DE (cm™) 1 2
1 0.0 0.0
2 95.0 84.7
3 112.1 96.7
4 158.2 121.1
S 277.1 211.8
6 309.0 241.8
7 423.8 319.3
8 450.9 351.7
9 3046.4 3051.6
& 18.1 169
o 0.1 04
& 0.0 0.3

the °Hys,, atomic term and the ninth from the °H,;/, one.
Because of the low symmetry of the molecules, M; is not a good
quantum number. However, from the values of the g factors of
the ground state, it appears that the ground-state doublet may
best be described as IJ = 13/, M; = 3/,) for 1 (g, =20) and IJ =
/5, My = B/,) for 2 (g,, = 17.3), which is consistent with the
different experimental values of the magnetization observed.
The calculated and observed values of the molar magnetization
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and the values for yT for 1 and 2 at different temperatures (2—
8 K) and fields (1000 and 10000 Oe) are shown in Figures 4
and S6 in the SI, respectively. The calculated and observed
values are in excellent agreement.

The energies of the first excited Kramers doublet (95.0 cm™
for 1 and 84.7 cm™ for 2) are on the same order of magnitude
as the values corresponding to the experimental values of the
barrier for reorientation of the magnetization (S0 and 34 K for
1 and 2, respectively). These values of the g tensor are listed in
Table 2. The calculations gave larger transverse components (g,
and gy) for 2 than for 1. Furthermore, for complex 1, the g,
component of the g tensor more closely resembles that of the
Kramers doublet of a pure I] = '*/,, M; = °/,) (%z =20) and for
2 that of a pure I = °/,, M; = 3/,) (g, = 17.3).” The larger g,
value for 1 indicates a larger magnetic anisotropy for 1 than for
2 and is consistent with the experimental data that show a
larger anisotropy barrier for 1 than for 2. It is possible to
determine the orientation of the anisotropy axes from first-
principles calculations. In both complexes, the main anisotropy
axis is along the N2—N3 direction (see Figure 2) and is
perpendicular to the pseudo-C, axis, which passes between O1
and O2 (Figure 8). It is useful to point out that, in most low-

a)

b)

Figure 8. Orientations of the main magnetic axis for 1 (a and b) and 2
(c and d). Green oval: graphical representation of the oblate f-electron
charge cloud of the dysprosium(III) ions oriented according to the
anisotropy axis.

symmetry mononuclear dysprosium(III) complexes, the
ground Kramers doublet may be best described as I] = l5/2,
M; = "*/,), with the g tensor approaching 20. With this
approximation, it is possible to successfully use an electrostatic
model to determine the orientation of the anisotropy axis.'>**
However, this method does not give access to the value of the g
tensor, which is crucial in determining the nature of the
Kramers doublets.
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Because it is possible to mathematically approximate the
quadrupole moment of the f-electron charge cloud of
dysprosium(III) ions as oblate (for M; = '*/ ,), ¥ it is therefore
possible to say that an optimal crystal field, which would
stabilize the larger M; sublevels and thus lead to highly
anisotropic molecules, should be placed above and below the xy
plane, which is along the main anisotropy axes determined from
first-principles calculations. Thus, in our system, the position of
the donor atoms with respect to the main magnetic axes is
almost identical with the above description. Therefore, it was
reasoned that the differences in the magnetic anisotropy
observed between 1 and 2 were also a consequence of
contributions from the ligand donor atoms. Similar to that
observed by Murugesu and co-workers, where a decreased
electron density along the hard axis also leads to a more
anisotropic dysprosium(I1I) ion, and supported by Long et al,
we reason that the difference in the values of the energy barrier
of reorientation of the magnetization was given by two factors.
First, the shorter imine bonds, at the N2 and N3 positions, lead
to stronger bonds in the axial position and, thus, a stronger
overall ligand field. Second, the increased electron density in
the easy plane (along the anisotropy axis) results in a more
anisotropic dysprosium(III) ion and, therefore, in a complex
with a larger barrier of reorientation of the magnetization.

Thus, changing the donor atoms within a ligand system
affects the electron density and therefore the overall magnetic
behavior of the resulting isostructural complexes.

B CONCLUSIONS

In conclusion, we have shown how a small modification in the
ligand system results in the synthesis of two isostructural
compounds that have different magnetic properties. The
observed differences in the magnetic data were validated by
first-principles calculations, which indicated that the two
complexes have different values for the energy gap of the first
excited states and different g factors, leading to different low-
lying ground-state Kramers doublets. These differences were
attributed not only to the coordination geometry, which is
almost identical in the two complexes, but also to the nature of
the donor atoms. All but two (N1 and N2) of the 10 donor
atoms are identical. The main difference arises because the
ligand field (the electron density) of two of the nitrogen atoms
differs because imine nitrogen atoms (1) give rise to a stronger
ligand field than amine nitrogen atoms (2). The stronger ligand
field possesses a larger electron density and results in a complex
(1) with a larger energy difference between the ground state
and first excited state and therefore in a larger magnetic
anisotropy of the ground state, which directly translated to a
larger energy barrier of reorientation of the magnetization. This
system may be seen as a stepping stone upon which other
model systems might be built upon in order to generate a set of
“chemical” rules that govern SMM assembly and control.
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