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ABSTRACT: The chelating ligand 1,3-bis(tris-
(hydroxymethyl)methylamino)propane (HgL) has been used
to synthesize a family of octanuclear heterometallic complexes
with the formula (NMe,);[Mn,Ln,(H,L);(H;L)(NO;),,]
(Ln = La (1), Ce (2), Pr (3), Nd (4)). Encapsulation by
the ligand causes the Mn(III) centers to lie in an unusually
distorted (~C,,) environment, which is shown by density
functional theory and complete active space self-consistent
field calculations to impact on the magnetic anisotropy of the
Mn(III) ion. The theoretical study also supports the
experimental observation of a ferromagnetic superexchange
interaction between the Mn(III) ions in 1, despite the ions
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being separated by the diamagnetic La(III) ion. The optical properties of the compounds show that the distortion of the
Mn(III) ions leads to three broad absorption bands originating from the transition metal ion, while the Nd(III) containing
complex also displays some weak sharp features arising from the lanthanide f—f transitions.

B INTRODUCTION

The molecular approach to the synthesis of nanomagnets ofters
a wide range of possibilities to tailor the functionality of the
final compound, from the design of single-ion magnets,l_3 to
the building-block construction of single chain magnets,“_6
and the directed assembly of molecular qubits.” ' Although
the majority of initial research in the field of molecular
nanomagnets studied compounds that contained only 3d
transition metal (TM) ions, ' the past decade has seen a lot of
effort invested in trying to incorporate TM ions and lanthanide
ions into metal complexes.'”"” Lanthanide ions are attractive
for this purpose because their spin—orbit coupling is a first
order effect, which can lead to high magnetic anisotropy.'*"

3d-4f compounds have also been used as magnetic
coolers,'"*™"® and techniques such as inelastic neutron
scattering (INS) and high field electron paramagnetic
resonance (HF-EPR) spectroscopy have helped to elucidate
the nature of magnetic exchange interactions between the 3d
and 4f centers.'”~*" Advantageously for systematic studies, the
well-known lanthanide contraction often allows a particular
lanthanide site to be occupied by several other members of the
rare earth series, such that it is possible to synthesize families of
isostructural complexes.””>® The decrease in the ionic radii of
the Ln(III) ion as the series is crossed has also allowed the
targeted substitution of TM ions for Ln(III) ions of higher
magnetic amisotropy.zg’30
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The use of amino-polyalcohol ligands is a particularly
successful approach to synthesize such 3d-4f complexes, thanks
to the flexibility of the ligand backbone.”" In previous work, we
have shown how the ligand 1,3-bis(tris(hydroxymethyl)-
methylamino)propane (HgL, Scheme 1) can be used to build

Scheme 1. Ligand 1,3-
Bis(tris(hydroxymethyl)methylamino)propane (HL)

HO OH
H
O?\”/\/\H%OH
H H

up polynuclear assemblies of 3d TM ions.”>*° Using HeL,
both serendipitous assembly and directed synthesis were
employed to synthesize novel compounds, with the most
spectacular example being a [Mn;3Cus] complex built in a
stepwise fashion, starting from a monomeric precursor
complex of Cu(II) with H¢L.>* Regardless of the approach,
HeL has a tendency to encapsulate one 3d TM ion in the
coordination pocket defined by the propane-1,3-diyldiimino
backbone, leaving the flexible hydroxymethyl arms to link to
other metal ions and increase the nuclearity of the final
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Table 1. Selected Crystallographic Data for Compounds 1—4

1 2 3 4
formula CeoH143MnyN;3La,O6s CeoH143MnyN,3Ce,4Ogs CooH143MnyN,3PryOgs CooH143MnN,3Nd O
crystal system tetragonal tetragonal tetragonal tetragonal
space group P-42,/c P-42,/c P-42,/c P-42,/c
a/A 18.834(1) 18.812(1) 18.767(2) 18.761(1)
b/A 18.834(1) 18.812(1) 18.767(2) 18.761(1)
/A 15.522(1) 15.508(1) 15.461(2) 15.469(1)
V/A3 5506.2(2) 5488.1(7) 5445.4(11) 5444.5(6)
V4 2 2 2 2
D(calc)/g cm™ 1.81 1.82 1.84 1.84
u/mm™ 2.07 2.18 2.32 243
F(000) 3024 3032 3040 3048

crystal size/mm

0.18 X 0.04 x 0.04

0.02 X 0.03 x 0.09

0.30 X 0.40 X 0.40

0.04 X 0.08 x 0.09

temperature/K 100 100 100 100
radiation/A 0.71073 0.71073 0.71073 0.71073
total reflections 22009 43855 70 695 75906
unique data 6305 6314 6259 6247
R(int) 0.019 0.095 0.074 0.032
Nref, Npar 6284, 438 5635, 381 5893, 377 6163, 391
R, 0.019 0.035 0.026 0.013
wR, 0.016 0.066 0.064 0.034

S 0.98 1.08 1.10 1.07
Flack parameter —0.033(4) —0.003(10) —0.003(6) 0.001(2)

complex.”® A recent example showed how this ligand can be
used to synthesize [Ln,Cu,] complexes (Ln = Gd, Tb, Dy, Ho,
or Er) displaying slow relaxation of the magnetization, which
could be tuned by varying the auxiliary anionic ligands
present.”” In this Article, we report the synthesis and
characterization of a family of octanuclear, wheel-shaped 3d-
4f complexes (NMe,);[Mn,Ln,(H,L);(H;L)(NO;),,], for the
early members of the lanthanide series [Ln = La (1), Ce (2),
Pr (3), Nd (4)]. A superexchange interaction is found between
the Mn(III) ions in compound 1, despite taking place through
a diamagnetic La(IIl) ion. A mechanism for this interaction is
proposed on the basis of density functional theory (DFT) and
complete active space self-consistent field (CASSCF) calcu-
lations.

B EXPERIMENTAL SECTION

Synthesis. Reagents were used as purchased from Sigma-Aldrich,
with no further purification. All manipulations were performed under
aerobic conditions.

General Procedure To Synthesize Compounds 1-4. 1,3-
Bis(tris(hydroxymethyl)methylamino)propane (0.300 g, 1.06 mmol)
and tetramethylammonium hydroxide pentahydrate (0.193 g, 1.06
mmol) were mixed and stirred in MeOH (30 mL) at ~60 °C. After
20 min, Mn(NO;),-4H,0 (0.522 g, 2.07 mmol) was added, and the
resulting burgundy solution left to stir. After 1 h, Ln(NO;);-6H,0
(1.06 mmol) was added, giving a dark purple solution. After 4 h the
solution was cooled to room temperature, before being filtered and
left to slowly evaporate. Purple crystals suitable for X-ray diffraction
formed after 4 days and were filtered and dried in air.

(NMe)s[MnyLa,(H,L)3(HsL)(NOs),,]-(H,0)-4(MeOH) (1-(H,0)-4-
(MeOH)). Yield (based on La(III) salt): 0.195 g, 24.5%. IR (neat, v
=cm™) = 1479 (m), 1435 (s), 1316 (s), 1282 (m), 1092 (s), 1024
(s), 1001 (s), 677 (m). Elemental analysis caled (%) for
CeH,yLaMnN,;O0g (1-8H,0): C 2242, H 474, N 10.74;
found: C 22.10, H 4.46, N 10.53. Mn:La ratio from SEM-EDX:
50.6(14):49.4(14). The presence of the water molecules is accounted
for by TGA (see SI Figure S1).

(NMe,)3[Mn,Ce,(H,L)3(H;5L)(NO3),,]-(H,0)-4(MeOH) (2-(H,0)-4-
(MeOH)). Yield (based on Ce(III) salt): 0.232 g, 28.9%. IR (neat, v
=cm™!) = 1488 (m), 1480 (m), 1437 (s), 1303 (s), 1284 (m), 1024

13816

(s), 1001 (s), 678 (s). Elemental analysis caled (%) for
CoH,43Ce,Mn,N,,04 (2:9H,0): C 2225, H 477, N 10.66;
found: C 22.10, H 4.52, N 10.33. Mn:Ce ratio from SEM-EDX:
49.8(5):50.2(5). The presence of the water molecules is accounted
for by TGA (see SI Figure S2).
(NMe,)3[Mn,Pr,(H,L)3(HsL)(NOs);,]-(H,0)-4(MeOH) (3-(H,0)-4-
(MeOH)). Yield (based on Pr(IIl) salt): 0.219 g, 27.6%. IR (neat, v
=cm™!) = 1479 (m), 1425 (m), 1302 (s), 1091 (w), 1016 (s), 1002
(s), 677 (s). Elemental analysis calcd (%) for CsgH;4;Mn,N,3O¢sPr,
(3-8H,0): C 22.38, H 4.73, N 10.72; found: C 22.95, H 4.66, N
10.31. Mn:Pr ratio from SEM-EDX: 48.4(10):51.6(10). The presence
of the H,0 molecules is accounted for by TGA (see SI Figure S3).
(NMe,)3[MnNd,(H,L)3(H;L)(NOs),,]-(H,0)-4(MeOH) (4-(H,0)-4-
(MeOH)). Yield (based on Nd(III) salt): 0.200 g, 24.8%. IR (neat, v
=cm™!) = 1435 (m), 1430 (m), 1302 (s), 1091 (w), 1017 (s), 1001
(s), 677 (s). Elemental analysis calcd (%) for CssH 43Mn,N,3Nd,Ogy
(49H,0): C 22.13, H 4.74, N 10.60; found: C 22.27, H 4.57, N
10.42. Mn:Nd ratio from SEM-EDX: 49.7(5):50.3(S). The presence
of the H,0O molecules is accounted for by TGA (see SI Figure S4).
Physical Measurements. Thermogravimetric Analysis (TGA).
Measurements for 1—4 were carried out using a TA Instruments
Q600 thermogravimetric analyzer over the temperature range of 20—
400 °C with a heating rate of 5 °C min™" under an Ar atmosphere.
Single Crystal X-ray Diffraction. Crystallographic data were
collected for compounds 1—4 at 100 K using Mo Ka radiation (4 =
0.71073 A) on a Rigaku AFC12 goniometer equipped with a (HG)
Saturn724+ detector mounted on an FR-E+ SuperBright rotating
anode generator with HF Varimax optics (100 pm focus).>® The
structure of 1 was solved using SUPERFLIP* and refined against F*
using CRYSTALS.*® The structures of 2—4 were solved within
Olex2*" using the SHELXT structure solution program and refined
with ShelXL using least-squares minimization (Table 1).** In all
cases, the hydrogen atoms of the disordered MeOH molecule, the
H,O molecule at the center of the wheel, and a disordered charge-
balancing proton that is most likely to be on an O-atom of the ligand
(see discussion below) were not included in the model. All non-
hydrogen atoms were refined anisotropically. The cif files for these
structures have been submitted to the Cambridge Structural
Database: CCDC 1874195—1874198. These data can be obtained
free of charge from the Cambridge Crystallographic Data Centre via
www.ccde.cam.ac.uk/data_request/cif.
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Figure 1. (left) View of the [Mn,Pr,]*” ring in compound 3, with the water molecule at the center of the ring shown. (right) View of the ring
showing atoms bound to metal ions only and the water molecule, with crystallographically independent atoms labeled. Hydrogen atoms are omitted

for clarity.

Scanning Electron Microscopy with Energy Dispersive X-ray
Spectroscopy (SEM-EDX). Crystals of compounds 1—4 were
deposited on conductive carbon tabs mounted on an aluminum
stub. The samples were coated with Pd using a Polaron SC7640
sputter coater. The SEM-EDX experiments were then performed with
a Philips XL30 ESEM tungsten filament electron microscope.
Representative images are given in SI Figures S5—S8.

Powder X-ray Diffraction. The powder X-ray patterns for
compounds 1—4 (see SI Figures S9—S12) were collected on a
PANalytical XPert MPD, with CuKal radiation at ambient
temperature over a range of 5° < 26 < 50° using a step size of
0.0167°. Calculated patterns for 1—4 were generated from Mercury™**
using the cif of the corresponding crystal structure at 100 K.

Magnetic Studies. Direct current (dc) magnetic measurements
were performed on polycrystalline samples of 1—3 constrained in
eicosane on an MPMS-XL SQUID. The direct current (dc)
measurements were carried out in the temperature range 290—1.8
K under an applied field of 1000 Oe. Data were corrected for the
diamagnetism of the compound and for the diamagnetic contributions
of the sample holder and eicosane through measurements. Alternating
current (ac) measurements were performed on the same samples,
with a drive field of 3 Oe at 1.8 K, over the frequency range 1-1267
Hz, under various applied dc fields as given in the text. The dc
measurements performed on 4 were carried out on an MPMS-XL
SQUID at the Servicio General de Apoyo a la Investigacion-SAl,
Universidad de Zaragoza, under a field of 1000 Oe in the temperature
range 300 to 1.9 K. The field dependence of y” was measured at 2 K
over the range Hy. = 0—5000 Oe at a frequency of 125 Hz.

Computational Details. All calculations were carried out with
the Gaussian09 program package® using the UB3LYP functional*
with the TZV basis set.””** Here we have used Noodleman’s broken
symmetry (BS) approach, derived from a spin-unrestricted reference
wave function to estimate the energy of all spin-states, except that of
the high-spin state.*” This approach, along with the widely used
exchange-correlation functional, B3LYP, provides a good numerical
estimate of exchange coupling constants compared to experi-
ment.*°">” There are many approaches to compute exchange
interactions from the broken symmetry energies, and here we
adopted the pairwise interaction model to compute the exchange
coupling. The chosen computational setup, together with this model,
yields a good estimate of the coupling constants in many dinuclear
and polynuclear complexes. For the calculation of 1,3-exchange
mediated via Ln(III) ions, earlier studies show that this method yields
a good numerical estimate of | values.** "% Both the functional and
the basis sets are chosen based on our earlier method of assessment
for [3d-Gd-3d] and [Gd-radical] pairs.*>®" The following Hamil-
tonian is used to estimate the exchange interaction (J).

J= (Eps — Eys)
28, + S,

All the first principle calculations have been performed in the ORCA
3.0.3 program package.”> We employed the def2-TZVP basis set for
Mn, N, O, and def2-SVP for the rest of the atoms. In order to speed
up the integral calculations, we have used the RI (resolution of
identity) approximation along with the given auxiliary basis sets. We
employed these orbitals to start the state averaged ;om(})lete active
space self-consistent field (SA-CASSCF) calculations.**~° The active
space in this calculation is composed of four d-electrons of Mn in five
d-orbitals, i.e., CAS(4,5). Using this active space, we have computed §
quintet and 3$ triplet roots in the CI (configuration interaction)
procedure. To incorporate the dynamic correlation, we employed N-
electron valence perturbation theory (NEVPT2)* % on top of the
CASSCF wave function. The def2-TZVP/C for Mn, N, O and def2-
SVP/C auxiliary basis set for the other atoms have been used with the
Trafostep RIMO approximation. Here, the Trafostep RIMO
approximation was used for integral transformation in the CASSCF
calculations while the Fock operators are still calculated in the
standard way using four index integrals. To account for the scalar
relativistic effects, the zeroth-order regular approximation (ZORA)
method was used both in the Hamiltonian as well as in the basis
functions during all calculations. The zero-field splitting parameters
(D and E) were calculated both from second-order })erturbation
theory and an effective Hamiltonian approach (EHA).®® The spin—
orbit coupling effects were incorporated b7y using the quasi-degenerate
perturbation theory (QDPT) approach.®” As our systems and model
size are very large, we have restricted our calculations to a CAS (4,5)
reference space and have not included the double-shell effect, the
effects of which are known to be particularly minimal if NEVPT2 is
employed.*®®’

Optical Properties. Room temperature electronic absorption
spectra for 1—4 were collected using a Varian Cary 6000i UV—vis-
NIR double-beam spectrophotometer equipped with an integrating
sphere (DRA 1800).

B RESULTS AND DISCUSSION

Synthesis. Compounds 1—4 were synthesized with the
same general procedure, and their identity established through
single crystal X-ray crystallography, IR spectroscopy, powder
X-ray diffraction, thermogravimetric analysis, and elemental
analysis. The compounds described here contain the four
earliest members of the lanthanide series, spanning La(III) to
Nd(III). We were not able to isolate analogous wheels
containing later, more magnetically anisotropic lanthanide ions
such as Tb(III) or Dy(II). X-ray structure analyses of 1—4
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(vide infra) show that the Ln(III) ions are ten-coordinate. It is
possible that the lanthanide contraction prevents the formation
of the wheels for the smaller Ln(III) ions in this coordination
environment. A similar phenomenon was observed in a family
of bell-shaped Mn;,Ln, complexes that could only be
synthesized with the early members of the lanthanide series.”’

Description of the Crystal Structures. The complexes
reported here are isostructural, and crystallize in the tetragonal
space group P—42,/c (Table 1). The asymmetric unit consists
of one-quarter of the [Mn,Ln,(H,L);(H,L)(NO,),]>~ wheel,
one-quarter of a disordered water molecule lying on a —4 site
around which the wheel is assembled, one MeOH molecule
disordered over two sites, and part of two crystallographically
independent NMe," cations which lie on a —4 and a 2-fold axis
of which 1/4 and 1/2 are unique, respectively. For the sake of
brevity, hereafter only the structure of 3 (Ln = Pr) will be
described in detail.

The [Mn4Pr4]3_ ring contains an arrangement of alternating
Mn(I1I) and Pr(III) ions (Figure 1). The oxidation state of the
transition metal was determined by bond valence sum
calculations in PLATON’' and consideration of charge
balance. The Mn(III) ions are hexacoordinate and are
encapsulated by the partially deprotonated bis-tris propane
ligand (Figure 2). The coordination sphere of the Mn(III) ion

C12

033 022

Figure 2. View of the encapsulation of the Mn(III) ion by the bis-tris
propane ligand. Hydrogen atoms are omitted for clarity.

is heavily distorted away from ideal octahedral symmetry and
far from the usual uniaxial Jahn—Teller distortion of this ion.
There are two very long Mn—N bonds (Mn1—N11 and Mnl—
N12 are 2.319(4) and 2.242(4) A, respectively), and the angle
between them deviates from the ideal 90° (83.2(1)°). The
Mn—O bond lengths range from 1.892(3) to 2.076(3) and
average 1.950(3) A. The largest deviation for the cis-angles is
found for the 022—Mnl1—033 angle, which measures
131.64(12)°. This distortion around the Mn(IIl) ion is
important for the magnetic and optical properties observed
for these compounds (vide infra).

The Mn(III) ions are linked on either side to the adjacent
Pr(III) ions through the #7%:7%u arms of the ligand. There are
two different Mn(I1I)---Pr(III) distances alternating around the
ring, of 3.523(1) and 3.565(1) A. The Pr(IIl) ions are deca-
coordinate, with a coordination sphere consisting only of
oxygen atoms, and are best described as displaying C,,
symmetry (see the SI, Table S1). The bridging arms of the
chelating ligands provide four of the oxygen atoms, and the
remaining six sites are occupied by two oxygen donors each
from three NO;~ ligands. The average Ln—O bond length
decreases with increasing number of 4f electrons, consistent
with the lanthanide contraction (SI Table S3).”” There is a
significant curvature of the ring (Figure 3), such that it
resembles a [Fe,Dy,] ring assembled with triethanolamine,”'
which also formed around a central H,0O molecule, and a

Figure 3. Side view of the [Mn,Pr,] ring in 3, showing only atoms
bound to metal ions. Color scheme as in Figure 1.

family of [Mn,Ln,] wheels that contained heavier lanthanide
ions linked with N-n-butyl-diethanolamine.”®”* There is a
hydrogen bonding interaction between O33 and the H,O
molecule around which the wheel is assembled, measuring
2.812(3) A (033--01).

For charge balance, three of the four HyL proligands must be
quadruply deprotonated (H,L*"), while the other ligand is
triply deprotonated (H,L’7), hence leading to the the
formulation of the anionic wheel as [Mn,Ln,(H,L);(H;L)-
(NO3);,)*". In all four ligands, both N atoms remain
protonated, as are the O atoms 024 and O34, which belong
to terminal alcohol arms found at the edge of the ring. In three
of the ligands, all four of the bridging alkoxo- arms must be
deprotonated, to give the H,L*" form of the ligand. In the
fourth ligand, a proton must be shared over these alkoxo- arms
to give the Hy;L*~ form. Considering the geometries around the
remaining alkoxo- O atoms, it is likely that O23 and O32 are
both deprotonated, as the 023 and 032 atoms lie in the planes
defined by Mn1—C23—Prl and Mn1—C32—Prl, respectively
(see the SI). In contrast, 022 and 033 are both found out of
the planes defined by Mn1—C22—Prl and Mn1-C33—Prl, at
distances of 0.396 and 0.488 A, respectively (see SI Figures
$13—S16). The charge balancing proton is most likely to be
found disordered over these two atoms and their four
symmetry equivalent counterparts in the ring.

Magnetic Properties. The magnetic properties of
compounds 1—4 were measured on polycrystalline samples,
with their phase purity demonstrated by powder X-ray
diffraction (see SI Figures S9—S12). Figure 4 shows the
temperature dependence of yT for 1—4. The values of yT at
280 K are 11.8, 15.1, 18.6, and 18.3 cm® mol™ K (for 1—4,
respectively), consistent with four uncoupled Mn(I1I) ions (S
=2, ¢=2, ymTaic = 12.0 em® mol™" K) and four uncoupled
Ln(III) ions. On lowering the temperature to SO K, 2—4
predominantly show a decrease in y\T, which is most likely
caused by the depopulation of the m; states. This depopulation
can effectively mask any coupling between the Mn(III) ions
and the Ln(III) ions. The decrease in y,,T for 3 is continual,
reaching a minimum of 10.3 c¢m’ mol™' K at 1.8 K.
Compounds 2 and 4 enter a plateau below 30 K, before
increasing to reach respective maxima at 8 and 6 K of 14.1 and
17.0 cm® mol™" K. Beyond this point, y T decreases for both
compounds, reaching 9.3 cm® mol™ K at 1.8 K (2) and 16.4
cm® mol™ K at 1.9 K (4). The observed small increases in T
at low temperature could be due to ferromagnetic interactions
between the spin centers in the ring, with the final decrease in
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Figure 4. Temperature dependence of T for compounds 1 (La) to
4 (Nd), measured under a dc field of 1000 Oe. The solid red line
corresponds to a simulation of the data (see the text for details), and
the other lines are guides for the eye.

xmT caused by antiferromagnetic intermolecular interactions
and/or zero-field splitting (ZFS) of the Mn(IIl) ion.
Compound 1 contains the diamagnetic La(IIl) ion, and so
the yy T curve reveals the magnetic properties that arise from
the presence of the Mn(IIl) ions only. On lowering the
temperature, yyT for 1 remains constant until 50 K, where it
begins to increase, reaching a maximum at 14 K of 12.0 cm?®
mol™" K, before decreasing at lower temperatures to a
minimum of 9.5 cm® mol™ K at 1.8 K. The data for 1 were
modeled with the program PHI’* according to the
Hamiltonian:

_. 4

i=1

where the subscripts distinguish between the Mn(III) ions. In
order to obtain a good match to the data at low temperature,
an intermolecular interaction, zJ, was included using the mean
field approximation: there are eight strong intermolecular
hydrogen bonding interactions between the rings through

034—H15---024’ (four donor interactions and four acceptor
interactions for each ring; for compound 1, this O---O distance
is 2.787(2) A, see the SI). The simulation shown in Figure 4
has J = +0.22 cm™ and zJ = —0.045 cm™'. The exchange
between two transition metal ions as mediated by the closed-
shell Ln(III) ions [La(III) at one end of the series, or Lu(III)
at the other] has been found to be weak.””””” DFT
calculations were previously used to show the exchange
between Mn(III) ions across Y(III) in a MngY; disc to be J
+0.43 cm™',”® while antiferromagnetic coupling was
observed in a linear Ni—La—Ni compound (J = —0.978
em™),” and antiferromagnetic coupling of J = —0.45 cm™'
was determined between Fe(IIl) ions through Gd(III) ions in
a Fe,(Gd,, disc.®** An alternative to intermolecular anti-
ferromagnetic interactions as an explanation for the decrease in
T at low temperatures could be the ZFS associated with the
Mn(I1I) ions. However, any attempt to include a contribution
for the ZFS of the Mn(IIl) ion in the simulations was
unsuccessful, because it overcompensated the weak intra-

molecular coupling interaction and negated the increase in
uT that is observed on lowering the temperature. To confirm
the suitability of the simulated intra- and intermolecular
exchange interactions found for compound 1, and to
investigate the possible ZFS associated with the Mn(III)
ions, we used DFT and CASSCF calculations (vide infra).
The magnetization of compounds 1—4 was measured as a
function of an applied field over the range 0—5 T at 2 and 5 K
(Figures S19—S22). All of the compounds show an increase in
M/Np with the magnetic field, although none reaches
saturation, presumably due to the lack of a well-defined
ground state causing the population of low-lying excited states
(vide infra) and the presence of magnetic anisotropy. The
alternating current (ac) magnetic measurements performed on
1—4 for Hy = 0 Oe (Figures $23—526) showed no appreciable
out-of-phase component to the susceptibility (y”). The lack of
a signal in y” can be caused by efficient quantum tunneling of
the magnetization (QTM), which may be disrupted by the
application of an external dc field. Recent papers have reported

Figure S. Computed spin density of the high-spin (HS) (a) and broken symmetry (BS) (b) states for complex 1 (hydrogen atoms are omitted for

clarity).
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slow magnetic relaxation in mononuclear complexes containing
Ce(1II) and Nd(II1),*" and also in Mn(IIT)-Ln(IIT) complexes
containing La(IIT) and Eu(II), albeit under applied dc fields.*
However, for the compounds here, various applied fields in the
range 100—5000 Oe did not lead to anything above negligible
out-of-phase susceptibility; 1—4 therefore do not show any
appreciable field induced slow relaxation.

Theoretical Study. To evaluate the magnetic properties of
1, DFT and ab initio calculations were performed. To estimate
the Mn(III)—Mn(III) exchange interaction, we have calculated
the magnetic exchange for the full complex at the B3LYP/TZV
level. Here, the magnetic exchange interaction between the two
Mn(1II) ions is mediated by the diamagnetic La(III) ion. This
is the next-nearest neighbor interaction and is thus expected to
be weak, but not negligible. In several instances of [3d-Ln-3d]
compounds, relatively strong (1,3) 3d—3d interactions have
been found.*> Our DFT calculations yield a weak ferromag-
netic exchange between the two Mn(III)centers with a J value
estimated to be +0.15 cm™". This suggests that the Mn,La,
complex possesses an S = 8 ground state, arising from four
high-spin Mn(III) ions.”® To confirm the magnitude and sign
of the J value computed, we simulated the magnetic
susceptibility data and a very good fit to the experimental
data is obtained, however a small intermolecular interaction (z]
= —0.03 cm™") is needed to reproduce the decrease in yy T at
low temperature (see the SI, Figure S27) as we found when
modeling the experimental data.

To probe the mechanism of the magnetic coupling, the spin
density of both the high-spin (HS) and broken symmetry (BS)
states was analyzed (see Figure S). A qualitative mechanism of
magnetic coupling for CuGd pairs, based on ab initio
calculations, has been reported earlier.** All of the Mn(III)
ions were found to possess a spin density of ~3.8, suggesting
slight delocalization of spin densities onto other coordinated
atoms. This spin density pattern for Mn(III) promotes a
mixture of spin delocalization and spin polarization, with the
former prevailing on the longer Mn—O/N axes and the latter
in the other directions. A closer look at the spin density reveals
positive spin delocalization for the N1, N2, O1, and O2 atoms
and negative spin delocalization for the O3 and O4 atoms (see
Figure Sa for labels). The two oxygen atoms (O1 and O3) that
bridge to the La(III) ion have both positive and negative spin
densities, respectively. Overall, because spin delocalization is
dominant, the La(III) ion is found to possess a small but
positive residual spin density and this is due to the charge-
transfer pathway between the Mn(III) ions and the empty Sd/
6s/6p orbitals of the La(III) ion. This partial charge-transfer is
facilitated because these formally empty orbitals lie relatively
close in energy to the SOMOs of the Mn(III) ion, leading to
net ferromagnetic coupling between the two Mn(I1I) ions (see
Scheme 2 for an illustrative mechanism). This is due to the
orthogonality between 3d and 4f orbitals and also to the charge
transfer to empty Sd orbitals of the 4f ions.*”*® Two possible
mechanisms have been proposed in the literature where
Ln(III) 4f orbitals are contracted around the nucleus and are
efficiently shielded: (i) according to Kahn and co-workers,
electron density can be transferred from the 3d orbitals of the
M(III) ion to the empty 5d orbitals of the Ln(TII) ion;*”** (ii)
Gatteschi and co-workers suggested that a spin polarization
mechanism is possible between the 3d orbitals of M(III) and
the empty 6s orbital of the Ln(Ill) ion.*””° Both the
mechanisms suggest the participation of 3d orbitals of M(III)
and differ only with the involvement of empty Ln(III) orbitals

Scheme 2. Schematic Illustration of Magnetic Coupling
between Two Mn(III) Ions via Diamagnetic La(III) Ions
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(6s or 5d).**”'7* CASSCF calculations on a Gd(III)—Cu(II)
pair show that incorporation of the Sd orbital into the active
space was necessary to reproduce the experimental J value and
that the Sd orbitals of the Gd ion are responsible for the
intrinsic ferromagnetic coupling.95 Here one can expect a very
similar behavior where Sd orbitals are likely to play a role in
controlling the exchange interaction, perhaps more so than 6s/
6p orbitals. However, detailed CASSCF calculations are
needed to pinpoint the role of orbitals here as the structural
topology and ligand framework are different. A qualitative
mechanism is suggested based on earlier studies on various
[3d-Ln-3d] systems where extensive analysis indicates the
presence of a charge-transfer mechanism from 3d ions to the
Ln(III) ions.®*%° Additionally, the Mn(III)---Mn(III) distances
are also relatively short (5.539(1) A) suggesting an appreciable
exchange coupling, as estimated from the DFT calculations. To
further understand the mechanism of the exchange interaction,
the overlap integrals between the SOMOs of the Mn(III) ions
were computed (see SI Table SS). All the overlap integrals
were found to be very small, which suggests orthogonality
between the SOMOs, supporting the weak ferromagnetic
coupling proposed.”’

The nature of the magnetic anisotropy of the individual
Mn(III) ions was evaluated using CASSCF calculations. For a
single Mn(III) ion, the axial ZFS parameter D was found to be
—2.85 cm™! with E/D of 0.311 cm™" at the CASSCF level,
where E is the rhombic contribution to ZFS. Meanwhile,
incorporation of a dynamic correlation via NEVPT?2 yielded D
= 3.155 ecm™! and E/D of 0.331 cm™. Although the sign of D
is different for the two approaches, both yield E/D values that
are very close to the rhombic limit (0.33 cm™), such that the
sign of D cannot be unambiguously predicted from the
calculations. To understand the electronic structure of the
distorted Mn(III) ion, we analyzed the ground state wave
function at the CASSCF level. The composition of the ground
state was found to be 78% (dyz)l(dxz)l(dx )l(dxl_y2)l(dz2)0
(see Figure 6) and 15% (d)'(d,)'(d,)!(d)(dz>_ ),
reflecting a mixture of configurations. However, the dominant
configuration has the dxz_y2 orbital lower in energy than the d,”
orbital, and the d,, orbital is found to be the lowest lying. The
qualitative eigenvalue diagram derived from CASSCF orbitals/
energies is shown in Figure 6. The strong angular distortion in
the equatorial plane of the Mn(III) ion in 1 has three effects on
the orbital ordering for the Mn(III) ion when compared to a
regular Jahn—Teller environment.” First, it destabilizes the d,,
orbital because this orbital cannot participate in J-type
bonding at such a distorted angle due to d—p mixing; second,
it stabilizes the d,>_* orbital, because widened and acute
angles reduce repulsion; and third, it lifts the degeneracy of the
d,, and d,, orbitals.
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Figure 6. CASSCF computed metal-based d-orbitals for the ground
state configuration at the isovalue of 0.03 e/A3 (see the text for

details).

The axial ZFS of the Mn(IIl) ion is connected to the
D(Edyz—Edzz) gap and this gap is estimated to be 2.62 eV
(Figure 6).” To fully understand the computed magnetic
anisotropy, dominant contributions to the D and E/D values
are shown in Table 2. At the NEVPT2 level (D = 3.155 cm™),

Table 2. Individual Contributions of the Energy States
Contributing to the D Value of the Mn,La, Complex (Only
up to 12 Triplet Roots Are Shown)

NEVPT?2 effective Hamiltonian approach

ener contribution to contribution to

states (em™) D (cm™?) E (ecm™)
D A+ 0 0 0

SA, 8510.8 —0.028 —0.041

B+ 17221 0.29 0.304

SBy+ 19 501.5 0.317 —0.139

SA, 22 894.6 0.292 0.214

H A+ 9683.2 1.526 0.162
3B+ 142152 —0.264 0.099

3By+ 15898.3 0.589 0.12

A+ 20200.3 —0.058 0.037

3B+ 21355.8 —0.106 0213

’B, 217358 —0.082 —0.076

A+ 233933 0.028 0.009

3A, 243583 0.084 0.006

A+ 25084.3 —0.001 0.013

3B+ 281923 0.324 0.006

°B, 291843 0.353 0.013
—0.121 —0.022

overall overall

D = 3.155 E/D = 0331

the quintet states are found to contribute 0.87 cm™ to the D
value and a major contribution to this D value arises from the
d, — d,? transition possessing different m; values. The largest
contribution to the net positive D value arises from the excited
triplet states. Among the 35 triplets computed, the dominant
contribution to the positive D arises from the lowest lying
triplet state (1.526 cm™"). This state has multiple contributions
including a (dyz)l(dxz)z(dxy)l(dxz_ 1)°(d,?)° triplet state where

a dxz_y2—> d,, spin-flip excitation was observed.
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At the NEVPT?2 level, a significant rhombic contribution to
the magnetic anisotropy was found (E = 1.04 cm™) in
addition to the axial ZFS. As seen for the contributions to D,
the dominant contribution to E arises from the triplet spin
states (the quintet spin states contribute 0.34 cm™). Among
the triplet spin states, the largest contributory transition is the
d,, — d,, transition. The lifting of the degeneracy of the d,,
and d,. orbitals caused by the angular distortion around the
Mn(III) ion leads to a large contribution to the E value and
hence a large E/D value. This will increase quantum tunnelling
of the magnetization and make the observation of slow
magnetic relaxation unlikely, as was seen experimentally (see
Figure S23). This is contrary to the report of a [MngY;] wheel
where out-of-phase signals in the ac susceptibility data were
apparent even in the absence of a dc field.”® In the MngYj case,
the Mn(III) ions are clearly Jahn—Teller elongated with large
negative D and small E/D values for the individual Mn(III)
ions. In addition, the magnetic coupling is mediated by Y(III),
and found to be larger (+0.45 cm™) than for 1.

Optical Properties. The optical properties of 1—4 were
investigated in the solid state using powder samples obtained
from grinding crystals of the compounds, and the room
temperature diffuse reflectance spectra are shown in Figure 7.
Mn(III) has four 3d electrons and the ground state electronic
configuration is largely (d,.)'(d..)'(d,)"(d,*-,*)"(d.>)® as
explained in the previous section. Taking the low symmetry
around the Mn(III) ion into account, up to four crystal field
allowed transitions would be expected (see Table 2). However,
the optical spectra consist of three broad absorption bands
peaking at 430, 540, and 800 nm (23 255, 18 520, and 12 500
cm™!, respectively). According to the theoretical study, all of
the Mn(I1I) absorption spectra can be assigned to spin allowed
d—d transitions of the Mn(IlI) ion in the high-spin
configuration; namely from the °A; ground state to the °A,,
(°B,+°B,), and °A, excited states in approximate C,, symmetry,
although the actual symmetry of the Mn(III) ion is C;. Despite
the A, <« °A, transition being forbidden in C,, symmetry
within electric dipole selection rules, this requirement can be
relaxed for C; symmetry. The spectra for 1—3 only show broad
features arising from the TM ion. Meanwhile, the reflectance
spectrum measured for 4 shows weak sharp peaks at 583, 744,
and 803 nm, which correspond to f—f intraconfigurational
transitions of Nd(III) from the ground state, *Iy/,, to excited-
state multiplets (*Gs, *G)5), *F)5, and *F; ,, respectively.

Bl CONCLUSIONS AND OUTLOOK

Using the proligand HgL, four polynuclear 3d-4f compounds
have been prepared and characterized. Only the earliest
members of the lanthanide series could be incorporated into
the wheels, and the crystal structures of the complexes show
the lanthanide ions to be decacoordinate in all four cases. This
suggests that the later, smaller rare earth ions may be
substituted by tuning the synthetic conditions to use
monodentate anions rather than bidentate nitrate anions; this
could lead to single-molecule toroic behavior, which has been
reported for wheel-type Ln complexes.'””'" The magnetic
and theoretical study of the La-containing ring 1 showed that
the magnetic exchange between the next-nearest neighbor TM
ions is weak and ferromagnetic, and that the overall
contribution of the distorted Mn(III) ions to the anisotropy
of the ring is diminished because of the high E/D value. A
potentially promising continuation of this work could therefore
involve targeting the inclusion of Gd(III) ions in the rings, as a
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Figure 7. (Left) Energy level scheme for the MnO,N, center. The electronic states are denoted by the symmetry labels corresponding to C,,
symmetry. Spin forbidden transitions have been omitted for the sake of clarity. The arrows represent observed transitions. (Right) Powder

reflectance spectra for compounds 1—4.

means of synthesizing mixed 3d-4f magnetic refriger-
102—104
ants.
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