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/Abstract: The magnetism and magnetization blocking of a  simulated with parameters close to those extracted from the\
series of [Fe,Dy,(OH),(teaH),(RC4H,CO0);] complexes was in-  calculations. The magneto-structural analysis shows an in-
vestigated, in which teaH;=triethanolamine and R=meta- crease of the antiferromagnetic Fe-Fe exchange interaction
CN (1), para-CN (2), meta-CH; (3), para-NO, (4) and para-  with increasing Fe-O-Fe angle and Fe-Fe distance. For the
CH; (5), by combining ab initio calculations and EPR meas- Dy-Fe interaction, the opposite tendency is observed, that
urements. The results of broken-symmetry DFT calculations is, a decrease of antiferromagnetic exchange coupling with
show that in all compounds the Fe-Fe exchange interaction increasing Dy-O-Fe angle and Dy-Fe distance. The transver-
is antiferromagnetic and stronger by far than the Fe-Dy and  sal g factors extracted from the ab initio calculations have
Dy-Dy interactions. As a result, the lowest two exchange values in the range of 0.01-0.2, testifying to the lack of high
doublets probed by EPR spectroscopy mostly originate from  axiality of the ground state of the dysprosium ions. This ex-
the Ising interaction of the dysprosium ions in all com-  plains the lack/poor single-molecule magnetic behavior of
pounds. A correct quantitative description of the splitting of  this series of compounds at the investigated temperatures
these two doublets requires, however, an explicit account of  of a few Kelvin. Due to a very small gap (fractions of a wave-
the Fe-Dy and Fe-Fe interactions. Due to the inversion sym-  number) between the ground and first-excited exchange
metry of the complexes, the doublets under consideration  doublet, relaxation takes place by magnetic moment rever-
are described by a collinear Ising exchange interaction. This  sal at individual dysprosium sites in the considered tempera-
picture is also supported by the EPR spectra, which could be  ture domain. D

Introduction

Since the discovery of the first single-molecule magnet
(SMM),""” there has been considerable interest in polynuclear
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transition-metal clusters due to their magnetization blocking
properties. As such, they behave as tiny magnets but of the
molecular origin, thus making them potential candidates for
molecular spintronics, quantum computers, and high-density
storage devices.> Although the first reported SMM, the Mn,,
acetate complex, contains only transition-metal ions, subse-
quent incorporation of 4f elements has proved fruitful because
these provide large unquenched orbital moments resulting in
a large atomic total momentum J. This helps to fulfil the pre-
requisites for a good SMM, providing quantum tunneling of
magnetization (QTM) can be controlled. A performant SMM
should possess a high relaxation barrier of magnetization, high
coercivity in the magnetic hysteresis loops, and a high block-
ing temperature. Until recently, the N,>" radical-bridged dilan-
thanide complex [({(Me;Si),NL{thfiTb"),(u-n?m*N,)I® showed
the highest observed blocking temperature of 14 K amongst
polynuclear compounds. However, more recently, the endohe-
dral fullerene Dy,@Cg, was shown to have a blocking tempera-
ture of 18 K” and [K(crypt-222)I[(Cp™**",Th),(u-N>)] a value of
up to 20 K.®

Dedicated studies have established that a good strategy for
the synthesis of performant SMMs would be the combination
of strongly axial ions with fully isotropic ions through a strong
exchange interaction.””” A natural approach to achieve this is to
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piece together strongly anisotropic lanthanide ions, such as
Dy" and Tb", and fully isotropic transition-metals ions, such as
Fe" and Cr", resulting in a magnetization blocking barrier of
the exchange type. For instance, in a series of Dy,Cr, com-
pounds, the quantum tunneling of magnetization (QTM) is
suppressed due to a strong magnetic exchange interaction be-
tween Dy" and Cr" leading to a multilevel relaxation barrier."”
In these systems, the height of the barrier can be associated
with the strength of the exchange interaction between Dy"
and Cr'". Generally, 3d metal ions can enhance the strength of
the exchange interaction, the latter being rather weak in pure
4f compounds. A similar tendency to enhance the blocking
properties through the interplay of isotropic ions with strongly
axial metal ions has been observed in a series of Ni'Ln"W" het-
erotrimetallic complexes.'

Although this approach is promising, it is not easy to foresee
a priori what systems will be good magnets. However, by com-
bining experimental studies with ab initio calculations, we can
gain in many cases the necessary insight. As a result of these
studies, there is now a wide consensus that good SMM behav-
ior is displayed by complexes with highly axial metal ions pos-
sessing very low transversal components of the g tensor of
their ground doublet.>' Therefore gaining an insight into
the role of structural factors that can modulate the axiality of
individual magnetic ions in polynuclear exchange-coupled
complexes is of primary importance for the field. Such com-
plexes have been investigated intensively with respect to the
nearest-neighbor environment of the metal ions, and some
systems for the role of distant substituents by using Moss-
bauer spectroscopy.'*"® However, studies on the effect of dis-
tant ligand substitution by means of ab initio calculations are
still scarce. Here, we fill this gap by reporting a combined
study of ab initio calculations and electron paramagnetic
resonance (EPR) spectroscopic analysis of a series of
[Fe,Dy,(OH),(teaH),(RC4H,LO0)¢] compounds, in which teaH;=
triethanolamine and R=meta-CN (1), para-CN (2), meta-
methyl (3), para-NO, (4), and para-methyl (5) (Figure 1). These
complexes were synthesized and characterized earlier™ ' and
here we present only the results of their EPR and ab initio anal-
ysis. We analyze the effect of different substituents on the
magnetic properties of these compounds and explain the ob-
served magnetization blocking behavior.

Experimental Section

Crystal structures: The crystal structures of 1-5 have been report-
ed previously™ ' and the structures deposited at the CCDC
(926560 (1), 866243 (2), 926561 (3), 866242 (4), and 866240 (5)).

Magnetic measurements: The temperature dependence of the
magnetic susceptibility of powdered samples of 1-3 and 5 was
measured in the 2-300 K temperature range and have been report-
ed earlier.” The isothermal magnetization measurements for 1-5
were carried out at 2, 3, and 5 K between 0 and 7 T.

EPR measurements: X-band EPR spectra of polycrystalline samples
of 1, 2, 4, and 5 were recorded over the temperature range 4-30 K
on a Bruker EMX/plus spectrometer in both perpendicular and par-
allel modes and on a Bruker ELEXSYS E 580 spectrometer in the
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Figure 1. Structures of 1-5. Color scheme: Pink (Dy), green (Fe), gray (C), red
(0). R=meta-CN (1), para-CN (2), meta-methyl (3), para-NO, (4), and para-
methyl (5). Hydrogen atoms are not shown for clarity.

perpendicular mode at temperatures down to 2.3 K. Q-band meas-
urements were carried out for these four compounds on a Bruker
ELEXSYS E 580 spectrometer over the temperature range 5-30 K.
The measurements in W-band at 4.2 K for 5 were performed on a
Bruker ELEXSYS E 680 spectrometer.

Computational details: The unfeasibility of a full ab initio calcula-
tion with all the magnetic centers included in the same calculation
required fragment ab initio calculations to be performed on only
one magnetic center, which allowed us to determine the local
properties. Once we had calculated the local properties, the ex-
change interaction was considered within the Lines model.'”™®
Fragment ab initio calculations were performed by using the
Molcas 8.0 program package.*2” First, a complete active space
self-consistent field (CASSCF) calculation was carried out® to cal-
culate the spin-free states. Secondly, the obtained spin-free states
were mixed by spin-orbit coupling within the restricted active
space state interaction (SO-RASSI) approach.”” Based on the ob-
tained spin-orbital states, local magnetic properties were calculat-
ed by using the SINGLE ANISO program.”® The exchange interac-
tion between the magnetic centers was then computed within the
POLY ANISO program,”” which uses the previously calculated local
properties derived from the SINGLE ANISO module.

Due to the presence of the inversion center in the investigated
compounds, it suffices to calculate only one dysprosium center per
compound. Each dysprosium center was calculated by keeping the
experimentally determined positions of all atoms and replacing the
neighboring magnetic centers by diamagnetic ions, for example,
Dy" was replaced by Lu" and Fe" by zZn". Fe"" centers were not cal-
culated ab initio but were considered isotropic. Two sets of basis
sets were employed (see Table S1 in the Supporting Information
for details). The Cholesky decomposition threshold was set to 5Xx
108 to save disk space. The active space at the CASSCF level con-
sisted of nine electrons in seven 4f-type orbitals. All sextet, quartet,
and doublet states were calculated within CASSCF, but only 21
sextet states (all), 128 quartet states (out of 224), and 130 doublet
states (out of 490) were mixed by spin-orbit coupling due to the
limitations of disk space.

Broken-symmetry density functional theory (BS-DFT) calculations
were carried out by using the ORCA 3.0.0 program.??® The calcu-
lations were performed by using the Douglas-Kroll-Hess Hamilto-
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nian, the SVP basis set for all atoms,?”?® and the B3LYP functional
as implemented in ORCA.

Results and Discussion
Magnetic properties

The magnetic behavior of compounds 1-5 was investigated in
the temperature range of 2-300 K. The %T versus T curves are
shown in Figure 2 and the M versus H curves are presented in

T —

T T T v T T T T T "
0 50 100 150 200 250 300
T(K)

Figure 2. Experimental (symbols) and calculated (lines) molar magnetic sus-
ceptibilities for 1-5. Experimental curves for 2 and 5 are scaled up by 3.5
and 8.5%, respectively (see text for details).

Figure S1 in the Supporting Information. For all five com-
pounds, the room-temperature values of the T product are
close to those expected for two Dy" and two Fe" ions that are
magnetically isolated. For each compound, the yT product
slowly decreases with temperature and then drops quickly
below 25K. The decrease in yT in the high-temperature
domain is associated with the depopulation of the excited
crystal field (CF) levels of Dy", whereas the rapid decrease at
lower temperature is related to the depopulation of the ex-
change coupling states involving Fe" ions (see below). The
magnetization plots show a rapid increase below 2T and a
slower increase at higher fields without reaching saturation at
7 T, which is explained by the existence of low-lying excited ex-
change states resulting from Fe-Dy and Fe—Fe interactions.

Ab initio calculations
Ab initio calculations for the dysprosium centers in 1-5

The lowest calculated local spin-orbit levels of the dysprosium
centers originating from J=15/2 in complexes 1-5 are shown
in Table 1. All shown levels are double-degenerate Kramers
doublets because Dy" has an odd number of electrons.” The
data in Table 1 show that the ground Kramers doublet (KD) of
the dysprosium ions in each compound is well separated from
the excited states, which means that the low-lying exchange
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Table 1. Energies of the lowest KDs of dysprosium centers and the g fac-
tors of the ground KD in 1-5.

Energy [cm™']

1 2 3 4 5

0 0 0 0 0
86 115 106 106 87
122 180 188 148 126
150 189 228 177 164
170 241 279 215 193
210 266 31 254 207
295 332 385 332 273
386 479 459 446 434

g factors of the ground KDs

‘M 0.13 0.052 0.012 0.062 0.12
g, 0.22 0.088 0.026 0.086 0.20
g, 19.20 19.50 19.66 19.43 19.19

energy levels will originate mainly from these. The transversal
components of the ground g tensor (g, and g, Table 1) are sig-
nificantly smaller than the axial component g,, which indicates
an Ising type of exchange interaction. Although complexes 1-
5 are isostructural, their transversal components differ slightly.
This can be explained by the different distribution of electron
density in the benzene ring, which induces small differences in
the crystal field. The orientations of the main magnetic axes of
the dysprosium centers in 1 are shown in Figure 3top, and
they are parallel to each other due to the presence of the in-
version center in the complexes under study. The magnetic
axes in 2-5 have similar orientations (Figure 3bottom). Their
angles 6 with the Dy-Dy axis are given in Table 5.

S
l"'i'i;?l

Figure 3. Top) Orientations of the local main magnetic axes of the dysprosi-
um ions in compound 1. Bottom) Orientations of the local main magnetic
axes of the dysprosium ions in 1 (red), 2 (brown), 3 (green), 4 (orange), and
5 (blue) viewed from two perspectives.
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Exchange interaction and magnetization blocking in 1-5

The investigated compounds consist of four magnetic centers
related pairwise by an inversion symmetry. Because the wave-
functions of the KDs on the dysprosium ions are complex and
multideterminantal due to first-order spin-orbit coupling ef-
fects, the BS-DFT approach cannot be straightforwardly applied
to describe the exchange interaction. To circumvent this prob-
lem, we replaced Dy" with Gd", which can be well described
by a single-determinant wavefunction, and kept the positions
of all the other atoms in the corresponding complexes
intact."” We computed the exchange coupling parameters for
all the magnetic pairs by using a generalized spin-projection
method,*” which is an extended algorithm of Yamaguchi
etal’s approach.®” Then we rescaled the obtained J(Gd-Gd)
parameters from the spin 7/2 of Gd" to the spin 5/2 of Dy" by
multiplying the former by 49/25."% The same rescaling scheme
was applied to the treatment of Gd-Fe pairs, in this case, the
rescaling factor was 7/5. Such a rescaling procedure provides a
satisfactory estimation of the exchange parameters used for
the Lines description of the Dy-Dy and Dy-Fe anisotropic ex-
change interaction described below.'*'¥ Despite its simplicity,
this approach proved to be reliable for the description of the
magnetic properties of a series of Dy,Cr,"” and Ln,®? com-
pounds. The calculated exchange parameters (Figure 4) are
presented in Table 2 and show that in all compounds there is
an antiferromagnetic interaction between iron centers. The an-
tiferromagnetic interaction between iron centers can be ex-
plained by the direct overlap of their magnetic orbitals
(Figure 5). As we can see in Figure 5, the magnetic orbitals of

Figure 4. Parameters used for the simulation of exchange interactions. Note
that J; and J, cannot be constrained to be equal, as the molecular structure
as a whole (and particularly the coordination geometry around Dy) is not
consistent with any mirror plane through the dysprosium and triply-bridging
oxygen atoms.

Table 2. BS-DFT versus fitted exchange coupling parameters of 1-5.%

J; [em™] J, [em™] J3[em™] Jy[em™]
BS-DFT  Fitted BS-DFT Fitted BS-DFT Fitted BS-DFT Fitted
1 —-0.024 -0024 -86 —-86 —031 —0.31 -0.17  —-0.7
2 —-0.0067 —0.0070 -57 =57 -0.12 —-0.13 —0.090 —0.090
3 -0.011 -0.015 —-82 —-21.0 -0.21 —0.30 0.046 —0.010
4 0 0 —6.3 —5.0 —-0.088 —0.0050 —-0.11 —0.0050
5 -0.011 -0.010 -88 —-140 —-026 —-0.26 —0.27 —0.27

[a] Better J values for 3 and 5 are provided in Table 3 (see text for de-
tails).
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Figure 5. Magnetic orbitals on one of the iron centers in 1 obtained from
DFT calculations. Similar orbitals were obtained for 2-5.

one iron ion have tails on the second iron ion and on the
bridging oxygen atoms connecting them, which results in their
efficient overlap. This implies that the antiferromagnetic kinetic
mechanism is dominant in these complexes.

A similar situation occurs for the gadolinium and iron cen-
ters. The magnetic orbitals of the gadolinium centers have tails
on the bridging oxygen atoms connecting them with the iron
atoms, and the magnetic orbitals of the iron centers have tails
on the oxygen bridging atoms as well (Figure 6). Therefore,
these pairs of magnetic orbitals show a direct overlap too and
the kinetic mechanism is again responsible for the antiferro-
magnetic interaction between these magnetic centers.

Analyzing the bond distances between the iron ions and the
angle Fe-O-Fe, in which the oxygen is a bridging oxygen, one
observes the following trend (Figure 7): With an increase in the
Fe-O-Fe angle and Fe-Fe distance the antiferromagnetic ex-
change interaction increases. This trend is similar to that ob-
served in a series of [Fe]] compounds.?® In the case of Dy-Fe
interactions, an opposite trend is observed (Figures 8 and 9):
With an increase in the angle Dy-O-Fe angle and Dy-Fe dis-
tance the strength of the antiferromagnetic interaction de-
creases. The greater deviation of the calculated points from a
smooth line in Figures 8 and 9 compared with in Figure 7 is ex-
plained by a much smaller Dy-Fe exchange interaction com-
pared with Fe-Fe, and the accompanying stronger effect of
the convergence error on its value. Moreover, the exchange in-
teraction between iron centers is through only two bridging
oxygen atoms and the strength of the exchange interaction
depends mainly on the Fe-O-Fe angle and the distance be-
tween them. On the other hand, for the Dy-Fe pairs, there are
more possible paths for the exchange interaction (Figure 1),
which is why in this case there is a stronger deviation from the
smooth line (Figures 8 and 9).
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Figure 6. Magnetic orbitals on one of the gadolinium centers in 1 obtained
from DFT calculations. Similar orbitals were obtained for 2-5.
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Figure 7. Dependence of the BS-DFT Heisenberg exchange parameter J(Fe-
Fe) on the Fe-O-Fe angle and Fe-Fe distance in 1-5.

The magnetic properties of the investigated complexes were
calculated by using the module POLY ANISO of the Molcas
package.'” Because the ground KDs of the dysprosium ions
are well separated from the excited states, we included only
them in the exchange interaction. The iron ions were consid-
ered isotropic with a g factor of 2.0. The exchange interactions
were treated within the Lines model."” This approach allows
for an approximate treatment of an anisotropic exchange in-
teraction by using only one fitting parameter per exchange
pair and is well justified for strongly axial and isotropic mag-
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Figure 8. Dependence of the BS-DFT Lines exchange parameter J(Dy1-Fe3)
on the Dy1-O-Fe3 angle and Dy1-Fe3 distance in 1-5.
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Figure 9. Dependence of the BS-DFT Lines exchange parameter!'” J(Dy1-
Fe4) on the Dy1-O-Fe4 angle and Dy1-Fe4 distance in 1-5.

netic ions.”'? The employed Lines exchange Hamiltonian is
given by Equation (1)

H= _'I]§Dy1§Dy2 - J2§Fe3§Fe4 - J3 (§Dy2§Fe3

.. o . o (M
+5Dy1SFe4) - J4(SDy1 SFe3 + SDyZSFe4)

in which Sy, =5/2 and S;. =5/2 and the exchange parame-
ters are taken from Table 2.

The best description of magnetic susceptibility (Figure 2) is
given by the parameters shown in Table 2. Although the agree-
ment of ¥T(T) with the experiment looks good, the fitted ex-
change parameters between the iron centers in 3 and 5 seem
too large. Considering that all the compounds are isostructural
and BS-DFT predicts a similar strength of the Fe-Fe interaction
for the entire series, we repeated the fitting by taking the BS-
DFT as a basis and also allowing for a small rescaling of the ex-
perimental data (Figure 10). By doing so, we found another set
of fitted Lines parameters (Table 3) that are in line with the BS-
DFT values. A small rescaling of the experimental data is in
principle justified given the possible experimental errors due

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 10. Experimental (symbols) and calculated (lines) molar magnetic sus-
ceptibilities for 1-5. The calculations were performed with the Lines ex-
change parameters from Table 2 for 1, 2, and 4 and from Table 3 for 3 and
5. The experimental curves are scaled up by 5, 3.5, 5, 8.5, and 3% for com-
pounds 1, 2, 3, 4, and 5, respectively (see the text).

Table 3. Refitted exchange coupling parameters in 3 and 5.

Interaction 3 5

Jy [em™ —0.020 0

J, [em™] —10.0 —95
J;[em™1 —0.17 —0.20
Jylem™1 —0.10 —0.20

[a] See the text for details.

to the absorption of solvent molecules or mass error (of
course, we do not exclude calculation errors too). The validity
of this approach is also confirmed by the good agreement of
experimental magnetization curves and those calculated by
using the parameters from Tables 2 and 3 (see Figure S4 in the
Supporting Information).

The calculated low-lying exchange spectra of 1-5 are pre-
sented in Table 4. Although all the complexes have an even
number of electrons, and degeneracy of the levels is not ex-
pected by symmetry, we see that the exchange energy levels
are grouped into almost degenerate doublets. The first-excited
exchange doublet is placed quite close to the ground doublet,
the energy gap varying from 0.04 to 0.47 cm™". This is a conse-
quence of the weak values of the exchange and dipolar inter-
actions between the dysprosium ions due to the relatively
large Dy-Dy distance (Table 5).

As the data in Tables 2 and 3 show, the magnetic ions pos-
sess conflicting exchange interactions (Figure 4), which can
give rise to frustration.*>** However, due to the dominant ex-
change interaction between the iron centers, the lowest two
exchange doublets originate mainly from the collinear Ising ex-
change interaction between the dysprosium ions. Nevertheless,
the exchange interaction between the dysprosium and iron
ions still influences the energy of the low-lying exchange
states (see below).
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Table 4. Energies of the low-lying exchange spectra containing dipolar
and exchange interactions in 1-5 and the g, factors of the ground and
first-excited doublets.

Energy [cm™']

1 2 3 4 5
0 0 0 0 0
442x10°"° 5.79%10° 331x107”7 1.49%x10°° 64x10°*
0.0581 0.420 0.469 0.179 0.0404
0.0584 0.420 0.469 0.179 0.0412
7.60 5.50 9.75 4.73 8.623
7.60 5.50 9.75 4.73 8.624
8.47 5.94 10.15 5.01 9.558
8.47 5.94 10.15 5.01 9.560
8.48 6.09 10.28 5.15 9.586
8.48 6.09 10.28 5.15 9.592
8.74 6.21 10.57 5.25 9.623
8.74 6.21 10.57 5.25 9.627
9.09 6.67 11.00 5.82 10.294
9.09 6.67 11.00 5.82 10.298
9.64 6.90 11.08 6.06 10.310
9.64 6.90 11.08 6.06 10.314
gZ
0 0 0 0 38.09
3833 38.99 39.32 38.87 0

Table 5. Magnetic interactions between Dy" corresponding to pseudo-

spin S = 1/2 of the ground KDs on the dysprosium sites in 1-5, the angle
6 between their main magnetic axis on dysprosium and the Dy-Dy axis,
and ¢, the smallest of the two angles between the dysprosium main
magnetic axis and the Dy-Fe axis.

Compound 1 2 3 4 5
Jiging Lem™'] [Eq. (3)] —0.60 —0.18 —0.50 0 0
Jgip lem™1] 0.57 0.53 0.48 0.61 0.65
Jrowa [cm™'] [Eq. (4)] —0.03 0.35 —0.02 0.61 0.65
01 39.3 405 424 384 375
o[’ 20.0 19.7 216 19.5 18.4

The data in Tables 2 and 3 show that the exchange interac-
tions between all magnetic centers are antiferromagnetic. On
the other hand, the exchange interactions between the gadoli-
nium and iron ions in [Fe,Gd,(OH),(teaH),(C¢HsCOO),] (which
has an isostructural core with 1-5) are weakly ferromagnetic."
For the sake of completeness, we tried to fit the magnetic sus-
ceptibility data of 1-5 with the ferromagnetic Dy-Fe interac-
tion, which yielded a poorer agreement with experiment. In
particular, the energy gap between the lowest two doublets is
strongly modified. For instance, if one changes the sign of the
J(Dy-Fe) parameters for 1 in Table 2 to positive, the gap
changes from 0.058 to 0.77 cm™'. This shows that this ex-
change interaction can only be antiferromagnetic. On the
other hand, given that the values of J(Dy-Fe) are small, even
some slight distortions in the Ln,Fe, core can change the sign
of this interaction, which is the case for the Gd,Fe, complex.

The general form of the exchange interaction between two
pseudospins § = 1/2, which corresponds to the ground KD on
the dysprosium sites, is given by Equation (2)

Ao = 5,45, (2)

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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in which J is the 3x 3 exchange matrix, the nine elements of which
can be parametrized with one isotropic parameter, five symmetric
anisotropic parameters, and three antisymmetric exchange param-
eters (Dzyaloshinsky-Moriya).”*” Because of the presence of the
inversion center, the antisymmetric parameters are zero. As a
result, the matrix J becomes symmetric (J,3=Js., a=x, y, 2), that is,
containing six independent matrix elements. Due to the high axial-
ity of the dysprosium ions, the matrix J rewritten in coordinate
system coinciding with the main magnetic axes on the dysprosium
sites will contain one dominant parameter J,, in which z corre-
sponds to the largest g factor (the last line in Table 1). Then the ex-
change Hamiltonian reduces to a collinear Ising form®®¥ Ug,,=J,),
given by Equation (3).

’fllsing = _Jlsing§1‘z§2.z (3)

The obtained Lines parameters J; in Table 2 are easily projected
onto the Ising parameters from Equation (3) by multiplying
them by a factor of 25 (Table 5). To this interaction, one should
add also the dipolar interaction, which has a similar collinear
Ising form [Eq. (3)], due to the high axiality of the dysprosium
sites. Having obtained the g factors and the main magnetic
axes on the dysprosium sites, their dipolar (dip) interaction is
calculated straightforwardly,">* with the J, parameters given
in Table 5. As a result, the total interaction between dysprosi-
um sites is described by Equation (4).

Jtotal = -/Ising + Jdip (4)

As the data in Table 5 show, the exchange Ising and dipolar
interactions between dysprosium ions are weak and of oppo-
site signs. The data also show that the dipolar interaction de-
creases with increasing angle between the dysprosium main
magnetic axis and the Dy-Dy axis (Figure 3). Given the strong
antiferromagnetic interaction between the iron centers, one
would expect the presence of iron ions not to influence the
low-lying energy spectrum. In this case, the obtained gap be-
tween the lowest two exchange doublets (Table 4) would be
as large as Ji,/2, in which J, is the total interaction (ex-
change + dipolar) between the dysprosium ions only (Table 5).
However, the data in Table 4 show that this gap is very differ-
ent from that calculated as J./2. Therefore, despite being
strongly antiferromagnetic, the exchange interaction between
the iron ions and Dy-Fe still has a significant impact on the
magnitude of the splitting of the lowest two exchange dou-
blets. Moreover, it also influences the nature of the ground
doublet, being able to change it from magnetic (Jyor>0) to
nonmagnetic (Jy,;; < 0) and vice versa. Thus, the data in Table 4
show that complexes 1-4 are nonmagnetic in their ground
state, whereas 5 is magnetic, although from the signs of the
Jiotar Values in Table 5, one should conclude that 2 and 4 are
magnetic.

By analyzing the obtained exchange spectra, we can see
that the energy of the third exchange doublet (Table 4,
Figure 11) scales with the strength of the exchange interaction
between iron centers. Because the third doublet corresponds
to the decoupling of iron spins (Figure 11), there is an increase
in the total magnetic moment, which can be inferred from the
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«T(T) plots (Figure 2). For com- 30} E om’
pound 4 the Fe-Fe interaction is =
the weakest and, as a result, the = Sra=2
effective decoupling of the iron =
magnetic moments occurs at a
lower temperature, and therefore 201
the yT(T) curve lies higher than
those of the other compounds 15+
(Figure 2). For the latter, the same
trend is observed, that is, the posi- 101 ==
tion of the ¥T(T) plot matches the ——
strength of the corresponding Fe- 51 =
Fe exchange interaction.

The fact that the first-excited ex- ol =150

change doublet is very close to the
ground doublet explains the ob-
served poor SMM behavior™ in
these compounds at the investi- . 50 exchange spectra
gated temperatures (T>1K). The of 2-5 show a similar struc-
situation is very close to frustrated ture.

systems in which, due to the quasi-

degeneracy of the low-lying dou-

blets, the relaxation proceeds by spin reversal of individual lan-
thanide sites.®” However, individual dysprosium ions cannot
block the magnetization, because in all the investigated com-
pounds they are far from being strongly axial, g,,g,~0.01-0.2.
Moreover, the neighboring dysprosium ions are sources of os-
cillating magnetic (exchange) field, thereby enhancing further
the quantum tunneling of the magnetic moment at a given
dysprosium site.

We previously suggested that the differences in the *’Fe
Méssbauer spectra of some of these compounds could be ex-
plained in terms of differing orientations of their dysprosium
magnetic axes, with the iron nuclei lying closer to their respec-
tive dysprosium axis (“searchlight beam”) experiencing a great-
er contribution to their hyperfine fields from the dysprosium.™
Figure 3bottom now provides quantitative confirmation of our
previous schematic diagram (see Figure 3 in Ref.[14]). The
angles ¢ between the dysprosium axes and the corresponding
Dy-Fe vectors are thus important in this respect and are listed
here in Table 5.

Figure 11. Low-lying ex-
change multiplets in 1. Si, is
the total spin of the Fe,

EPR spectroscopy

The EPR spectra of the investigated compounds were recorded
as described in the Experimental Section and simulated by
using the EasySpin software.®? Details of the recorded spectra
are given in the Supporting Information. We discuss below the
simulated data for 1, 4, and 5 together with the parameters ex-
tracted from the magnetic data and ab initio calculations. The
EPR signals are observed at weak fields similarly to the signal
observed for the [Fe,Dy,(u;-OH),(teaH),(O,CPh)s] compound,
which has an isostructural core with 1-5.'¢

Ab initio calculations have shown that the low-lying energy
levels in these systems consist of two Ising doublets, which are
separated from the excited states by 5-10 cm™' (Table 4). The
temperature dependence of the EPR signal intensity within the

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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temperature range of 4-20 K indicates that the spectra are due
to transitions only in these low-lying doublets. When the
ground exchange doublet is magnetic (g,#0), as in complex 5,
its states can be represented as ), = %(HT) +111)) and
Y, = \%(HT) —|11)) (Figure 12). The states of the excited dou-

=

<£ €5

0 H

Figure 12. Schematic representation of the Zeeman splitting of the two
lowest exchange doublets in applied field H along g,. The EPR transitions
are shown by blue arrows.

blet are then ; = 5 (|T1) + [L1)) and v, = 25 (T1) = [11)). In
these equations the arrows represent the direction of the mag-

netic moments on the dysprosium sites along their main mag-
netic axis. When a field is applied, the ground doublet experi-
ences Zeeman splitting much larger than the gap between the
doublets and the two components of the magnetic doublet
become 1, =|11) and y,=1]|) (Figure 12). On the other
hand, the excited doublet does not split due to its nonmagnet-
ic nature. From Figure 12 it is clear that the EPR signals will
appear due to Y ,—\; and .15 transitions. The magnetic
dipole matrix element connecting vy, ¥, and 1, is zero and
transitions can occur only between the y, and y; states and
between the w; and v, states with the matrix elements
Mys = (YoM, y5) and Ms. = (y5M,,[y.), respectively. The
intensities of the transitions are proportional to the square of
this matrix element, /(H, ) o |(M,);;|*cos’p, + ‘(My)u‘ cos’g,,
in which ¢, and ¢, are the angles between the applied micro-
wave field H, (which is perpendicular to the applied field H)
and the x and y axes perpendicular to the anisotropy axis (2)
on the dysprosium sites. Due to the similar intensities of the
Yg=1P3 and P15 transitions given by the above expression
and a very small splitting between the ground and first-excited
doublets (resulting in their similar populations at the investi-
gated temperatures), the two signals overlap and only one
peak is observed in the EPR spectra of these complexes. For
compounds 1-4, the order of the levels is the opposite, but
this does not affect the shape of the EPR spectra. In general,
the signals corresponding to the z x, and y principal axes of
the g tensor should be observed in the EPR spectra of poly-
crystalline samples. For compounds 1-5, due to small values of
g, and g, of around 0.01-0.2, only the signals of molecules
with z axes oriented along the magnetic field are seen in the
spectra. The small values of g, and g, also explain the low in-
tensity of signals corresponding to the z axes. A “forbidden”
P51, transition, the intensity of which increases with the de-
viation of the interaction symmetry from the axial symmetry
can also be observed in the spectra of polycrystalline samples.
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The total interaction —Ji5 /S .S,, describing effectively these
two Ising doublets, with exchange and dipolar contributions
to their splitting from Fe-Dy and Fe-Fe interactions, is incorpo-
rated into the ab initio derived energy gap AE (Table 4), which
defines the Ising parameter Ji , = 24E.

The best agreement between the experimental and simulat-
ed EPR spectra using ab initio parameters derived in the previ-
ous section is obtained for complex 5 (Figure 13). These pa-
rameters, g,=0.12, g,=0.20, g,=19.19, and Jl’;ng:0.0S cm™
which corresponds to 4E = 0.04 cm™' (Tables 1 and 4), were
used in combination with the Hamiltonian similar to Equa-

tion (3).

a)
T T T T T T T T T T 1
200 0 200 400 600 800 1000 1200 1400 1600 1800
H (Oe)
b)
T T T T T T T
0 1000 2000 3000 4000 5000 6000
H (Oe)
<)
r T T 1
2000 3000 4000 5000
H (mT)

Figure 13. Experimental (black) and simulated (red) EPR spectra of 5: (a) X-,
(b) Q-, and (c) W-band spectra.
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For compound 4, it was possible to obtain a good agree-
ment between the measured and simulated Q- and X-band
EPR spectra (Figure 14) by allowing a small deviation from the
Ising interaction by introducing also the parameter J;‘y:
—0.013 cm™" in Equation similar to (2) and the parameter J* =
—0.27 cm™, which is slightly different from the value derived
from Table 4, J¥, = —0.36 cm™". The values of the transversal g
factors have little effect on the EPR spectrum and the g values
from the ab initio calculations (Table 1) were used in the simu-
lation.

a)
T T T T T T 1
0 2000 4000 6000 8000 10000 12000
H(Oe)
b)
T T T T T T 1
0 2000 4000 6000 8000 10000 12000

H(Oe)

Figure 14. Experimental (black) and simulated (red) EPR spectra of 4 record-
ed at T=5 K: (a) X- and (b) Q-band spectra.

For compound 1, the X-band EPR spectrum (Figure 15)

could be described satisfactorily with the ab initio parameters
fing=—0.116 cm™" (derived from Table 4), by adding, as in the

case of compound 4, a J;fy term to the basic Ising Hamiltonian
in Equation similar to (3), the value of which is relatively small
(J;;:0.016 cm™). The transversal components of the g tensor
also have little effect on the EPR spectrum and the g values
from the ab initio calculations (Table 1) were used in the simu-
lation.

In the case of compound 2, Figure S9 in the Supporting In-
formation shows that the EPR signal in the Q-band spectrum is
shifted to a much stronger magnetic field, which makes it im-
possible to simulate with the ab initio value of g,~19
(Table 1). The right position of the signal is only obtained for
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T 1
0 2000 4000 6000

H,Oe

Figure 15. Experimental and simulated (thick line) X-band EPR spectra of 1
(»v=9.399 GHz).

g,=14.5 (see Figure S10). This discrepancy cannot be under-
stood on the basis of structural reasons, because all the com-
pounds are isostructural with the isogeometrical core Dy,Fe,,
and ab initio calculations predict accordingly similar values of
g, for all complexes. Furthermore, the low-temperature mag-
netization data for 2 (see Figure S4) are well described with
the calculated g,~19. Considering that M depends linearly on
the g factor, the EPR-extracted g,=14.5 would not reproduce
the experimental magnetization data, which are on the other
hand well described by ab initio calculations.

Conclusions

In this work we have investigated the magnetic and SMM
properties of a series of [Fe,Dy,(OH),(teaH),(RC¢H,COO0)¢] com-
pounds, in which teaH;=triethanolamine and R=meta-CN (1),
para-CN (2), meta-CH; (3), para-NO, (4), and para-CH, (5), by
means of detailed ab initio calculations and EPR measure-
ments. The magneto-structural analysis has shown that the ex-
change coupling parameters for the Fe-Fe pair increase with
the Fe-O-Fe angle and Fe-Fe distance. On the other hand, the
Dy-Fe coupling decreases with increasing Dy-O-Fe angle and
Dy-Fe distance. It was found from BS-DFT calculations that the
Fe-Fe interaction in all compounds is much stronger than the
Dy-Fe and Dy-Dy interactions, further confirmed by simula-
tions of the magnetic susceptibility data. It was also shown
that an account of the exchange interaction of the iron ions is
indispensable for a correct description of the energy gap be-
tween the two lowest exchange doublets. The dipolar and ex-
change interactions between dysprosium centers in all the
compounds are rather weak. This explains the resulting small
separation of the lowest two exchange doublets, supported
also by EPR spectroscopy. This small gap enables the relaxation
of magnetization to proceed by a spin flip on individual dys-
prosium ions. Given that both doublets are almost completely
populated in the investigated temperature range, it appears to
not be surprising that the compounds demonstrate poor SMM
behavior. This is because at temperatures exceeding several
times the Dy-Dy exchange/dipolar splitting, the latter is no
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longer operative, so the blockage of magnetization originates
only at individual uncoupled dysprosium ions. However, the
transversal components of the g tensors of the ground Kram-
ers doublets of the dysprosium ions are relatively large (see
Table 1), thus allowing unquenched quantum tunneling of
magnetization, which impedes the occurrence of magnetiza-
tion blockage.
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