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ABSTRACT: A family of Mn™Ln™ strictly dinuclear complexes of general
formula [Mn™(u-L)(u-OMe)(NO;)Ln™(NO,),(MeOH)] (Ln™ = Gd, Dy, Er, 157
Ho) has been assembled in a one pot synthesis from a polydentate, multipocket
aminobis(phenol)ligand [6,6'-{(2-(1-morpholyl)ethylazanediyl)bis- 101
(methylene) }bis(2-methoxy-4-methylphenol)], Mn(NO;),-4H,0, Ln(NO;);
nH,0, and NEt; in MeOH. These compounds represent the first examples of & 051
fully structurally and magnetically characterized dinuclear Mn™'Ln" complexes. >
Single X-ray diffraction studies reveal that all complexes are isostructural, 001
consisting of neutral dinuclear molecules where the Mn"" and Ln"" metal ions,

which exhibit distorted octahedral MnN,O, and distorted LnO, coordination 051

spheres, are linked by phenoxide/methoxide double bridging groups. Static 105 110 15 150
magnetic studies show that the Mn''Gd™ derivative exhibits a weak
antiferromagnetic interaction between the metal ions, with a negative axial
zero-field splitting D parameter. The Mn™Gd™ complex shows a notable magnetocaloric effect with magnetic entropy change at
ST and 3 K of —AS,, = 16.8 J kg~' K. Theoretical studies were performed to support the sign and magnitude of the magnetic
anisotropy of the Mn"" ion (ab initio), to predict the value and nature of Jy,ga to disclose the mechanism of magnetic coupling,
and to establish magneto-structural correlations (DFT calculations). The results of these calculations are corroborated by
quantum theory of atoms in molecule analysis (QTAIM). Finally, Mn"'~Dy"™ and Mn"—Er" complexes show field-induced
slow relaxation of the magnetization but without reaching a maximum above 2 K in the out-of-phase ac susceptibility. Ab initio
calculations were also performed on Mn™—Dy™/Ho™ systems to unravel the origin behind the weak SMM characteristics of the
molecules possessing two strongly anisotropic ions. The mechanism of magnetic relaxation was developed, revealing a large
QTM/tunnel splitting at the single-ion level. Furthermore, the anisotropy axes of the Mn"" and Ln™ ions were calculated to be
noncollinear, leading to reduction of the overall anisotropy in the molecules. Hence, the herein reported complexes demonstrate
that a combination of two anisotropic metal ions does not guarantee SMM behavior.

Mn-O-Gd(")

B INTRODUCTION complexes with interesting magnetic properties. The research
work has aimed not only to understand the most relevant
factors governing the magnitude and sign of the magnetic
coupling between 3d and 4f metal ions, but also to exploit this
information to design new complexes that could ultimately
behave as single molecule magnets (SMMs)® and as low-
temperature molecular magnetic coolers (MMCs)® with

In recent years, heterometallic 3d/4f coordination compounds
have attracted much attention not only because of the
aesthetically pleasant structures they can exhibit, but also
because of their interesting photophysical,1 catalytic,2 and
magnetic properties.” Owing to the weak effects exerted by the
ligands on the f electrons (they are very efficiently shielded by

the fully occupied Ss and Sp orbitals), Ln** complexes possess improved properties. SMMs are molecular coordination
large orbital angular momentum and therefore a large magnetic compounds of diverse nuclearity that exhibit slow relaxation
anisotropy and magnetic moment in the ground state.” The for reversal of magnetization and magnetic hysteresis below a
exception is the Gd>* ion, which is largely isotropic. Bearing this
in mind, researchers have tried to take advantage of these Received: November 15, 2017
properties of the Ln*" ions to synthesize new 3d/4f lanthanide Published: March 22, 2018
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blocking temperature (Tp). In most cases, this behavior is tied
to the existence of a thermal energy barrier (U), which
primarily depends on the magnetic anisotropy, that prevents
the reversal of the molecular magnetization when the polarizing
field is removed, leading to magnetic bistability below Tj.
These nanomagnets present attractive future applications in
fields of molecular spintronics,” ultra-high-density magnetic
information storage,” and quantum computing at the molecular
level.’”

A large number of 3d/4f complexes have been reported, and
some of them indeed show an SMM behavior.” Nevertheless,
most of these SMMs have been demonstrated to exhibit only
small or even negligible energy barriers. This has been
attributed to (i) a subtractive combination of the local
anisotropies, resulting in a small anisotropy for the whole
molecule, and (ii) a small gap between the low-lying energy
sublevels, resulting from weak magnetic exchange interaction
between 3d and 4f metal ions, which allows mixing of low-lying
excited states in the ground state. This wave function mixture
favors quantum tunnelling of magnetization (QTM), thus
reducing the thermal energy barrier to a small effective value.
Recent experimental and theoretical studies have shown that
the magnitude of the magnetization relaxation barrier depends
on both single-ion anisotropy and 3d/4f magnetic exchange
interactions. © Thus, when the 3d/4f magnetic exchange
coupling is strong enough, the exchange coupled levels are
well-separated (avoiding mixing of low-lying excited states in
the ground state), and the QTM is suppressed, so that large
energy barriers, hysteresis loops, and relaxation times are
observed.

It is important to notice that only a few heterometallic 3d/4f
complexes, where the magnetic exchange interaction can
effectively reduce the QTM process, have been reported so
far. The best example of this phenomenon is the family of
heterometallic tetranuclear Cr™, Ln™, butterfly-like complexes
recently reported by Murray et al,'%"'" which present strong
magnetic exchange interactions (J¢,_p, = 7—10 cm™'). They
have demonstrated that the magnetic relaxation dynamics can
be either positively or negatively biased by varying the main
amine—polyalcohol ligand, as well as the ancillary bidentate
bridging ligands connecting Cr'™" and Ln™ ions.'” This is
because the variation in these ligands affects the magnetic
exchange interactions between metal ions and their magnetic
anisotropy. Moreover, they have also shown that Tb™ and Ho™
counterparts can also exhibit SMM behavior with highly
coercive hysteresis loops and long relaxation times.'”” In view
of the central role played by 3d/4f magnetic exchange
interactions in the SMMs, there exists great interest in
synthesizing and magneto-structurally characterizing simple
complexes with a small number of 3d and 4f ions, preferably
dinuclear complexes, to establish accurate magneto-structural
correlations and to use them to better understand the
relationship between the SMM behavior and the exchange
interactions. This information is crucial for designing new 3d/4f
complexes with improved SMM properties. It is worth noting
that some examples of simple dinuclear M"—Ln"™ SMMs (M" =
Cu, Nij, Co)3 have been reported so far, and theoretical and
experimental magneto-structural correlations have been estab-
lished for the M"—Gd™ counterparts (M" = Cu, Ni)."”
However, as far as we know, no examples of structurally
characterized dinuclear Mn™Gd™ complexes exist, and
consequently, no magneto-structural correlation have been
established for them.
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MMCs are complexes exhibiting an enhanced magneto-
caloric effect (MCE), which is based on the change of magnetic
entropy upon application of a magnetic field and can be
exploited for molecular refrigeration.” Contrary to SMM
behavior, which is favored by highly anisotropic Ln** ions,
the MCE is improved in molecules containing isotropic metal
ions and exhibiting weak magnetic coupling between them.
This is because in these conditions multiple low-lying excited,
field-accessible states are generated, which can contribute to the
magnetic entropy of the system. In view of the above
considerations, 3d/4f dinuclear complexes containing the
isotropic Gd** ion, which has the maximum entropy value
calculated as R In(2Sgq + 1)/Mgq = 110 J kg™' K! and the
Mn"™ ion (despite being anisotropic has a maximum entropy
value of 271 J kg™' K'), could be good candidates for
constructing magnetic coolers.

Interestingly, even though numerous Mn"/Ln™ cluster
complexes exist,'” to the best of our knowledge, no examples
of fully structurally and magnetically characterized simple
dinuclear Mn"™Ln™ complexes have been reported so far (an
example of dinuclear Mn™Gd™ can be found in the literature,
but its crystal structure was not reported).'”” This is rather
surprising, taking into account that the combination of two
exchanged coupled anisotropic metal ions (octahedral Mn™
complexes are known to exhibit significant ZFS magnetic
anisotropy promoted by Jahn—Teller distortion) could
represent a good strategy to design new 3d/4f SMMs.
Moreover, for the most part of the magneto-structurally
characterized Mn"Gd"™ complexes, the magnetic exchange
coupling constant Jy,cq has not been determined due to the
complexity of the system with several Mn"'—Mn"", Gd"'—Gd",
and Mn™—Gd™ interactions, where the first is by far the
dominant interaction. In the remaining few cases, Jy,cq has
been reported to be very weak and either ferro- or
antiferromagnetic in nature. As the Jy,gq is the only one
present in a simple dinuclear Mn™Gd"™, such a compound will
be the better candidate to disclose the nature of the interaction
between these metal ions.

To synthesize simple dinuclear Mn™Ln"" complexes, ligands
with specific binding sites allow both the preferential
coordination to transition or lanthanide metal ions and the
control of the nuclearity. In this regard, we have used a
multidentate aminobis(phenol) ligand (H,L, Figure 1), which is
adapted for the formation of 3d/4f systems. In this contribution
we report the synthesis, structures, magnetic properties, and
computational studies of dinuclear 3d/4f Mn™Ln™ complexes
of general formula [Mn'"(u-L)(u-OMe)(NO,;)-
Ln"™(NO,),(MeOH)] (Ln™ = Gd, Dy, Er, Ho). The aim of
this work is 4-fold: (i) to establish theoretical magneto-
structural correlations using the simple Mn"'Gd" dinuclear
complex as model, (ii) to disclose the mechanism of exchange
coupling in this complex, (iii) to analyze its magneto-thermal
properties, and (iv) to examine if the large anisotropy of the
Ln™ ions, together with the coupling to the anisotropic Mn™
ion, could lead to SMM behavior.

B RESULTS AND DISCUSSION

Synthetic Procedures. The ligand H,L was prepared in
excellent yield using the literature procedure.'* Complexes 1—4
were synthesized with good yields (51—66%) in aerobic
conditions using neutral ligands and hydrated metal nitrates
(Figure 1) as starting materials. As expected, prepared
complexes show very good stability against air and moisture.
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Figure 1. Structure of the ligand and synthetic procedure to obtain
complexes 1—4.

The complexes were isolated by crystallization from the
reaction mixture and could be used in further analyses without
any additional purification steps.

X-ray Crystallography. The solid-state geometries of all
four complexes appear to be isostructural. Nonetheless, to be
able to quantify the effects of the small changes of the
geometrical parameters around the metal cations, we have
determined the solid-state structures of all complexes by single
crystal X-ray crystallography. Compounds 1—4 crystallize in the
monoclinic, noncentrosymmetric Pn space group. The structure
of 1 is depicted in Figure 2 as an example, and the selected

Figure 2. Molecular structure of 1. C—H hydrogens are omitted for
clarity, and thermal ellipsoids have been drawn at the 30% probability
level.

bond lengths and angles for 1—4 are presented in Table 1. The
structure consists of dinuclear neutral molecules, in which metal
ions are linked by phenoxide/methoxide double bridging
groups. The MnN,O, distorted elongated octahedral coordi-
nation sphere around the manganese(III) cation is made of four
oxygen atoms belonging to bridging and terminal phenoxide
groups of the L~ ligand, to the methoxide bridging group and
to one monocoordinated nitrate anion, and two amino nitrogen
atoms pertaining to the ligand L*". The lanthanide ions in all
complexes 1—4 bear a similar coordination environment, which
is built by the same bridging oxygen atoms as in Mn(III), one
weakly coordinated methoxy oxygen atom from aromatic
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substituent, four oxygen atoms from bidentate nitrate anions,
and two oxygen atoms coming from two coordinated methanol
molecules, thus producing a LnOy coordination sphere.

In general, the differences in the bond distances between
different Ln™ cations are minor, and deviations in bridging
Mn—O—-Ln angles are also quite small. The intramolecular
metal—metal separation is relatively long (3.459—3.428 A) and
does not change a lot when moving from left to right in the
lanthanide series. The alkoxide/phenoxide bridge is very
symmetrical which indicates that the coordinating oxygen
atoms are quite similar in nature.

The complexes 1—4 are packed as single molecules without
any solvent of crystallization. However, coordinated, neutral
methanol molecules form relatively strong inter- and intra-
molecular hydrogen bonds to the morpholine oxygen of the
neighboring molecule (OH:--O distance of 2.67—2.69 A) and
to the coordinated nitrate anion (OH---O distance of 2.69—3.04
A), respectively (Figure 3). The shortest intermolecular metal—
metal distance is over 8.5 A without any clear path for magnetic
interaction; hence, the observed magnetic behavior is
presumably of molecular origin.

Magnetic Properties of [Mn''(u-L)(u-OMe)(NO,)-
Gd'"(NO3)2(MeOH)] (1). The temperature dependence of
xmT for complexes 1—4 (yy is the molar magnetic
susceptibility per Mn"Ln™ unit) in the temperature range
300—2 K range was measured with an applied magnetic field of
1000 Oe and is displayed in Figure 4 for complex 1 and in
Figure 14 for complexes 2—4.

We start with the simple case by studying the Mn"'—Gd™
complex 1. At room temperature, the yyT value of 11.40 cm®
mol™ K is larger, but still close to what is expected for
noninteracting Mn™ (S = 2) and Gd™ (S = 7/2) ions (10.875
cm® mol™ K with g = 2). On lowering the temperature, the
JumT for 1 remains constant until ~70 K and then shows an
abrupt decrease to reach a value of 5.44 cm® mol™ K at 2 K.
This behavior is due to a combination of intramolecular
antiferromagnetic interactions between Mn" and Gd" ions and
zero-field splitting effects mainly of the Mn™" ion and to lesser
extent of the Gd" ion (the temperature dependence of yyT
cannot be reproduced taking into account only the zfs of the
Mn'" jon).

The magnetic properties of these compounds have been
modeled by using the following Hamiltonian:

A A A A2 A A
H = —JSuSca + DanSmnz + 8HpSmnH + gH5ScaH

where ] accounts for the magnetic exchange coupling between
Gd" and Mn" ions, Dy, accounts for the axial single-ion zero-
field splitting parameter of the Mn" ion (Dgg is assumed to be
negligible as this ion is rather isotropic), and the two last terms
represent the corresponding Zeeman effects. As J and Dy, are
strongly correlated and provoke the same result at low
temperature, these parameters cannot be accurately determined
from the fit of the susceptibility and magnetization data. In view
of this and to extract an accurate | value, we decided to
determine the Dy, value from precise ab initio calculations (see
below) and then the calculated value (Dy, = —3.08 cm™") fixed
in the above Hamiltonian. The simultaneous fit of the
experimental susceptibility and magnetization data with this
Hamiltonian using the full-matrix diagonalization PHI pro-
gram'” afforded the following set of parameters: | = —0.5 cm™
and g = 206 cm™ {R = 1.8 X 107" (R = X[(rmT)eyp —
O ) catea)?/ Z(){MT)exp)z}. The extracted ] value is almost
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Table 1. Selected Bond Distances (A) and Angles (deg) of 1—4“

1
Mnl Lnl 3.4591(8)
Mnl o1 1.833(3)
Mnl 02 1.925(3)
Mnl 05 1.924(5)
Mnl 08 2.293(3)
Mnl N8 2.089(5)
Mnl N18 2.436(4)
Lnl 02 2.374(4)
Lnl 04 2.627(5)
Lnl 05 2.348(5)
Lnl 06 2.395(5)
Lnl 07 2.376(4)
Lnl 011 2.498(6)
Lnl 012 2.507(5)
Lnl 014 2.458(4)
Lnl 015 2.456(3)
Mnl 02 Lnl 106.7(2)
Mnl 05 Lnl 107.7(2)

“Gd (1), Dy (2), Ho (3), Er (4).

2 3 4
3.4391(6) 3.428(1) 3.4238(9)
1.836(2) 1.849(4) 1.841(4)
1.926(2) 1.920(5) 1.924(4)
1.918(4) 1.913(7) 1.917(6)
2.301(2) 2.294(5) 2.294(4)
2.095(4) 2.096(6) 2.090(5)
2.438(3) 2.433(5) 2.434(5)
2.340(3) 2.337(6) 2.318(5)
2.621(3) 2.610(7) 2.610(6)
2.325(3) 2.316(6) 2.311(5)
2.370(3) 2.348(8) 2.343(5)
2.345(3) 2.332(6) 2.316(5)
2.458(3) 2.453(7) 2.453(6)
2.480(4) 2.456(6) 2.460(5)
2.418(3) 2.418(S) 2.407(4)
2.445(3) 2.439(5) 2.414(3)
107.0(1) 107.0(1) 107.2(2)
107.9(1) 107.9(1) 107.8(3)

Figure 3. (a) Inter- and (b) intramolecular hydrogen bonding in complex 1.
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Figure 4. Temperature dependence of the y\T for 1. Inset: Field
dependence and temperature dependence of the magnetization. Solid
lines represent the best fit of the experimental data with the
parameters indicated in the main text.

insensitive to changes in Dy, between —2 and —4 cm ™', which
points out its consistency. Moreover, this value is similar to that
found for an alkoxo/hydroxo bridged tetranuclear complex
Mn",Gd,™ of —0.32 cm™L.'Y

The field dependence of the magnetization at 2 K for 1 (inset
of Figure 1) shows a slow increase of the magnetization at low
field, in accord with the antiferromagnetic interaction between
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Mn" and Gd", and a quasilinear increase at high field without
achieving complete saturation even at 5 T. This behavior
suggests the presence of significant magnetic anisotropy and/or
the existence of low-lying excited states that are partially
populated at this temperature. The low-lying excited states are
in agreement with the weak magnetic interactions expected for
Mn"Gd" systems. The magnetization value for 1 at 5 T of
9.80Nyuy is lower than the expected saturation magnetization
value, M/Nuy = 11.38Nuy with g = 2.07 which is due to the
presence of antiferromagnetic interactions between the metal
ions as well as to the local magnetic anisotropy of the Mn' ion.

Magneto-thermal Properties of 1. The magneto-thermal
properties of 1 have been analyzed because (i) the
antiferromagnetic interactions between the Gd" and Mn™
ions are very weak and therefore make this system appropriate
for large MCE, (ii) the Gd" ion shows negligible anisotropy
due to the absence of orbital contribution, (iii) the Gd™
exhibits the large single-ion spin (S = 7/2) arising from the
4f" electron configuration, and finally (iv) although the Mn™
ion possesses magnetic anisotropy due to Jahn—Teller
distortion, it exhibits a comparatively high spin (S = 2) and a
large maximum entropy value (calculated as R In(2Sy;, + 1)/
My, = 271 J kg™ K). In view of the above considerations,
compound 1 could be a good candidate for magnetic coolers.

The magnetic entropy changes (—AS,,) that determine the
magnetocaloric properties of 1 can be extracted from the

DOI: 10.1021/acs.inorgchem.7b02917
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experimental isothermal field-dependent magnetization data
(Figure S) using the Maxwell relation:
e
B

AS,, = (T, AB) = flff[

‘\.\'\-

4
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OM(T, B)
aT

18-
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4T
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Figure S. Magnetic entropy changes extracted from the experimental
magnetization data with the Maxwell equation from 1 to 5 T and
temperatures from 3 to 6 K (points). Solid lines are a guide for the eye.

where B; and By are the initial and final applied magnetic fields.
The values of —AS,; for 1 under all fields increase as the
temperature decreases from 6 to 3 K. This compound attains a
maximum value of —AS,, = 16.82 J kg™ K'', T = 3 K and
applied field change AB S T (Figure S). Despite the
antiferromagnetic interaction between the Gd" and Mn'™ ions,
a considerable change in —AS, occurs, which is compatible
with easy spin polarization at relatively low magnetic field. It is
worth mentioning that, due to limitations of our instrument,
the —AS,, at about 2 K could not be obtained, but it is expected
to be larger than 16.82 J kg™' K™ as —AS,, increases when
lowering the temperature. The extracted —AS_, values at T = 3
Kand at 5 T for 1 are much smaller than that calculated for the
full magnetic entropy content per mole R In(2Sg4 + 1) + R
In(2Sy, + 1) = 3.69, R = 31.60 J kg' K™', which is likely due to
the antiferromagnetic interaction between Mn'"' and Gd™ and
the magnetic anisotropy of the Mn'", as the increase of these
two factors is known to diminish the MCE. Nevertheless, the
extracted —AS,, value at 5 T and 3 K is similar to those found
for Gd™,Mn," complexes16 but larger than those observed for
Gd"Mn,," complexes'” with a Gd/Mn = 0.5. The MCE
increases with the increase of the Gd/Mn ratio as expected for
increasing the spin and diminishing the magnetic anisotropy.
Theoretical Calculations on complex 1. Magnetic
Anisotropy of the Mn" Center. In order to support the Dy,

value extracted from magnetic measurements for compound 1,
we have performed post-Hartree—Fock ab initio calculations
using the MOLCAS8.0 package.'®"” For estimation of the zero-
field parameter of Mn", Gd™ was replaced by Lu(III).
Calculations afford Dy, = —3.08 cm™ with E/D 0.11
cm™". The Dy, values agree with the expected single-ion values
reported in the literature.”” The orientation of the D-tensor is
shown in Figure 6 and the D,, axis nearly coincides with the
Jahn—Teller (JT) elongated axis.

Estimation of Exchange coupling Constant in 1 Using
DFT. While ferromagnetic coupling for different {3dGd}
complexes is common, there are only a few examples where
antiferromagnetic coupling for {3dGd} has been observ-
ed.'%"?»%*1" Although extensive assessment methods have
been undertaken by us'** and others for the {CuGd} pair,'*"
a rigorous benchmarking, which include antiferromagnetic
exchange, has not been studied in detail. Here, we intend to
address this issue.

Assessing Suitable Methodology for J Calculation in
1. To assess a suitable methodology for computing ] values for
1, we have chosen various hybrid and nonhybrid exchange-
correlation functionals with a variety of local and exchange
correlation to understand how the magnetic coupling is
influenced by the nature of the functional. The test includes
several GGA, meta-GGA functionals with varying percentages
of HF exchange. Additionally, we have also tested both all-
electron and effective core potential basis set effects on the
nature of magnetic coupling. Basis set effects are studied using
the B3LYP functional in combination with the ECP basis set
such as CSDZ** and CRENBL”’ along with the Nakajima all-
electron basis set”* incorporating relativistic effect using DKH
methodology™ for the Gd(III) ion (Table 2). For other atoms,

Table 2. DFT Computed J Values with B3LYP Functional
and Different Basis Sets

basis set  J/em™'  (S?) (HS, BS) description relativistic

CsDz 001 35801, 7729 Gd(CSDZECP), TZV  ECP
for others

CsDz 004  35.802, 7.803 Gd(CSDZ ECP), ECP
TZVP for others

Nakajima -1.13 35.789, 7.788  Gd(Nakajima all e7), DKH
TZV for others

Nakajima -1.15 35.790, 7.789  Gd(Nakajima all e”), DKH
TZVP for others

CRENBL -0.11 35791, 7791  Gd(CRENBL ECP), ECP
TZV for others

CRENBL -0.12 35792, 7.792  Gd(CRENBL ECP), ECP

TZVP for others

Figure 6. (a) Orientation of the g-tensors of Dy and D-tensors of the Mn™ ion in complex 2. (b) Orientation of the g-tensors of Ho"" and D-

i

tensors of the Mn™ ion in complex 3.
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Ahlrichs TZV or TZVP was used.”® Two combinations of basis
sets employed with CSDZ predict, contrary to the experimental
estimate, weak ferromagnetic coupling between Mn™ and Gd™
ions (see Table 2). While the B3LYP/CSDZ combination was
found to yield a good numerical estimate for several {3dGd}
pairs earlier, here this combination was found to overestimate
the ferromagnetic contribution to the net exchange. This may
be correlated to the fact that the net antiferromagnetic coupling
constant | observed is very small and the estimated ] values are
sensitive to the basis set employed. While the Nakajima basis
set incorporating the DKH relativistic effect reproduces the sign
correctly, the magnitudes of the ] values are overestimated
compared to the experimental value. The CRENBL basis set
was found to yield J values which are of the correct sign and are
closer to the experimental estimate, and we have therefore
employed this basis set to assess various exchange-correlation
functionals.

Computed ] values with different functionals in combination
with CRENBL ECP are given in Table 3. Two pure functionals

Table 3. DFT Computed ] Values with Different Functionals
Using CRENBL ECP Basis Set

spin density on

(Gd, Mn) at % of HF
functional J/em™  (S*) (HS, BS) HS state exchange
exptl —0.50
BLYP 0.55 35.787, 7.787 7.080, 3.674 0%
BP86 1.69 35.804, 7.801 7.186, 3.711 0%
B3LYP —0.11 35.791, 7.791 7.057, 3.834 20%
X3LYP —0.18 35.791, 7.791 7.051, 3.843 21.8%
B98 —0.83 35.797, 7.797 7.069, 3.864 21.98%
SB98 —0.83 35.797, 7.797 7.069, 3.864 21.98%
mPWIPWI1 0.03 35.809, 7.809 7.138, 3.917 25%
BH and H —0.45 35.791, 7.791 7.020, 3.930 50%
BH and HLYP —0.30 35.787, 7.787 7.001, 3.937 50%

tested (BLYP and BP86) yield the wrong sign, while inclusion
of HF exchange improves the estimates and in fact yields the
correct sign in most of the functionals tested. While increasing
the percentage of HF exchange tends to improve the estimated
J values, all hybrid functionals (with the exception of
mPWI1PW91) yield weak antiferromagnetic coupling. For
developing mechanism and magneto-structural correlations,
we have employed the B3LYP functional as this has been the
work-horse functional for the estimation of magnetic coupling
in several examples reported earlier.””

Mechanism of Magnetic Coupling in {Mn"Gd"} Pair.
When a suitable method was assessed, we moved forward trying
to understand the mechanism of magnetic coupling in the
{Mn"™Gd"™} pair. A general schematic mechanism adapted from
earlier {CuGd} complexes is shown in Figure 7. The net
exchange coupling between the Mn™ and Gd™ ions has two
contributions: (i) The first is the antiferromagnetic contribu-
tion that solely arises from the overlap between the single
occupied magnetic orbitals (SOMOs) of the Mn'™" ions with the
4f orbitals of the Gd™ ion (see Figure S1 in Supporting
Information). However, this overlap is expected to be weak as
the 4f orbitals are inert in nature and do not mix strongly with
the ligand orbitals, and (ii) the second factor is the
ferromagnetic contribution to the exchange that arises from
orbital orthogonality between the SOMOs of 3d and Gd™ ion,
as well from a charge-transfer process from the Mn'™ to the
formally empty Sd orbitals of Gd™. This charge-transfer
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Gd(III) 4f
polarisation

3d of Mn(III)

4f of Gd(III)

Figure 7. Schematic mechanism for the magnetic coupling for the
{Mn™Gd™} pair obtained from the DFT calculations. The nature and
the number of interactions between the Mn' and the Gd™ are shown
by double headed arrows. The Gd™ 5d orbitals gain density via the
Mn™ charge-transfer and via 4f polarization.

contribution will ensure the same spin orientation for the 4f
orbitals leading to a ferromagnetic coupling.

The magnetic coupling in complex 1 has four superexchange
pathways: the first two are through the OMe and OPh bridges,
and the third and fourth are through H-bonding between the
coordinated methanol and the nitrate group and the long alkyl
linker connecting the two metal ions, respectively. Overlap
integrals computed between the SOMOs of the Mn"" ion and
4f orbitals of Gd™ reveal a significant overlap for several pairs.
Particularly, both the d,, and d,, orbitals of the Mn™ ions were
found to overlap with several 4f orbitals as shown in Figure 8
(see Tables S1 and S2 in Supporting Information). Among the
28 possible overlaps, eight overlaps are very significant,
rendering a large contribution to the antiferromagnetic part
of the exchange. This is rather unusual, as generally the overlaps
between the 3d and 4f orbitals are weak. However, in this case,
after a close examination of all the 4f orbitals, it has become
clear that o*-antibonding orbitals of the OMe group are
strongly overlapping with some of the 4f orbitals (see Figure S1
in Supporting Information), and this promotes strong overlap
leading to a net antiferromagnetic exchange. To probe this
effect further, we have performed additional calculations on
model systems (model la, see Figure S2 in Supporting
Information) where fictitiously the OMe group is removed
and replaced by a computed point-charge to avoid alterations to
the crystal field effect of the metal ions. These calculations yield
a ferromagnetic coupling (J = 1.6 cm™"), clearly suggesting that
the OMe group promotes antiferromagnetic exchange (Table
S3 in Supporting Information). This is also supported by our
QTAIM analysis (see below). Additionally, the overlap integral
calculations performed on this model suggest a significant drop
in the computed 3d/4f overlap values compared to those of
complex 1 (see Table S4 in Supporting Information). To probe
if the effect is due to the presence of the Mn'" ion, an additional
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Figure 8. (a—h) Overlap of 4f orbitals of Gd™ with the 3d,,/ 3d,, orbitals of Mn™. For clarity, only the core structure is shown with orbital lobes, and

the other atoms are not shown.

factious model (model 1b) is constructed where the Mn™" ion is

replaced by the Gd™ ion and this renders ferromagnetic
coupling, supporting the mechanistic aspects proposed above.

We have then examined the ferromagnetic contribution to
the net exchange. The Mn" ion possesses unpaired electrons in
d,, d.. d,,, and d? orbitals due to the Jahn—Teller elongation.
The computed spin density plot with the B3LYP/CRENBL
setup is shown in Figure 9 (Figure S3 and Table S5). The Gd™
ion is propagating the spin polarization as is evident from
negative spin densities on the atoms coordinated to the Gd™
ion while the Mn™ propagates a mixture of spin delocalization
and polarization. The spin delocalization is particularly visible
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Figure 9. Computed spin density of the (a) high-spin and (b) broken-
symmetry state of complex 1.

on the ligand that lies along the d,? orbital direction (see Figure
9). The main contributions to the Mn(3d) — Gd(5d) charge-
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transfer generally arise from a o-type d? orbital; however, here
the d, orbital is perpendicular to the bridging OMe and OPh
groups rendering only a weak charge-transfer via an H-bonding
pathway. The NBO analysis indicates that both 6s and 5d
orbitals have significant populations (Table S6 in Supporting
Information) and, particularly, Sd orbitals have the partial
occupation of 0.47e. This is marginally lower compared to the
{CuGd} pair studied revealing less of a ferromagnetic
contribution, leading to an overall antiferromagnetic coupling
in complex 1.

To gain further understanding on the bonding and nature of
the charge-transfer, the quantum theory of atoms in molecules
(QTAIM) was applied to depict the topological properties of
complex 1. To better understand the nature of the interaction
of the Ln atom with others, we have used Bader’s atoms in
molecules theory.”® Bader and co-workers characterize bonding
and nonbonding interactions of atoms in terms of topological
properties such as electron density p(r), Laplacian of the
electron density L(r), potential energy density V(r), kinetic
energy density G(r), total energy density H(r), and potential
energy to the Lagrangian kinetic energy ratio [V(r)l/G(r). For
instance, the presence of a (3, —1) critical point in QTAIM
topography represents a chemical bond between two atoms,
and these are called the bond critical points (BCPs), where the
shared electron density reaches a minimum, whereas a critical
point with (3, +1) and (3, +3) signatures identifies a ring
structure (RCP) and cage critical point (CCP) in the molecular
system, respectively. The p(r) values at the BCPs are related to
the strength of the bonds.”

We have investigated the topological properties at the bond
critical point (BCPs) for complex 1 and other model
complexes. QTAIM analysis clearly displays BCPs indicating
the bonded and the nonbonded interactions that exist in the
complexes. In the molecular graph (Figure 10), the big circles

Figure 10. Molecular graph of 1. Solid lines indicate bond paths, and
large circles correspond to attractors, small red ones to BCPs, yellow
ones to RCPs, and green ones to CCPs.

correspond to attractors attributed to positions of atoms and
critical points such as (3, —1) BCP (red), (3, +1) RCP
(yellow), and (3, +3) CCP (green) indicated by small circles.
The topological properties at BCPs for Mn" and Gd™
coordinated atoms are collected in Tables S7 and S9 in
Supporting Information. The Gd" atom forms bonds with the
nine O atoms of the coordinated ligands which is indicated by
nine BCPs whereas the Mn™ atom forms six bonds with four O
atoms and two N atoms of the coordinated ligand, confirmed
by six BCPs (see Figure 10). The electron density p(r) at the
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BCP between Gd/Mn and the O atoms is small (Gd—O =
0.0273 au < p(r) < 0.0432 au and Mn—0 = 0.1395 au < p(r) <
0.0776 au), and V) is small and positive (Gd—O = 0.0198 au
< V3 < 0.0530 au and Mn—O = 0.2054 au < V(< 0.0711
au), indicating a closed-shell character of the coordination
bonds.”® The partly covalent nature of the investigated
interactions can be supported by the IV(r)I/G(r) ratio;*”*'
[V(r)l/G(r) < 1 is characteristic of a typical ionic interaction,
and IV(r)l/G(r) > 2 is diagnostic of a “classical” covalent
interaction. The QT AIM-defined topological properties at Gd—
OPh, Gd—OMe, Mn—OPh, and Mn—OMe BCPs indicate a
mixed (largely ionic with significant covalent component)
character of these coordination bonds, and this is also
supported by the I1V(r)l/G(r) < ~1.1 found for complex 1. In
a comparison with Mn—O(Me) and Mn—O(Ph) bonds, the
Mn—O(Me) bonds possess higher H(r) values, and hence, the
Mn—0O(Me) bonds have a more covalent nature than the Mn—
O(Ph) bonds. The Mn—O(Me) bond is stronger compared to
the Mn—O(Ph) bond as revealed by the higher p(r) values for
the former. The same is observed also for Gd—O bonds. The
Laplacian function V) at the BCP between Mn'"' and the
equatorial ligand atoms shows higher values in the 0.07—0.16
au range, whereas the axial ligand shows small Vf,(,) values
between 0.03 and 0.04 au. This suggests that the axial ligands
are weaker as could be expected from the JT elongated
structures.

Magneto-Structural Correlations in Mn'"'-Gd" Com-
plexes. Magneto-structural correlations are very useful tools to
interpret the observed magnetic properties of novel complexes
in order to design new compounds with improved magnetic
properties. Different magneto-structural correlations have been
found on Mn"'—Gd™ complexes by varying Mn—O—Gd angles
(keeping the dihedral fixed at ~12°) and Mn—O-Gd—O
dihedrals. The average bond angle versus ] plot is shown in
Figure 11.

As can be observed from the above figures, ] values increase
linearly with the Mn—O-Gd bond angle and become
ferromagnetic for angle values higher than ~107°. At a lower
angle, the structure is more compact, and the overlap between
the magnetic orbital increases, leading to an antiferromagnetic
coupling, while at higher angles the overlap between the
SOMOs of Mn™ and Gd™ diminishes, leading to a
ferromagnetic coupling (see Table S1 in Supporting
Information). Moreover, at large Mn—O—Gd angles, the
charge-transfer contribution also enhances, leading to a steady
increase in the ferromagnetic coupling. The spin densities of
the Mn™ center are found to gradually decrease with the
increasing Mn—O—Gd angle, and at the same time, the spin
density of the Gd™ is also found to increase. This suggests that
Mn" promotes stronger delocalization (polarization) at higher
angles, and this is correlated to the magnitude of the computed
exchange coupling constant (see Figure 11, right).

The correlation developed by varying the Mn—O—-Gd—O
dihedral angle (keeping the average Mn—O—Gd angle fixed
~107°) is shown in Figure 12. As the Mn—O—Gd—O dihedral
angle increases, the ferromagnetic contribution to the net
exchange decreases, and this continues until the angle reaches
~11.15°. Afterward, the contribution increases leading to a net
ferromagnetic coupling. Therefore, ferromagnetic interactions
are observed at both low and high dihedral angles. This is well-
supported by our QTAIM analysis (see below). Complex 1 has
a Mn—0—-Gd—O dihedral of 11.2°, and decreasing this angle
leads to a weakening of the 3d/4f overlap with a concomitant
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Figure 11. Magneto-structural correlations developed by varying the average Mn—O—Gd angle plotted against corresponding J values (left).
Computed spin densities at the Mn'™ and Gd™" ions for various Mn—O—Gd angles at the same point (right).
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Figure 13. Contour line diagram of the Laplacian of electron density along the Mn—O—Gd—O plane. Solid green lines indicate charge depletion
[V > 0], and solid red lines indicate charge concentration [V}, < 0].

increase of the ferromagnetic contribution by charge-transfer,
leading to a net ferromagnetic coupling at lower dihedral
angles. This trend is similar to that observed in the {CuGd}
pair. At higher dihedral angles beyond 10.5° a similar trend is
again visible where the prominent Mn(d,,/ dyz)—Gd(4f) orbital
overlap diminishes, leading to a drastic reduction in the J,g
contribution and hence to a net ferromagnetic coupling (see
Table S1 in Supporting Information). A similar variation in the
Mn™ and Gd™ spin densities is visible also for this parameter
(see Figure 12, right)
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To investigate the developed correlations further, we have
performed QTAIM analysis for the correlation points.
Calculations reveal that both the p(r) and V/z,(,) values increase
linearly with the Mn—O—Gd bond angle (see Figures SS and
S6 in Supporting Information). However, the H(r) values
decrease linearly with the increase in the Mn—O—Gd angle,
and this suggests that a larger Mn—O—Gd angle enhances the
covalency of the metal—ligand bonds. These results are in line
with the IV(r)l/G(r)| ratio and our magneto-structural findings.
The Mn—0O(Me) and Gd—O(Me) bonds are found to be more
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covalent in nature with higher H(r) values compared to other
bonds. This supports the assessment that the OMe group
promotes antiferromagnetic exchange (see also Table S3 in
Supporting Information).

The correlation proposed between Mn—O(Me) and Mn—
O(Ph) QTAIM parameters and the Mn—O—Gd—O dihedral
angle is shown in Figures S6 and S7. As the Mn—0O-Gd—-O
dihedral increases, the p(r) and Vz(,) values decrease slowly.
Figure 13 shows the contour plot Laplacian function V3,
through the Mn—O—Gd—O plane. The valence shell charge
concentration (VSCC) zone of the bridging O atom is diffused
toward the Gd™ and Mn™" atoms. This indicates that there is a
charge-transfer from the bridging O atom. However, the VSCC
zone of the O(Me) group is more diffused toward the C atom
of the methyl group, and the VSCC zone decreases with
increasing Mn—O—Gd angle. Hence, the QTAIM analysis
clearly highlights the importance of the bridging OMe group.

Magnetic Properties of Compounds 2—4. We now
discuss the magnetic properties of compounds 2, 3, and 4,
which are shown in Figure 14. At room temperature, the y T
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Figure 14. Temperature dependence of the yyT for 2—4. Inset:
Magnetization vs H/T plot for compound 2.

values for these complexes (17.98, 17.56, and 15.41 cm® K
mol ™, respectively) are slightly higher than those calculated
(17.17, 17.07, and 14.48, respectively) for one Mn"" (S = 2 with
gvin = 2.0) and one Lo (Dy" 4f, ] = 15/2, S = §/2, L = 5,
®Hys) g =4/3; Ho™, L =6,S=2,]=8,g=5/4, Sl Er", L =
6,5=3/2,]=15/2,g=6/4, *I,5/,) noninteracting ions in the
free-ion approximation.

2
T = A;—i{gﬁo +1) + gy S(S + 1)}

On lowering the temperature, the yyT decreases with
decreasing temperature, first slowly down to ~60 K and then
rapidly exhibiting a very sharp decrease below ~12 K (to reach
values of 14.1, 5.4, and 7.6 cm® mol™ K at 2.0 K for 2—4,
respectively). The decrease observed in T is most likely due
to a combination of the thermal depopulation of the M;
sublevels of the 25“1—‘] ground state of the Ln*" ion, which is
split by ligand field effects, and some very weak Mn**---Ln**
antiferromagnetic interactions. The existence of very weak
antiferromagnetic interactions in complexes 2—4 is not
unexpected because isostructural Gd**, Tb**, Dy**, and Ho®*
complexes generally display magnetic exchange interactions of
the same nature.
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The field dependence of the magnetization at 2 K for
compounds 2—4 (Figure S8) reveals a relatively slow increase
of the magnetization at low fields and then a linear increase
without clear saturation above 1 T. The linear high-field
variation of the magnetization suggests the presence of a
significant magnetic anisotropy and/or low-lying excited states
that are partially populated at this temperature. The presence of
low-lying excited states close in energy to the ground state is
compatible with the weak magnetic exchange interactions
between Mn™ and Ln™ ions expected for these compounds. It
should be noted that the magnetization values at the highest
applied dc magnetic field of 5 T are, however, almost half of
those calculated for noninteracting Mn™ and Ln" ions (Table
2), which is, as usual, mainly attributed to crystal field effects
giving rise to significant magnetic anisotropy. M versus H/T
data (Figure 13 inset, the plot for compound 2 is given as an
example) are not superimposed on a master curve, thus
supporting the presence of a significant anisotropy and/or low-
lying excited states.

Dynamic ac magnetic susceptibility measurements as a
function of temperature at different frequencies and under
zero external field show that only complex 2 exhibits slight
frequency dependence in the out-of-phase (y”y;) signals below
~4.5 K, but without reaching a maximum, probably because
either the thermal energy barrier for the reorientation of the
magnetization is very low or there exists overlapping with a
faster quantum tunnelling relaxation process, even at
frequencies as high as 1400 Hz. However, the y”y; signal is
quite weak with a y"\/x'y ratio of ~0.01. When the ac
measurements were performed in the presence of a small
external dc field of 1000 G to suppress fully or partly the
quantum tunnelling relaxation of the magnetization (QTM),
the intensity of the signals from compounds 2 and 4 drastically
increases but again without showing a maximum above 2 K
(Figure S9). These results indicate that, despite the magnetic
anisotropy of both the Mn™ and Ln" ions, the thermal energy
barrier is too small to observe a maximum in the y”,; versus T
plot above 2 K, and thus, clear SMM behavior is not observed.
This is likely due the nonfavorable orientation of the main local
anisotropies axes of Mn"" and Ln"™ ions leading to a relatively
weak anisotropy for the whole molecule and to the existence of
weak antiferromagnetically coupling between Mn™ and Ln™
ions, which allows mixing of the low-lying excited states in the
ground state, thus favoring fast QTM and quenching the slow
relaxation of the magnetization. Moreover, the distribution of
oxygen atoms around the Ln" ions is not appropriate to afford
either a strong axial crystal field or an easy-plane crystal field,
which would favor SMM behavior in 2 and 4, respectively.

Theoretical Calculations on Complexes 2 and 3. To
understand the slow relaxation of magnetization in {Mn"'Dy""}
complex 2 and to probe the nature and magnitude of the
exchange interactions, we have performed CASSCF ab initio
calculations on the mononuclear fragments such as {Mn"'La""}
and {Co™Dy"™} models and utilized the computed data to fit
the susceptibility using the Lines approach employing the
POLY ANISO module.*”

The mechanism of magnetization relaxation developed for
the single-ion Dy is shown in Figure 15a. The energy span of
eight Kramers doublets (KDs) is found to lie within an energy
window of 374.2 cm™' with the ground state of the Dy is
being predominantly m; = £15/2. The g-tensors of the ground
state are estimated to be g, = 0.0222, g = 0.1163, and g, =
19.6983. Although the g-tensors are Ising, significant transverse
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Figure 1S. (a) Magnetization blocking barrier for the Dy site computed using ab initio calculations. The thick black line indicates the Kramers
doublets (KDs) as a function of computed magnetic moment. The green/sky blue arrows show the possible pathway through Orbach/Raman
relaxation. The red lines represent the presence of QTM/TA-QTM between the connecting pairs. The numbers provided at each arrow are the
mean absolute value for the corresponding matrix element of the transition magnetic moment. (b) Mechanism of magnetic relaxation computed
using POLY_ANISO for the coupled {Mn™Dy"} dinuclear system. (c) Temperature-dependent yyT plot for complexes 2 and 3. For complex 2,
the red line corresponds to ab initio simulations (]DYMn = —1.40 cm™") and constant intermolecular interaction (z]) of —0.004 cm™. For complex 3,

green lines correspond to ab initio simulations (Jomn = —0.50 cm™) and constant intermolecular interaction (z]) of 0.002 cm™.

1

anisotropy is detected at the ground state. The first excited state
found to lie at 53 cm™}, and the g-tensors of the first excited
states are found to be g, = 0.1412, g, = 0.2008, g, = 18.7750,
revealing again significant transverse anisotropy. The mecha-
nism of magnetization relaxation that developed reveals
significant QTM at the ground state and even higher
probability at the exited state, rationalizing the absence of
out-of-phase signals in the zero-field conditions. However, the
computed tunnelling coefficients are relatively small and could
be partially quenched in applied field conditions, and this may
be attributed to the weak signals witnessed in the 1000 Oe data.
In addition, the magnetic coupling between the {Mn"'Dy"'}
could also help to quench the QTM to a certain extent. The
Lines model fit to the susceptibility yield ] value of —1.4 cm™
(see Figure 15c), and this matches with the estimate obtained
for the {MnGd} pair. The computed ground state orientations
of the Dy g-tensors are shown in Figure 6 along with the D-
tensors computed for the Mn™ ion. Clearly, the g,, and D,, are
axes that are perpendicular to each other (title angle is 89.3°),
and this noncoincidence of the anisotropic axes led to a
reduction in the overall anisotropy and hence the absence of
out-of-phase signals in the ac susceptibility data. The
mechanism of magnetic relaxation developed for the dinuclear
system is shown in Figure 15b. Although the magnetic
exchange reduces the tunnelling at the ground state, the
QTM is still high at the ground state level. Furthermore, the
first excited state is found to lie at 3.6 cm™" with a large QTM
probability, and the likely route for the relaxation under an
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applied field condition revealing why strong out-of-phase
signals are absent for complex 2.

In addition, we have also performed calculations on complex
3 for both single-ion Ho™ and the {Mn™Ho™} dinuclear
system. The single-ion calculations reveal the ground state g
as 15.838, and this corresponds to m; = +7 as revealed by the
wave function analysis but mixed strongly with other lower m;
levels. In addition, the ground state was found to have an
exceedingly large tunnel splitting of 10.3 cm™, revealing a
strong tunnelling between the ground m; levels. With
POLY_ANISO and the Lines model yield, a J value of —0.5
cm™! was extracted. The coupling is weak compared to the
value obtained for the {Mn"'Dy"} pair, revealing why this
compound does not exhibit strong out-of-phase signals even in
the presence of an applied field (see Figure 15c). The
computed g,, orientations of the Ho™ ion and the Mn™ ion
are also found to antagonize each other, leading to a reduction
in the anisotropy and hence the absence of any SMM
characteristics for this molecule (see Figure 6b). Although
calculations are not performed for complex 4, we believe that
the magnetic characteristics are similar to those of 2 and 3.

B CONCLUSIONS

We have first prepared strictly dinuclear Mn™/Ln™ complexes
with an aminobis(phenol) ligand and thoroughly studied their
structure and magnetic behavior by both experimental and
computational methods. In these complexes, the Mn' ion
exhibits a MnN,O, distorted elongated octahedral coordination
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sphere, whereas the Ln"™ ions displays a distorted LnO,

coordination environment. The metal ions are connected by
double phenoxide/methoxide bridging groups. The Mn"'Gd™
derivative was shown to exhibit weak antiferromagnetic
interaction between the metal ions, with a negative axial zero-
field splitting D parameter. The sign and magnitude of D were
supported by ab initio calculations. DFT calculations show that
the antiferromagnetic contribution to the exchange coupling
between the Mn™ and Gd™ ions arises from the overlap
between the single occupied magnetic orbitals (SOMO) of the
Mn'™ ions with the 4f orbitals of the Gd™ ion. In this case the
overlap is particularly large because the o-antibonding orbital of
the OMe group is strongly overlapping with some of the 4f
orbitals, and this in turn overlaps with Mn™ d_,/ d,, orbitals.
The ferromagnetic contribution to the exchange arises from
orbital orthogonality between the SOMOs of Mn™(3d) and
Gd"'(4f) ions, as well as from a charge-transfer process from
the 3d orbital to the formally empty 5d orbitals of Gd™. The
strong antiferromagnetic contribution overcomes the ferro-
magnetic one so that a net antiferromagnetic exchange is
observed. Extensive magneto-structural correlations have been
developed by varying the Mn—O—Gd angle and the Mn—O—
Gd—O dihedral to understand the behavior of the Mn''—Gd™
interaction. The correlations indicate that Mn—O—Gd angles
play a prominent role to govern the nature and magnitude of
the magnetic exchange interaction. In this regard, J values
increase almost linearly with the Mn—O—Gd bond angle and
become ferromagnetic for angle values higher than ~107°. At
lower Mn—O—Gd angles, Mn™ and Gd™ ions are closer to
each other, and the overlap between the magnetic orbital
augments, leading to an antiferromagnetic coupling. In contrast,
at higher angles, the overlap between the SOMOs of Mn™ and
Gd" diminishes, leading to ferromagnetic coupling. Moreover,
at large Mn—O—Gd angles, the charge-transfer contribution
also enhances the ferromagnetic coupling. The spin densities
on the metal ions suggest that Mn™ provokes stronger
delocalization (polarization) at higher angles, and this is
correlated to the magnitude of the calculated exchange coupling
constant and QTAIM results. The Mn—O—Gd—O dihedral
angle has a lesser influence on J compared to that of the Mn—
O—Gd angle. When the Mn—O—Gd—O dihedral increases, the
ferromagnetic contribution to the net exchange decreases until
the dihedral angle reaches ~11.15°; afterward, the contribution
increases, leading to net ferromagnetic coupling. Therefore, a
ferromagnetic {MnGd} interaction is predicted at both lower
and higher dihedral angles. All these findings are well-supported
by the QTAIM analysis.

Finally, ac measurements indicate field-induced slow
relaxation of the magnetization in the Mn""—Dy" and Mn"'—
Er'" complexes but without reaching a maximum, probably
because either the thermal energy barrier for the reorientation
of the magnetization is very low and/or there exists a faster
QTM relaxation process. These complexes represent another
example of how the combination of two anisotropic metal ions
does not guarantee SMM behavior. The small effective energy
barrier (U,g) in these complexes can be due to the nonfavorable
orientation of the main local anisotropies axes of Mn'" and Ln™
ions leading to a relatively low anisotropy for the whole
molecule and to the existence of weak antiferromagnetic
coupling between Mn™ and Ln™ ions favoring fast QTM and
quenching slow relaxation of magnetization.

Ab initio calculations performed on the {Mn""Dy""} complex
support the experimental observations and clearly reveal
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significant QTM effects in the ground state, and the
{Mn"Dy"} exchange is found to be antiferromagnetic but
not strong enough to quench the tunnelling. In addition, both
the g, axis of the Dy and the D,, axis of the Mn"" ions are
perpendicular to each other, leading to weaker anisotropy and
faster relaxation. For the {Mn""Ho"} complex, a large tunnel
splitting and much weaker exchange are the origin of the
absence of SMM characteristics.

B EXPERIMENTAL SECTION

Materials and Instrumentation. All starting materials were
reagent grade, purchased from Sigma-Aldrich and used as received.
Solvents were of HPLC grade and used without any additional drying.
All syntheses were performed under ambient laboratory atmosphere.
All Ln(NO;);:6H,0 was synthesized by dissolving a slight excess of
Ln, 05 in hot 50% (v/v) nitric acid. Undissolved oxide was removed by
decantation, and the solution was concentrated by heating. The
Ln(NO;);-6H,0 was precipitated from the solution during the
cooling, in the refrigerator. Ligand H,L was synthesized according to
the literature.'* Elemental analysis was performed by using a Vario El
III elemental analyzer. Single-crystal X-ray measurements were
performed by using an Enraf Nonius Kappa CCD area detector
diffractometer with the use of graphite monochromated Mo Ka
radiation. Variable-temperature (2—300 K) magnetic susceptibility
measurements on polycrystalline samples were carried out with a
Quantum Design Squid MPMSXL-S device operating at 0.1 T from
room temperature to 2 K. The experimental susceptibilities were
corrected for the diamagnetism of the constituent atoms by using
Pascal’s tables. Alternating current experiments were performed using
an oscillating ac field of 3.5 Oe and frequencies ranging from 1 to 1500
Hz.

General Procedure for Synthesis of 1—-4. A 0.2 mmol (51 mg)
portion of Mn(NO;),-4H,0 and 0.2 mmol (97 mg) of ligand H,L
were dissolved in 18 mL of methanol. To the intense brown/green
solution was added 0.4 mmol (56 uL) of triethylamine and 0.2 mmol
of Ln(NO,;);«H,0. The crystallization had already started within
about 30 min, but the solutions were left to crystallize overnight. The
dark green crystals were separated by filtration and washed with
diethyl ether. For 1, yield was 130 mg (66% based on Mn). Anal.
Calcd for CyH,;sGdMnNO,, (974.16): C 38.23, H 4.86, N 7.19.
Found: C 38.39, H 491, N 7.16. For 2, the yield was 100 mg (51%
based on Mn). Anal. Calcd. for for C;;H,,DyMnN;O;, (979.17): C
38.03, H 4.84, N 7.15. Found: C 38.11, H 4.89, N 6.94. For 3, the yield
was 120 mg (61% based on Mn). Anal. Calcd for C5;H,;HoMnN;O,,
(981.60): C 37.93, H 4.83, N 7.13. Found: C 37.92, H 4.86, N 6.87.
For 4, the yield was 110 mg (58% based on Mn). Anal. Calcd for
CyH,EtMnNO,, (983.93): C 37.84, H 4.81, N 7.12. Found: C
37.89, H 4.78, N 6.98.

Details of the Crystallographic Structure Determination.
Additional information from the data collection and refinement of
compounds 1—4 is summarized in Table S8. The crystallographic data
for 1, 3, and 4 were collected at 123 K with an Enraf Nonius Kappa
CCD area-detector diffractometer with the use of graphite-
monochromated Mo Ka radiation (4 = 0.71073 A). Data collection
was performed by using ¢ and @ scans, and the data were processed
by using DENZO-SMN v0.93.0.> SADABS™* absorption correction
was applied for compounds. The structures were solved by direct
methods by using the SHELXS-97° or SIR-97%° program, and the full-
matrix least-squares refinements on F* were performed using the
SHELXL-97%° program. Figures were drawn with Diamond 3.*” For all
compounds the heavy atoms were refined anisotropically. The CH
hydrogen atoms were included at the calculated distances with fixed
displacement parameters from their host atoms (1.2 or 1.5 times of the
host atom). The OH hydrogens were located from the electron
density map and refined isotropically.

Computational Details. All calculations were carried out with the
Gaussian09 program package®® using the UB3LYP functional® with
the double-{ quality basis set employing CRENBL ECP relativistic
effective core potential on Gd atom and Ahlrichs TZV basis set for the
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rest of the atoms. The DFT calculations combined with the Broken
Symmetry (BS) approach have been employed to estimate the
exchange constant between the Mn™—Gd™ ions. The simulation of
magnetic susceptibility data is obtained using PHI software."> A
quadratic convergence method was employed to determine the more
stable wave functions in the SCF process. We have previously
established a computational approach for reliably computing exchange
coupling constants in 3d/4f complexes using broken-symmetry DFT,
and this methodology has been employed here.**~**The all-electron
calculations have been performed using the Douglas—Kroll-Hess
(DKH) method to include the relativistic effect. The (S} and (S?)gg
values for different functional and basis sets are given in Tables 2 and
3. The wave functions for quantum theory of atoms in molecules
(QTAIM) analysis were generated from single point calculations using
the hybrid B3LYP functional”’~* with a combination of CRENBL
ECP on Gd and TZV Ahlrichs triple-{ basis set on other atoms as
implemented in the Gaussian 09 suite’® of programs. In this study,
QTAIM calculations are performed using AIM2000 package.”
Computations of magnetic anisotropy of complexes 1 and 2 were
carried out using post-Hartree—Fock ab initio calculations with the
MOLCAS8.0 package.'”*® We have followed the diamagnetic
substitution method to calculate the anisotropy and magnetic
relaxation. Gd(III), Dy(III), and Ho(III) were replaced by Lu(III)
to estimate the zero-field parameter of Mn(III). Similarly, Mn(III) was
replaced by Co(III) to calculate magnetic anisotropy of Gd(III) and
Dy(Ill) in complexes 1 and 2, respectively. Wave functions for
complexes 1 and 2 were generated by CASSCF and RASSCEF level of
theory implemented in MOLCASS8.0 code. The Douglas—Kroll—Hess
Hamiltonian was used to take into account the scalar relativistic effects
in two steps. The Cholesky decomposition technique was used, and
this reduces the computational cost of two electron integrals.®" Since a
relativistic Hamiltonian is used with relativistic basis sets to avoid the
convergence problem, we have used basis sets of atomic natural type
with relativistic core corrections. The basis set with triple-{ plus
polarization quality (VTZP) for Mn™, Gd"™, and Dy™ and double-{
plus polarization (VDZP) atoms of the ligand (O, N) that resides in
the first coordination sphere around metal ions was employed
throughout our study. A basis set with double-{ (VDZ) quality was
used for the rest of the atoms. All the basis sets were taken from the
ANO-RCC library implemented in the MOLCAS8.0 package.'™"" At
first, the CASSCF calculation was performed for all the complexes with
4 electrons in § active d orbitals CAS(4, 5) for Mn(III), 7 electrons in
7 f orbitals CAS(7,7) for GA(IIT), and 9 electrons in 7 f orbitals
CAS(9,7) for Dy(III). There were S quintets and 4S5 triplet states for
Mn(III), 1 octet for Gd(III), and 21 sextet states for Dy(III)
considered in the active space of our study. In the case of Ho, 35
quintets and 210 triplet states were considered. Then spin—orbit-free
states were generated by the RASSCF method that include only a few
CSFs and are defined in such way that avoids the inclusion of the
higher-energy states. Spin—orbit interaction between spin-free states
has been taken into account by RASSI-SO methodology. The
magnetic susceptibility, g-tensors, barrier height, and quantum
tunnelling were computed by SINGLE-ANISO code,”” that uses the
energies and magnetic moment of all spin—orbit states calculated from
the RASSI step. The Lines model implemented within the
POLY_ANISO program® has been used to calculate and obtain
magnetic exchange between Mn™ and Dy™ ions. Detailed method-
ology for obtaining these parameters is described elsewhere.'*
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