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@ Validation of Ab-Initio-Predicted Magnetic Anisotropies

and Magneto-structural Correlations in Linear Hetero-
trinuclear Dy"-Ni", Compounds

Peter Comba,*™® Markus Enders,” Michael GroBhauser,” Markus Hiller,”
Rudiger Klingeler,*¥ Changhyun Koo, Dennis Miiller,”" Gopalan Rajaraman,
Abinash Swain,' Msia Tavhelidse,” and Hubert Wadepohl!™

Abstract: Reported are single crystal SQUID and single crystal
high-frequency/high-field EPR data of a trinuclear complex
with a rare six-coordinate coordination sphere of a Dy" center
coupled to two terminal six-coordinate Ni' ions. The analysis
of the single crystal spectroscopic parameters allows for an
accurate description of the ground state wavefunction. The
experimental analysis is supplemented by the analysis of the
paramagnetic NMR spectra, allowing for a thorough descrip-
tion of the Dy" center. The experimental data are interpreted
on the basis of an ab initio ligand field analysis, and the

computed parameters are in good agreement with the
experimental observations. This supports the quality of the
theoretical approach based on a pseudo-spin Hamiltonian for
the electronic ground state. Further support emerges from
the ab initio ligand field theory based analysis of a structurally
very similar system that, in contrast to the complex reported
here, shows single molecule magnetic properties, and this is
in agreement with the quantum-chemical prediction and
analysis.

J

Introduction

Single-molecule magnetism (SMM) is a quantum phenomenon
of fundamental importance with a range of possible
applications.'™ Barriers of magnetization relaxation between
the two degenerate ground states of opposite electron spin of
over 1000 cm™' (1440 K) have been reported but fast relaxation,
also including tunneling processes, still prevent many putative
applications such as data storage, quantum computing and
spintronics.*® Key features in the endeavor to improve the
SMM performance are increasing the effective anisotropy
barrier and suppression of quantum tunneling.®'® After a
decade of searching for maximum spin multiplicities, with
molecules of total spin up to $=83/2 (e.g., a ferromagnetically
coupled Mn",Mn", cluster)™' efforts in the last decade
concentrated on maximizing the magnetic anisotropy, and

heavy transition metal ions and lanthanides with large spin-
orbit coupling have come into focus.'*'”!

While there are various attempts for the “rational design” of
SMMs,"? the optimization in terms of increased effective
barriers U, for magnetization relaxation has not been as
efficient as one might have hoped (record effective barriers of
magnetization relaxation that have been observed with various
types of SMM architectures are 652 cm™' for a mononuclear Tb"
compound with phthalocyanine ligands,”® 1,541 cm™ for a
dysprosocenium complex,"®2?% and 242 cm™ for a nitrogen-
radical-bridged bis-terbium(lll) species.””) Possible reasons are
that the efficient and accurate theoretical description of the
magnetic anisotropy,"***! and its dependence from structure
(magneto-structural correlations) have only recently started to
become available,***” and the prediction and enforcement of
coordination geometries of lanthanides are much less devel-
oped than that of transition metal ions.!'"'2%
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Here, we adopt a well-established computational scheme to
determine the electronic ground state, magnetic exchange and
relaxation pathways, based on an ab initio CASSCF wave-
function, spin-orbit coupling via the restricted active space state
interaction method, followed by an analysis of the multiplet
splitting derived from the Lines model and a ligand field
analysis involving extended Stevens operators.”=" Although
this procedure has been used extensively and successfully, in
particular for oligonuclear 4f and mixed 3d-4f systems,” it is
not undisputed™” and has only recently started to be rigorously
validated with the comparison of computed with experimen-
tally determined spectroscopic parameters in addition to SQUID
data (yT vs. T) which, admittedly, are not very sensitive. In
studies related to the present publication, we have reported
homodinuclear lanthanide(lll) and heterodinuclear 3d-4f sys-
tems, where the computational data were validated with a
combination of AC and DC SQUID, high-frequency/high-field
EPR (HF-EPR) and MCD data, combined with an extensive ligand
field analysis based on angular overlap model (AOM)
calculations,®>** and similar approaches have also been used
successfully in the validation of the computed multiplet
splitting and relaxation barriers in combination with the
respective experimental data of mononuclear dysprosium(il)
complexes.”**! We now extend this validation with the
experimental evaluation of the magnetic anisotropy by para-
magnetic NMR spectroscopy as well as single crystal AC SQUID
and HF-EPR experiments of the [Dy"{Ni'(L)},]CIO, complex
shown in Scheme 1; the structure, magnetism and NMR data of
the entire series of [Ln"{Ni"(L)},] ™ complexes with Ln=Y, La, Ce,
Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Lu was already reported.?®
Note that there are two crystal structures of [Dy"{Ni"(L)},]* with
slightly different structural parameters, [Dy"{Ni'(L)},]CIO, vs.
[Dy"{Ni"(L)},]ClO,-MeOH (see also Supporting Information, Ta-
bles S6, 57).5¢ The experimental single crystal SQUID and HF-

HO

Scheme 1. Chemical structure of H;L and the heterotrinuclear [Dy"{Ni"(L)},]
ClO, complex.

EPR data reported here are from the MeOH-free crystals while
the earlier reported powder SQUID data refer to the structure
with a MeOH of crystallization. The computational work
discussed here in detail therefore is based on the MeOH-free
structure, computational data involving the other structure (see
Supporting Information, Tables S1-54) indicate that the elec-
tronic and magnetic properties of the second structure are, as
expected, slightly different but the SMM properties differ only
marginally and this is therefore not discussed here in detail.

Results and Discussion

Ab Initio Quantum Chemical Analysis
The heterotrinuclear Ni',Dy" complex was studied in detail with
ab initio quantum chemical methods using Molcas 8.0.°” The
local magnetic and electronic properties were determined
within an established fragmented approach on the crystal
structural coordinates, where the neighboring magnetic centers
are substituted with their closest diamagnetic analogue, i.e.,
Dy" was substituted by Lu", and Ni" by Zn"™ All atoms were
described by contracted ANO-RCC basis sets with one addi-
tional polarization function.®®*® The CAS(8,5) wavefunction for
Ni" accounts for the required spectroscopic terms 'S, 'D, 'G, °P
and °F, and the corresponding states are mixed with the RASSI
module, which also contributes the spin-orbit coupling effects
(see Table S2).%' The triplet ground state of the Ni" ions is well
reproduced, with nearly isotropic g tensors (g,=g,~g,) and a
very small axial zero-field splitting of D~ +25cm™' (see
Table 1). The coupling of the 21 sextet terms of the CAS(9,7)
wavefunction of Dy" leads to eight Kramers doublets of the
®H,5/, ground state (see Table 2). As noted before, there are two
slightly different crystal structures of [Dy"{Ni"(L)},]CIO,. Since the
single crystal SQUID and HF-EPR experiments were done on the
structure of the MeOH-free crystals, the computational data
reported here (specifically in Tables 1, 2) are based on the
experimental coordinates of that structure — computational
data from the other structure are only slightly different and
appear in the Supporting Information (Tables S2-56).

For the Dy" center the computational results yield a feebly
axial ground-state with small energy separations of the
respective Kramers doublets. These also show various orienta-
tions of their magnetic moments (as shown in the last column
of Table 2, indicating the deviation of the magnetic axis with
respect to the ground-state KD1). These features lead to a fast

Table 1. Electronic properties of the [(Lu){(Ni)(Zn)(L),}]" fragments. All states of the spectroscopic manifold are considered for the RASSI-SO coupled CAS
(8,5) wavefunction. g tensor components and anisotropy parameters are calculated for the triplet ground-state within the SINGLE_ANISO module.

state RASSI energies [cm™'] g Tensors and anisotropy parameters

Ni1 Ni2 Ni1 Ni2

1 0.00 0.00 M 2.27 2.27

2 2.83 2.67 gy 2.27 2.27

3 3.69 2.81 gz 2.24 2.25

4 8348.73 8235.99 D[ecm™] 2.54 243

5 8466.69 8303.69 Elcm™] -0.74 —0.05

6 8525.88 8380.72
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Table 2. Electronic properties of the [(Dy)}{(Zn),(L),}]* fragment. All 21 sextet states of the spectroscopic manifold are considered for the RASSI-SO coupled
CAS(9,7) wavefunction. g tensor components and anisotropy parameters are calculated for the Kramers doublets of the °H;s, ground-state within the
SINGLE_ANISO module.

Kramers doublet RASSI energies [cm '] Iy gy g,  KD1-Dy-KDX [°]

1 0.00 0.13 0.52 14.95 -

2 36.38 0.00 0.36 1541 19.8

3 62.19 0.04 0.42 1291 36.8

4 180.18 3.32 3.76 9.15 13.7

5 208.38 0.13 0.16 19.66 224

6 33235 5.72 5.53 1.61 96.6

7 458.75 433 3.72 0.22 94.0

8 534.56 12.19 8.67 1.15 19.5

relaxation of magnetization,?****" which is confirmed by experi-

ments where no stabilization of the magnetization is observed.
The feeble axiality is a result of the ligand field. Even though
the symmetry with a distorted trigonal prism around the Dy"
center seems reasonably appropriate, the six oxygen donors are
not enough to satisfy the demanding coordination sphere of a
Dy". Table S1 lists the extended Stevens Parameters B in the
coordinate system of the magnetic axis of the ground state
Kramers doublet (see Figure 1). The negative sign of B%
indicates the general axiality of the system but the large value
of B, is the result of a relatively large component in the xz
plane. This rhombic component is probably the result of the
phenolate-oxygen O5 and its neighboring methoxy group,
which are in the xz plane of the parametrization. An analysis of
the m, coefficients of the RASSI wavefunction gives insight into
the shape of the ground state KD1. The total coefficients are
0.64| £13/2> +0.31]| £9/2> +0.26| £15/2> +0.24| £11/
2> . The lack of stabilization of the desired | +15/2 > m), state is
a result of the weak axial ligand field around Dy" and therefore
leads to a small overall contribution to the ground state KD1."®
It is common practice to determine magnetic properties of
lanthanide(lll) ions in a smaller pseudo-spin basis. This is a
reasonable approach for a comparison with experiments at low
temperature. However, for the validation of our computational
approach, we also use the analysis of paramagnetic NMR
experiments at a temperature of 340 K,*° where one has to
account for the population of the entire ®H,5, ground state
multiplet and not only the lowest Kramers doublet. The

Figure 1. Plot of two orientations of the trinuclear complex with the ab initio
calculated orientations of the anisotropies of the three metal ions in the
ground state.
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Hamiltonian for the corresponding [(Dy){(Zn),(L),}17 fragment
(see Table 2) is set up in the basis of the 16 functions of the
ground state multiplet, which results in an axial parameter D=
—6.7cm™' and a rhombic contribution E=0.45 cm™' [Eq. (1)],
where D and E correspond to axial and rhombic ligand field
parameters. The value of the axial parameter D is in reasonably
good agreement with the susceptibility tensor parameters y
obtained by NMR spectroscopy (see below; Eq. (2) allows™®*! to
approx. convert the susceptibility tensor parameter Ay,, to D):
with g,=4/3, J=15/2 and Ay, =4.566-10""m’ (see below),
D"™R=_50cm™" (vs. D™= —6.7 cm™) results.

S(S+1)

o =0 (5= 2650 v - 5 )

— 30 K> T4y,
) @

= (g b

The DC SQUID data can be used to quantify the exchange
coupling between the different metal ions in the Lines model
approach.”** |n this approach, the ab initio computed single
ion anisotropies of the Ni' centers, the g anisotropy, and the
corresponding energies of Dy" center are taken into consid-
eration. The only unknown parameters for obtaining the
susceptibility are the magnetic exchange interactions Jyip,, Jyini
and a possible intermolecular interaction z/ between the
trinuclear subunits in the solid. However, while the usual DFT-
based broken-symmetry approach™” generally yields predic-
tions of appreciable accuracy,***” the relatively weak coupling
does not allow to compute an accurate enough set of
parameters, and the feeble dependence of the DC SQUID data
from the exchange coupling does not allow an accurate enough
validation (see Supporting Information). Therefore, the J values
used here are those resulting from the HF-EPR measurements
(see below).

Paramagnetic NMR Spectroscopy

'H and "*C{"H} NMR spectra of [Dy"{Ni"(L)},]" in 1,2-C,D,Cl, were
recorded at 340 K, and the assignment of the observed signals
has been described in detail.*® The corresponding y tensor can
be fitted from the chemical shifts together with the structural
data obtained from the X-ray structural analysis. This was found

© 2021 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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to be primarily axial with an axial anisotropy of Ay, =4.6+
0.1-107*" m>. This value was found to correspond well to that
predicted by an electrostatic point charge model (4.2:107*' m?
for 298 K).°Y There are several approaches to estimate the
susceptibility anisotropies from crystal field effects. The most
commonly used is that proposed by Bleaney, which is based on
the assumption that the ligand field splitting of the M, levels is
small compared to the thermal energy at ambient temperature.
This is reflected in the approximation that all M, levels are
equally populated. The corresponding equation for the axial
part of the pseudo-contact shift then retains only the B,° crystal
field parameter, while higher order terms vanish. This results in
Equation (3) for the calculation of Ay,,.

_ Hottpg;J(J +1)(2) —
106272

1)(2J +3)

Ao = ~Ullal) - B @)

In order to use Equation (3) the B,° crystal field parameter
has to be known and for the comparison presented here, its
value was derived from the results of the quantum chemical
analysis, and this has been shown to generally lead to very
accurate predictions.® The equation is obtained considering
only the T2 dependence of the pseudo-contact shift. It has
been argued that this simplification may be unjustified and an
approach to include the T~ term was presented.”? The
corresponding formula then contains contributions from higher
order crystal field parameters. An equation was also developed
that allows the numerical calculation of the y tensor compo-
nents, from which the Ay,, value can be obtained [Eq. (4)]:®*

1
Kap = S~ g e/

(letadi) G g | 1)
waniluly @

Z Z . @ EilkT

7 S (iltaly W"'E E|u,1|j><jw«v>

The contributions of the individual M, states to the
eigenfunctions have to be known, as well as their respective
energy eigenvalues. These have been taken from the quantum
chemical analysis. The calculation of the y tensor has been
accomplished using a custom-written script for Octave 4.0.
Details of the calculations are given as Supporting Information.
The calculated values for Ay,, and Ay, using Equation (3) and
S5, respectively (see Supporting Information) and the numeric
calculation [Eq. (4)] are summarized in Table 3.

From the values it emerges that the Bleaney approach
[Eq. (3)] reproduces the sign of the axial susceptibility aniso-
tropy correctly but the agreement of the values is not

Table 3. Comparison of experimental and calculated susceptibility aniso-
tropies.

Agax (1077 m?) A (107" m?)
experimental 46+0.1 0.2+0.1
Eq. (3) and (S5) 3.1 0.8
Eq. (4) 4.1 03

Chem. Eur. J. 2021, 27, 9372-9382 www.chemeurj.org
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particularly good. Especially the rhombic component is larger
than that obtained experimentally. In contrast, the numerical
calculation gives far better agreement for both the axial and
rhombic components. This is of importance, as it demonstrates
that the Stevens parameters obtained from the ab initio
quantum-chemical calculations accurately reproduce the exper-
imental observations (see Supporting Information). Note that
the principal directions of the fitted and calculated tensors do
not coincide precisely, and this may lead to some inaccuracies.
Importantly, the experimental susceptibility parameters are also
in good agreement with the predictions based on the ab initio
quantum-chemical calculations. This follows from the conver-
sion of the experimental susceptibility anisotropies Ay,, to the
computed axial anisotropies D (see above); note however that
this comparison involves the Bleaney approach which has been
shown to be slightly less accurate than the numerical approach
(see Table 3).

Static Magnetic Susceptibility and Magnetization of Single
Crystals

The static magnetic susceptibility y =M/B has been measured
on single crystals along the different crystallographic axes. Note
that there are two slightly different structures.® That of the
crystals used for the single crystal magnetic and HF-EPR
measurements is the methanol-free one. The crystal structure
has two differently oriented molecules as sketched in Figure 2
that shows the orientation of the trinuclear complexes in the
unit cell (the detailed structure is shown in Figure 1).

The product of static magnetic susceptibility and temper-
ature, yma T, in the temperature range T=2-300 K is shown in
Figure 3a. The measurements have been performed at B=0.5T
applied along the three crystalline axes, respectively. For all
three orientations, y.T shows constant values above 150K,
i.e., 12.9(6) erg K/G* mol for the a axis, 15.6(8) erg K/G* mol for
the b axis, and 17.3(9) erg K/G* mol for the c axis, at 300 K each.
The theoretical )T value at T=300 K in consideration of Jp, =
15/2, gp,=4/3 for the Dy" ion and Sy=1, gy, =2.14 for the two

) ?
A e

\NI2

Figure 2. Orientation of the molecules in the unit cell of [Dy"{Ni"(L)},]CIO,.

© 2021 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Figure 3. a) Temperature dependence of y,,,T vs. T along the three crystallographic axes at B=0.5 T (colored) and its average (black). (b) Field dependence of

the magnetization along the three crystal axes and its average, at T=2 K.

Ni" ions is 16.47 erg K/G? mol, which is reasonably close to the
average of the three orientations of y,,,T=15.4(8) erg K/G> mol.
Upon cooling below 100K, yn,T for the a and the b axis
decreases while it displays an upturn behavior with a maximum
at T,,.,~8 K for B| | c. Below T, the susceptibility also rapidly
drops for B| | ¢, implying magnetic anisotropy or antiferromag-
netic interaction in the complex. From the distinct ynoT
behavior, the easy axis of the [Dy"{Ni"(L)},]ClO, single crystal is
along or at least in the close vicinity of the crystallographic ¢
axis. As will be shown from the analysis of the HF-EPR data, the
easy axis does not perfectly match the c axis.

The magnetization curves at T=2 K for the three crystalline
axes of the single crystal confirm the pronounced magnetic
anisotropy at low temperature (Figure 3b). While the M vs. B
data for the a and b axes exhibit a smooth right-bending
without a tendency to saturation in the experimentally
accessible magnetic field range, the data for the c axis displays
a much steeper initial slope and a slight kink at around B
~0.5 T, which reminds on a ferromagnetic-like behavior. Here,
the magnetization at B=5 T amounts to Ms=11.3(6) ug/f.u.. No
hysteresis is observed in the magnetization data at 2 K for any
orientation.

High-Frequency/high-Field EPR Spectroscopy

HF-EPR measurements were carried out along the ¢ and b axis
of the [Dy"{Ni'(L)},]CIO, single crystal. The EPR spectra for the
magnetic field applied along the c axis at fixed frequency of f=
131.7 GHz and at various temperatures are shown in Figure 4a.
At T=2K, four distinct resonances are observed in the spectra,
and they are labeled with symbols as shown in the figure. As
temperature increases from 2 K, all resonance features become
less pronounced and finally disappear at slightly different

Chem. Eur. J. 2021, 27, 9372-9382 www.chemeurj.org

temperatures, i.e., the triangle resonance disappears at T=8K,
the square one at 10K, and the circle one at 13 K. As the
temperature dependencies reflect the Boltzmann distribution of
spins in the associated spin states this behavior implies that the
three resonances reflect transition between the spin ground
state which is identical in all three cases and different final
states (see the energy level diagram in Figure S2). The
resonance with strongest intensity, i.e., the one marked by the
circle, is associated with the transition between the spin ground
state and the lowest excited state. The fourth resonance feature
marked by the down triangle, however, shows a different
temperature dependence. As temperature increases, its inten-
sity slightly decreases and then increases, which indicates that
the initial state of the transition is not the spin ground state but
an excited state. Note, that the additional feature between the
inverse triangle and circle resonances and the wiggles at B>
45T display similar temperature dependencies as the down
triangle one. This implies that all these features are assigned as
the excited state resonance.

The frequency dependence of the four distinct resonance
fields labelled in Figure 4a, at T=2.2 K, is shown Figure 4b. The
spectra obtained at various fixed frequencies between 89.1 and
430.8 GHz are shown in the Supporting Information (Figure S3).
The four resonance branches are non-equally separated and
exhibit a linear behavior at high fields, which provides the
effective g factors. All resonance modes except the triangle
resonance have g.=2.13(1). The slope of the triangle resonance
branch is about two times larger, i.e. g=4, indicating a
forbidden transition. At low magnetic field, bending of the
resonance branches indicates mixing of the associated spin
states while at B=0 T there is finite zero-field splitting (ZFS).

In order to explain the observed data, the resonance
branches are simulated by means of the matrix diagonalization
of an appropriate Hamiltonian. Here, it is worth to review the
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Figure 4. (a) Temperature dependence of the HF-EPR spectra in the temperature range 2 K to 20 K, at f=131.7 GHz and B| | c-axis. (b) Frequency-magnetic
field diagram of the resonance fields at T=2.2 K and B| | c. Data symbols correspond to the resonances in the spectra in (a), respectively. Solid lines represent

simulations according to Equation (5) (see the text).

molecular structure and coordinates of the magnetic ions in
[Dy"{Ni"(L)},], since the EPR data are affected by these factors.
In [Dy"{Ni"(L)},]T, the three magnetic ions are almost linearly
arranged (see Figure 2) with a Ni-Dy-Ni bonding angle of
177.8°. The NiO;N; octahedra and the DyO4 polyhedron are
linked through six oxygen ions. According to the quantum
chemical calculations, one of the Ni moments and the Dy
moment have collinear magnetic axes while the other Ni
moment is tilted by 36° from these (see Figure 1). In the single
crystal, two differently oriented molecules are found, which are
misaligned by 65.3° and twisted by 31° to each other (see
Figure 2). Along the c and b axes, however, these two molecules
are symmetrical.

Due to the strong axial anisotropy of the Dy moments, the
Ising concept®™ is applied to simulate the spectra by means of
an appropriate Hamiltonian, i.e.,

H= 7JDnyi<jf)y _glzw +7D ',S\iﬁz>

2
~ ~ ~ PRy BN
~JniwiSui, - Sy + > Swi - Ri -
i
(5)

2
/S\Ni, +MB§Z <gpy7‘;y> + Z,LLBE . ﬁiT
iy * §i '§Ni,

The first and second terms describe the exchange inter-
action between the Ni and Dy moments and between the Ni
moments by means of the exchange coupling parameters J,,.\;
and Jy.ni respectively. The third term accounts for the magnetic
anisotropy of the Ni spins. The misaligned magnetic axes are

considered through the rotational matrix R by the Euler angle.

Chem. Eur. J. 2021, 27, 9372-9382 www.chemeurj.org
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The tensor operator D can be written using an axial anisotropy
term Dy, and a transversal one Ey; in the spin eigenstate frame.
The fourth and fifth terms are the Zeeman terms for the Dy and
the two Ni moments, respectively. In the latter term, the
rotational matrix is again applied to the g tensor of Ni. Note,
that due to the abovementioned symmetry of the local
magnetic axes of the Ni ions (see Figure 1) the analysis in terms
of Equation (5) will yield a single g. value for both Ni ions.
Following the Ising concept, only the z component of the Dy
magnetic moment is considered.

Applying the Hamiltonian of Equation (5) to the experimental
data allows to simulate the magnetic resonance branches in
Figure 4b. For the simulations, the abovementioned characteristics
of each branch inferred from the experimental data at various
temperatures and the molecular structure of the complex have
been used as constraints. The spin of the Ni ions and the size of
the Ising spin of the Dy ion have been fixed as Sy =1, Jp,=15/2,
and gp, =4/3, respectively. The best simulations of the experimen-
tal resonance modes are shown in Figure 4b as solid lines. The
corresponding parameters are gy, cais=2.16(2), Dy=—15(2) cm™',
Ey=05(1) cm™, Jp,;=0.05(2) cm™", and Jy;,;=0.03(4) cm . The g
value is reasonably close to the typical g factor of Ni ions in
distorted octahedral environment® We emphasize that our
analysis implies that the crystallographic ¢ axis is close to an
effective overall easy axis of the crystal but slight bending of the
branches at low magnetic field implies that the ¢ axis does not
perfectly match the easy axis situation. The fact that two subsets
of resonance branches associated with the two orientations of
molecules in the single crystalline matrix are not observed is
consistent with the assumption that the anisotropy axes of the
molecules are rather symmetric with respect to the measurement
axes (see Figures 1, 2).

© 2021 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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The magnetic anisotropy and the molecular structure seen in the static magnetization data, where the ¢ axis
attribute to the different EPR branches when the magnetic field  magnetization by far exceeds the magnetization along the
is applied in different orientations. Figure 5 shows the EPR  other crystallographic directions. Indeed, the analysis of the HF-
spectra with the magnetic field applied along the b axis of the  EPR data implies a negative D value for the Ni" ions, i.e. Dy =
single crystalline sample. For B||b, only three resonance  —1.5(2) cm™', which indicates axial anisotropy of the Ni" ions.
features are observed in contrast to the findings for B||c  For an individual molecule, despite misalignment of the
displayed in Figure 4. From the temperature dependence of the  magnetic axes of the two Ni ions with respect to each other,
peak intensities and a steeper slope, g~4, of the resonance the parallel alignment of one of the Ni moments with the Dy"
branch in the frequency-field diagram, the triangle resonance is  one attributes to the dominant axial-type anisotropy of the
assigned as a forbidden transition. Due to the relatively strong  complex. Note again that due to the strong magnetic
peak intensity, the circle resonance can be assignhed as the  anisotropy of the Dy" ion, the Ising spin concept is applied for
ground state resonance. The down triangle resonance vanishes  the analysis of the HF-EPR data.
at low temperatures as shown in Figure 5a, implying that the Despite the fact that the crystal structure exhibits two
final state of the resonance is a higher excited state than in the  differently oriented molecules, which usually results in two
case of the circle resonance. The estimated g factor for the = magnetic anisotropy axes and hence two sets of EPR resonance
circle and down triangle resonance modes is g, = 2.14(1). features,”™™ only one set of branches is observed in the

The observed resonance branches for B| |b (Figure 5b) are  experimental data. Only in some spectra obtained for B| |b at
again simulated with the Hamiltonian of Equation (5) as for B| |  high frequency, e.g., at f=260 and 392.6 GHz, a double feature
¢. For the best simulation, the same parameters were used as  of the ground state resonance is resolved (see Supporting
for B| |c, except for a slightly different g value of the Ni ions, Information, Figure S4, resonances marked by red circles).
i.e., gni b-axis=2.17(2). When determining these parameters, we  Coincidently in the given complex, the two molecules are
have focused on the matching of the ground state and the  symmetric along the ¢ and b axes of the crystal, leading to the
forbidden resonance branches because both are related to the  observed single set of resonance features. The observed double
ground state. In contrast, the simulated excited state resonance  feature at high frequency may result from a small misalignment
mode does not match the experimental data very well but only  of the crystal due to imperfect mounting.
shows qualitative agreement. In addition to axial anisotropy, a strong transverse aniso-

tropy is also present in [Dy"{Ni"(L)},]CIO,. From the simulation of
the EPR data, we obtain an E, value that is close to its
General Discussion of the Experimental and Computational maximum value given by £/D=1/3. Due to the large rhombicity
Parameters with E/D=0.3, the spin states are strongly mixed. Experimen-
tally, large rhombicity and hence significant mixing of the states
The HF-EPR data are well described by the Hamiltonian of is confirmed by the clear observation of the forbidden
Equation (5) and the parameters listed above. The appearance  resonance branch associated with spin state transitions AS,> +
of the ZFS clearly confirms magnetic anisotropy, which is also 1, which is observed as a strong feature in the spectra for both

/= 131.8 GHz .

Britvirarse e M Micnnts

400
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Figure 5. (a) Temperature dependence of HF-EPR spectra in the temperature range 2 to 30 K, at f=131.6 GHz and B| | b axis. (b) Frequencies-magnetic field
diagram of the resonance fields at T=2.2 K and B| | b. Data symbols correspond to the resonances in the spectra in (a), respectively. Solid lines represent fits
according to Equation (5) (see the text).
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field orientations. In contrast to the obtained anisotropy
parameters, the magnetic exchange interaction Jp, .=
0.05(2) cm™, and Jy.,i=0.03(4) cm ™ is less precisely determined
by the HF-EPR data because in our simulation the exchange
interaction is a rather loose constraint and its error is quite
large. Unfortunately, the SQUID data in combination with the
quantum-chemical calculations do also not allow for an
accurate determination of the exchange coupling constants
(see above and Supporting Information, Figure S1). However,
the EPR data clearly imply that finite ferromagnetic exchange
has to be included to simulate the resonance branches
appropriately. Moreover, the exchange interaction must be
small as compared to the magnetic anisotropy, ie., J<D,
resulting in small energy differences between the ground state
and the excited states. This interpretation is in agreement with
experimental observations of published oligonuclear Ni'Dy"
species with phenolate bridges, where small ferromagnetic
exchange between the metal centers and J<<D was
reported.®’*® Indeed, there is further evidence of finite
magnetic interaction in the spectra because additional reso-
nance features, e.g., wiggles in Figure 4, are observed. Their
temperature dependence is different from the ground state
resonance, which supports the assignment to the excited states
and thus the presence of finite exchange interaction. Finally, we
note that the g value of the Ni" ions is almost isotropic, which is

typical for Ni" ions in a distorted octahedral environment.”*?!

Comparison of [Dy"{Ni"(L)},]* with a Structurally Similar [Dy"

{Ni"(L)},]1* System

Recently, a trinuclear [Dy"{Ni"(L)},]™ complex with a very similar
overall structure to that of [Dy"{Ni'(L)},]" described here was
reported (see Figure 6 for a visualization of the similarities of

[59] il

the two structures).”” Interestingly, in contrast to our [Dy
{INi"L)L]T complex, [DY"{Ni"(L)},]" shows SMM behavior. We
therefore analyze reasons for this interesting discrepancy.
Structurally, the two systems are very similar, with two terminal
trigonal Ni' sites (pseudo-octahedral) capping a hexacoordinate
trigonal Dy" center (pseudo-octahedral with a twist towards
trigonal prismatic). We anticipate that the ligand field exerted
by the three imine nitrogen donors in [Dy"{Ni"(L')},]T with
respect to the three tertiary amines in [Dy"{Ni'(L)},]" do not
alter the ligand field substantially.***? The shape analysis of the
two Ni" and the Dy" centers for both complexes indicates that
the main structural difference is around the Dy" center, which
seems to have somewhat more trigonal prismatic character for
[DY"{Ni"(L)},]* but the difference is relatively small (see
Table $8).°* It seems, however, that the shape analysis does not
lead to an appropriate description of the ligand field symmetry,
and we have therefore also measured the trigonal twist angles
¢ (60° and 0° for an octahedron and a trigonal prism,
respectively) and the elongation of the coordination polyhedra
along the trigonal axes.™ The average trigonal twists of the
two Ni' centers are ¢p=>50° for both, [Dy"{Ni"()},]" and [Dy"
{Ni"(L"},]%, i.e. all Ni" centers are moderately trigonally distorted
octahedral, and the distances between the two trigonal planes
each, defined by the three N (amine or imine) donors and the
three phenolate oxygen donors, respectively, are 2.64 A for [Dy"
{Ni"()},]* and 2.51 A for [DY"{Ni"(L")},]%, i.e. the latter structure
is slightly more compressed along the trigonal axis, and this
results primarily from significantly more acute angles in the
trigonal N; caps of the triazacyclononane groups of the Ni'
center of [Dy"{Ni"(L)},]™ (approx. 86° vs. 96° for [Dy"{Ni"(L)},]*
and [Dy"{Ni"(L")},]", respectively). However, these are relatively
small differences, and in both complexes the Ni' centers are
quite similar, slightly trigonally distorted octahedral with the
expected metal-donor distances, and the ligand field around

Figure 6. Comparison of [(Dy){(Ni),(L),}1* (blue) and [(Dy){(Ni),(L),}]1* (orange). a) structural schematic of the ligands, b) overlay of the solid state structures,

superimposed to give the smallest RMS deviations for the metal and oxygen donor atoms (data for the experimental structures have been published"
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the Ni' centers is not expected to change significantly. The
structural analysis shows, however, that there are significant
structural differences around the Dy" centers: the trigonal twist
analysis indicates that in [Dy"{Ni"(L)},]T the Dy" center is half
way between octahedral and trigonal prismatic, while for [Dy"
{Ni"(L"},]7, the structure is closer to octahedral (¢p=31° vs. =
48°), and the distances between the trigonal planes are also
rather different, i.e. 3.29 A vs. 3.67 A for [Dy"{Ni"(L)},]* and [Dy"
{Ni"(L"},17, respectively. Therefore, it appears that it is primarily
the difference in the ligand field around the lanthanide(lll) ion
that leads to the striking differences in the magnetic properties.

We therefore have also performed an ab initio quantum
chemical analysis for [Dy"{Ni"(L)},]* (see Table 4). This is based
on the published structural parameters® and details are given
as Supporting Information. It emerges that the changes in the
ligand field around Dy" lead to a significant increase of the
axiality of the Dy" center, well seen in the g tensor parameters
of the ground state Kramers doublet, a much increased barrier
to the first excited state Kramers doublet and a much higher
contribution of the highest m, term (15/2) to the lowest energy
Kramers doublet. The fact that the precise correlation between
the structural and electronic parameters is not entirely clear
indicates how difficult it is to optimize such a magnet -
specifically also with lanthanides, where coordination geo-
metries are not easy to predict."'**® What is impressive and
pleasing, however, is that the ab ignition quantum mechanical
scheme used here is able to accurately predict the subtle
differences in magnetic properties.

Conclusion

We have used an extensive ab initio quantum chemical analysis
based on a CASSCF wavefunction, explicit spin-orbit coupling
via the restricted space state interaction method (RASSI-SO) and
a ligand field analysis, using the Lines model and Stevens

operators, to predict the magnetic anisotropy of the two linear
heterotrinuclear complexes [Dy"{Ni"(L)},]* and [Dy"{Ni"(L')},]1"
with the structurally related ligands L and L', both enforcing a
distorted trigonal prismatic hexacoordinate Dy" center with two
slightly distorted octahedral Ni" end groups. The single crystal
molecular structures show that these two complexes are very
similar with a small change of the ligand field around the Dy"
center as the main difference. The computed electronic proper-
ties confirm the experimental magnetic data, i.e., the effective
barriers of magnetization relaxation are drastically different:
while [Dy"{Ni"(L)},]" does not show SMM behavior, the very
similar [Dy"{Ni'(L)},]" complex is an SMM with an effective
barrier of 9.85 cm~'.% This is important support for the validity
of the theoretical setup used for the prediction of effective
relaxation barriers in this class of molecules.

The computed electronic properties of [Dy"{Ni"(L)},]* are
validated with experimental data based on SQUID magneto-
metry and paramagnetic NMR spectroscopy,” as well as single
crystal DC-SQUID and HF-EPR data. Importantly, we are able to
show that the ab initio calculated magnetic anisotropy of [Dy"
{NI"DL]T of D¥=—6.7cm™" is in excellent agreement with
that determined by NMR spectroscopy of D®*=—-5.0cm™". In
addition to previous similar studies, where we have used HF-
EPR and magnetic circular dichroism (MCD) spectroscopy,
together with an extensive ligand field analysis,*>*® the entire
set of experimental data presented here gives us confidence
that the theoretical setup used can accurately predict the
electronic and magnetic properties of oligonuclear 3d-4f
complexes.

While the analysis of the EPR data does not yield overall
molecular anisotropy parameters, it is illustrative to compare
the computed parameters of Ni' obtained from the calculations
of the [(LU"}{(Ni")(Zn")(L),}1" fragments with the experimental
results. The calculations yield Dy = +2.54 and +2.74cm™' as
well as Ey;=—0.74 and —0.05 cm™' (see Supporting Information,
Table S8). While the signs of D and E from the calculations are

angle analysis (see also Supporting Information).

Table 4. Comparison [(Dy){(Ni),(L),}]* and [(Dy){(Ni),(L'),}1* (parameters or the latter are in italics). The data given include the energies of the Kramers
doublets and g tensor parameters as well as details of the wavefunction of the Kramers doublet 1 (ab initio calculations), parameters of the shape and twist

Kramers doublet RASSI energies Ox Oy 9z
fem™]

1 0.00 0.00 0.15 0.00 0.49 0.00 14.82 19.66
2 28.13 91.54 0.11 0.00 0.37 0.01 16.04 17.37
3 68.32 122.78 0.09 0.05 0.44 0.11 12.16 15.16
4 180.46 189.96 0.30 0.02 0.34 0.12 18.76 11.85
5 194.74 295.12 2.87 4.35 3.58 4.43 9.83 7.87
6 351.47 484.51 5.86 3.99 5.57 4.63 1.13 5.29
7 484.62 644.67 4.73 0.41 4.09 0.84 0.02 4.30
8 564.24 747.68 12.74 11.18 8.09 9.70 1.13 1.14
composition of KD 1 0.64|+13/2>4031| £9/2> 0.98| £15/2>
anisotropy D —6.7 —11.6587
E 0.45 0.0910
shape analysis
Dy O, 7.466 7.887
Dy TP 4759 11.037
Dy @, d 31,3.29 48, 3.67
Ni O, 1.026; 1.118 1.273; 1.339
Ni TP 11.219; 10.666 11.846; 11.848
Ni @, d 50, 2.64 50, 2.57
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opposite to the experimental parameters (Dy=—1.5(2) cm™,

Exi=0.5(1) cm™), the magnitude of the parameters are similar
in order.®™ Specifically, the ratio of the anisotropy parameters,
E/D~1/3, is comparable. We also note that the isotropic g
values of the Ni" ions agree by experiments and calculations.

As mentioned before, the ab initio method used here to
compute magnetic anisotropies is not undisputed.”**® Together
with our earlier similar studies,***® for three series of homo-
and hetero-di- and tri-nuclear 3d-4f complexes, we find
excellent agreement between the ab initio computed elec-
tronic/magnetic properties, specifically the magnetic anisotro-
pies, and experimental data, including SQUID measurements,
MCD, HF-EPR and paramagnetic NMR, and also including an
extensive ligand field analysis. One important advantage of the
ab initio in comparison with ligand field calculations is that, in
principle, these may be used for predictions in addition to
interpretations, i.e. for the “rational design” of new materials.
Ligand field based methods have the disadvantage that trans-
ferability of ligand field parameters is questionable,—¢"*®
although for transition metal complexes, it has been demon-
strated that the errors resulting from assuming transferability
are very small.®?

Experimental Section

Materials: Syntheses, structures, powder SQUID and paramagnetic
NMR experiments and analyses have been described previously.®®

Crystallography: Two structures of the [Dy"{Ni"(L)},]* molecular
cation have been reported ([Dy"{Ni"(L)},](ClO,)-MeOH and [Dy"
{Ni"()},](ClO,). Deposition numbers 1458681 and 1458682 contain
the supplementary crystallographic data for this paper. These data
are provided free of charge by the joint Cambridge Crystallographic
Data Centre and Fachinformationszentrum Karlsruhe Access Struc-
tures service. The published powder SQUID data were from the
former structure with a molecule of MeOH of crystallization,*® while
the single crystal SQUID and HF-EPR measurements reported here
are from the latter, MeOH-free structure; the quantum-chemical
calculations were done for both structures (see Supporting
Information). The single Crystal of [Dy"{Ni"(L)},][CIO,] was oriented
on an Agilent Technologies Supernova-E 4-circle CCD diffractom-
eter using Mo Ka X-radiation. A complete set of intensity data was
then collected with the same crystal. The structure was solved by
the heavy atom method and could be refined surprisingly well
despite the problems® that go along with the highly focused
microsource beam and the strongly anisotropic morphology of the
large crystal plate. The resulting structure was identical with that of
the previously published solvent-free DyNi, complex.®®

Static magnetic properties of a single crystal of the [Dy"{Ni"(L)},]"
complex have been measured by means of a Quantum Design
MPMS XL-5 SQUID magnetometer. For the measurements the
oriented single crystal sample was fixed with low temperature
varnish glue. The temperature dependence of the DC magnetic
susceptibility, i.e. x(T)=M(T)/B, was obtained in the temperature
range of T=2-300K at B=0.5 T. The field dependence of the
magnetization at T=2 K was measured in the magnetic field range
of —5 T<B<5 T. The temperature independent diamagnetic
contribution of the complex y, was subtracted from the exper-
imental data using Pascal’s constants.”

High-frequency electron paramagnetic resonance (HF-EPR) meas-
urements were carried out on the single crystal in the frequency
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range 80 to 450 GHz, and between 2 and 30 K. As both source and
detector of frequency-stabilized microwaves, a phase-sensitive
millimeter-wave vector network analyzer (MVNA) from AB Millime-
tré was used. A superconducting magnet from Oxford provides
magnetic fields of up to 16 T. For the measurements, the oriented
single crystal was fixed with low temperature silicon grease in the
sample space of the home-built transmission-type probe.!

Supporting Information

The Supporting Information includes details of the quantum
chemical calculations, HF-EPR spectroscopy, and the para-
magnetic NMR spectroscopy.
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