Synthesis of five isostructural tetranuclear Fe,Ln, (Ln = Gd, Tb, Dy, Ho,
Er) complexes with an “inverse butterfly” core
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A one-pot synthesis leading to in situ ligand formation enabled the preparation of five isostructural
tetranuclear Fe,Ln, coordination clusters [Fe,Lny(u4l),(mpm),(piv)a(Ns)sx(Cl)x], where H,L is 2-((pyri-
din-2-ylmethylene)amino)propan-1,3-diol, Hmpm is methoxy(2-pyridinyl)methanol, piv is pivalate
and Ln = Gd (1), Tb (2), Dy (3), Ho (4), Er (5). These show an unprecedented core structure. The coordina-
tion compounds were fully characterised by infrared spectroscopy, elemental analysis, powder X-ray

diffraction and single crystal X-ray diffraction. Magnetic measurements indicate the presence of
intramolecular antiferromagnetic and ferromagnetic interactions. The finding is important in developing
synthetic strategies for the preparation of new molecular based magnetic materials.

1. Introduction

Heterometallic 3d-4f complexes with butterfly cores are of
immense interest to synthetic chemists due to their potential
applications as luminescent [1-3], catalytic [4,5] as well as mag-
netic materials [6]. Heterometallic complexes have also been
investigated as single molecule magnets (SMMs), molecules that
retain magnetisation even after an external magnetic field has
been turned off [7-12]. The prerequisite for SMMs include a large
uniaxial magnetoanistropy and non-zero spin state which result in
a significant magnetisation energy barrier at low temperatures
[13,14]. 3d-4f metal complexes can display enhanced relaxation
properties due to the magnitude of spin and spin-orbital coupling
based anisotropy by 4f metal ions [15]. The majority of the 3d-4f
compounds with a butterfly core have the 3d metals in the body
positions and the lanthanides in the wingtips [16,17]. Although
there are several examples of this inverted topology for Cri'Ln,,
CoY'Ln, and Rul'Ln, compounds [18-22], in the case of Fe,Ln,, there
is only one previous example where the lanthanides are in the body
positions and iron is in the wingtips [23]. In the standard situation
strong antiferromagnetic coupling between the iron ions is observed.
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In the reverse case we expect weak Ln-Ln and Fe-Ln interactions,
where the interactions between the 4f metals are expected to be
lower than the 3d-4f interactions (Fig. 1).

We report here the synthesis and magnetic properties of
tetranuclear isostructural [Fe,Lny(ps-L),(mpm)y(piv)y(N3)s] com-
plexes containing a Schiff base ligand displaying a unique
deformed butterfly core; (H,L)=2-((pyridin-2-ylmethylene)
amino)propan-1,3-diol, Hmpm = methoxy(2-pyridinyl)methanol,
piv = pivalate and Ln = (Gd, Tb, Dy, Ho, Er) (Scheme 1). To the best
of our knowledge the coordination chemistry of H,L has not been
explored up to now. Moreover, the methoxy(2-pyridinyl)methano-
late is generated in situ and displays chelating/bridging coordina-
tion modes for assembling Fe,Ln, complexes in good yields. The
phase purity was checked by powder XRD. Furthermore, we will
highlight how the presence of the four p3-OR and two (p,-OR)
bridges in the unique butterfly core can tune the magnetic proper-
ties in these Fe,Ln, complexes.

2. Experimental
2.1. Materials and methodology
All reagents were obtained from commercial sources and were

used as received without further purification unless otherwise sta-
ted. All reactions were carried out under aerobic conditions. The
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Fig. 1. Left: Molecular structure of 3. Colour code: Dy purple Fe green; O red; N blue; C gray; Cl pale green. All H atoms have been omitted for clarity. Right: Core structure,

Azide and pivalate ligands omitted for clarity. (Color online.)
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Scheme 1. In situ conversion of picolinaldehyde into methoxy(2-pyridinyl)methanol and synthesis of 2-((pyridin-2-ylmethylene)amino) propan-1,3-diol (H,L).

elemental analyses (C, H, N) were performed at the Institute of
Inorganic Chemistry (KIT) using an Elementar Vario EL analyzer.
Fourier transform IR spectra were measured on a Perkin-Elmer
Spectrum One spectrometer with samples prepared as KBr discs.
X-ray powder diffraction patterns were measured at room temper-
ature using a Stoe STADI-P diffractometer with a Cu Ko radiation.

2.2. Synthesis of the complexes

2.2.1. Synthesis of [FeGda( sl )2(mpm)a(piv)s(Cl)os(N3)z 5] (1)

The same procedure was employed to prepare all complexes
and hence only the compound 1 is described here in detail. A solu-
tion of pyridine-2-carboxyaldehyde (160 mg, 1.5 mmol) and
2-amino-1,3-propandiol (104 mg, 1.5 mmol) in MeOH (15 mL)
was stirred for 30 min at 70 °C, followed by the addition of
Gd(NO3)3-6H,0 (112 mg, 0.25 mmol), FeCl;3 (40 mg, 0.25 mmol),
NaNs3 (51 mg, 0.75 mmol) and pivalic acid (77 mg, 0.75 mmol) in
MeCN (15 mL). The mixture was heated under reflux for 1 h after
which it was cooled to room temperature and then allowed to
stand undisturbed in a sealed vial. Orange needles of 1 suitable
for X-ray crystallography were obtained after 2 days. The crystals
of 1 were collected by filtration, washed with MeCN and dried in
vacuum.

Yield: 74 mg, ~42%. Anal. Calc. for C42H54C105F€2Gd2N1645012
(1): C, 35.38; H, 3.82; N, 16.21. Found: C, 35.15; H, 3.78; N,
16.26%. IR (KBr): v (cm~')=3648 (w), 2963 (w), 2533 (w), 2364
(s), 2163 (w), 2035 (w), 1771 (w) 1720 (m), 1701 (vs), 1684 (m),
1653 (vs), 1561 (vs), 1542 (s), 1523 (m), 1507 (m), 1476 (m),
1459 (m), 1418 (s), 1100 (w), 1057 (m), 989 (m), 951 (w) 883
(w), 774 (w), 671 (m), 586 (m), 421 (w).

Yield: 82 mg, ~46%. Anal. Calc. for C42H54Tb2FEzN13012 (2) C,
35.21; H, 3.78; N, 17.60. Found: C, 35.06; H, 3.75; N, 17.35%. IR
(KBr): v (cm~1)=3650 (w), 2965 (w), 2533 (w), 2364 (s), 2163
(w), 2035 (w), 1773 (w) 1717 (m), 1701 (vs), 1687 (m), 1653
(vs), 1563 (vs), 1540 (s), 1519 (m), 1507 (m), 1476 (m), 1457
(m), 1420 (s), 1100 (w), 1059 (m), 991 (m), 951 (w) 883 (w), 774
(w), 671 (m), 588 (m), 421 (w).

Yield: 80 mg, ~45%. Anal. Calc. for C4oHs4Dy,>Fe;N1g012 (3): C,
35.04; H, 3.78; N, 17.51. Found: C, 35.13; H, 3.62; N, 17.42% IR
(KBr): v (cm-1)=3649 (w), 2961 (w), 2962 (w), 2362 (w), 2161
(w), 2034 (w), 1771 (w) 1722 (m), 1699 (vs), 1684 (m), 1653
vs), 1558 (vs), 1547 (m), 1517 (s), 1507 (m), 1478 (m), 1457
m), 1418 (w), 1061 (m), 993 (w), 883 (w), 776 (w), 671 (w), 586
m), 417 (w).

Yield: 77 mg, ~43%. Anal. Calc. for C42H54C10A7H02F62N1549012
(4): C, 35.03; H, 3.78; N, 15.47. Found: C, 35.01; H, 3.80; N,
15.55%; IR (KBr): v (cm™!)=3648 (w), 2963 (w), 2533 (w), 2362
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Fig. 2. Comparison of PXRD patterns of [Fe,Ln,(3-0)4(HoL)o(mpm),(Piv),(N3)4] series.

(s), 2166 (w), 2035 (w), 1773 (w), 1724 (m), 1699 (vs), 1684 (m),
1656 (vs), 1563 (vs), 1542 (s), 1519 (m), 1507 (m), 1476 (m),
1459 (m), 1420 (s), 1100 (w), 1059 (m), 989 (m), 951 (w) 883
(w), 776 (w), 671 (m), 588 (m), 421 (w).

Yield: 80 mg, ~45%. Anal. Calc. for C42H54C10.3EF2F62N]711012 (5)
C, 34.86; H, 3.76; N, 16.55. Found: C, 34.70; H, 3.72; N, 16.64% IR
(KBr): v (cm~1)=3650 (w), 2963 (w), 2535 (w), 2362 (s), 2162
(w), 2035 (w), 1775 (w), 1724 (m), 1699 (vs), 1684 (m), 1653
(vs), 1563 (vs), 1540 (s), 1521 (m), 1507 (m), 1474 (m), 1457
(m), 1424 (s), 1100 (w), 1059 (m), 989 (m), 951 (w) 883 (w), 776
(w), 671 (m), 584 (m), 421 (w).

2.3. Magnetic measurements

Magnetic susceptibility measurements were obtained using a
Quantum Design SQUID magnetometer (MPMS-XL). Measure-
ments were performed on polycrystalline samples of 3. ac suscep-
tibility measurements were measured with an oscillating ac field
of 3 Oe and a frequency ranging from 1 and 1500 Hz. The magnetic
data were corrected for the sample holder.

2.4. X-ray crystallography

Data on a single crystal of 3 were collected at 180K on a Stoe
IPDS II area detector diffractometer using graphite-monochro-
mated Mo Ka radiation. Semi-empirical absorption corrections
were applied using XPREP in sHeLxTL. The structure was solved using
direct methods SHELXT, followed by full-matrix least-squares
refinement against F? (all data) using sHeLxTL in Olex2 [24,25]. Ani-
sotropic refinement was used for all non-H atoms except the
minor-occupancy chlorine atom; organic H atoms were placed in
calculated positions. The structures of compounds 1,2,4 and 5 were
established by determining the unit cell parameters on single crys-
tals (Table 2) and collecting X-ray powder diffraction patterns
(Fig. 2). The data presented in Table 2 and Fig. 2 support the sug-
gestion that all the compounds are isomorphous. Powder X-ray
diffraction data were measured at ambient temperature on a Stoe

Table 1
Crystallographic data and structure refinement for compound 3.
3

Formula Ca2Hs4Clo 25Dy2FesN1734012
Mr 1438.28
Crystal size [mm] 0.19 x 0.16 x 0.13
Color Red block
Cryst system monoclinic
Space group P24/c
T [K] 180
a[A] 11.9953(11)
b [A] 15.9653(12)
c[A] 14.2198(15)
o [°] 90
BI°] 108.282(8)
v [°] 90
V[A3) 2585.8(4)
V4 2
Pcaled [g cm 3] 1.847
u (Mo Ko) [mm '] 3.494
F000) 1422
Reflections collected 20,951
Unique reflections 5479
Rint 0.0758
Reflections observed [I > 20(I)] 4231
Parameters/restraints 351/27
Goodness-of-fit (GOF) on F? 1.014
Ry [I>20(D)] 0.0259
WR; (all data) 0.0438
Largest residuals [e A 3] +1.16/ 2.02
CCDC number 1842066

STADI-P diffractometer with a Cu Ko radiation at the Institute of
Nanotechnology, Karlsruhe Institute of Technology.

3. Results and discussion
3.1. Synthetic comments

The Schiff base and methoxy(pyridinyl)methanol ligands were
prepared in situ in MeOH solution prior to the addition of Ln



Table 2
Unit cells for compounds 1-5.

Formula 1(Gd) 2 (Tb) 3 (Dy) 4 (Ho) 5 (Er)

a [A] 11.9986(12) 12.07(3) 11.9953(11) 12.059(10) 12.0485(6)
b [A] 15.8525(15) 16.01(3) 15.9653(12) 15.972(12) 15.9616 (7)
c[A] 14.414(2) 14.38(3) 14.2198(15) 14.395(11) 14.0986 (4)
a[°] 90 90 90 90 90

AN 108.269(12) 107.82(19) 108.282(8) 108.29(7) 108.110
y[°] 90 90 90 90 90

Vv [A3] 2603.5(6) 2646(9) 2585.8(4) 2633(4) 2577.02 (9)

(NO3)3-6H,0, FeCls, NaN; and pivalic acid in a molar ratio of
(1:1:3:3) in MeCN. The reaction mixture was refluxed which fos-
ters the synthesis of compounds (1-5) in the absence of any base.
Several reactions were performed with different solvents and using
different ratios and other conditions before the successful proce-
dures were identified. Furthermore the use of only a protic solvent
such as MeOH, or a mixture of MeOH/CH,Cl,, also leads to differ-
ent, as yet unidentified, products.

3.2. Crystal structure of [Fe;Dys( sl )2(mpm)a(piv)2(Ns)s.7s(Clo.22] (3)

X-ray powder diffraction indicated that all five compounds in
the series were isomorphous (Fig. 2); the full structure of 3 was
determined by single-crystal X-ray diffraction (Table 1). The coor-
dination clusters, possessing an inverse-butterfly core, are formu-
lated as [Fe,Lny( sl )x(mpm),(piv)a(N3)ax(Cl)x] where Ln=Gd (1),
Tb (2), Dy (3), Ho (4) and Er (5). The Dy centres occupy the body
sites whereas Fe'! centres are at the wingtip positions. The
single-crystal X-ray structure of 3 showed that it crystallizes in

A\

/
H O—M
CH =

D
Scheme 2. Bridging modes of n':n': 1, methoxy(2-pyridinyl)methanolate (mpm)

and of ligand L.

Table 3
Selected bond angles and bond lengths of compound 3.

the monoclinic space group P2;/c with Z=2. As mentioned above,
compounds 1-5 are isomorphous and thus can be compared with
the molecular structure of 3 which has a crystallographically cen-
trosymmetric [Fel'DyY'(u3-OR)4] core. The tetranuclear cores of all
compounds are held together by four 15-OR bridges from the two
chelating/bridging (u4-L)*>* ligands, two chelating/bridging
(n-mpm) ligands, two bidentate (1':n':p,) pivalates (Scheme 2),
together with four unidentate azides. Selected bond lengths and
angles of compound 3 are given in Table 3.

Atoms Dy(1) and Dy(1’) (see Table 3) occupy the body sites, and
Fe(1) and Fe(1’) occupy the wingtips of the “inverse-butterfly”
topology. The central [Fe}'Dy3'(113-OR)4] core can be also described
as two edge-sharing [FeDy,(u3-OR),] triangular subunits, in which
the four metal ions are coplanar, with the (15-OR), units above and
below the Fe,Dy, plane (by 1.698, 1.855 A). The (u,-OR) bridges
from the (mpm)” ligands result in each FeDy, triangle being scalene
(and almost isosceles), with the p,-bridged Fe(1)-Dy(1) edge being
shorter (3.2752(5) A) than the other two (3.5391(5) and 3.5616(6)
A). .The tetranuclear cores are well isolated within the crystal
structure, exhibiting no supramolecular interactions such as
hydrogen bonding between adjacent entities. A literature survey
reveals that tetranuclear Fe,Ln, coordination clusters with a
coplanar Fe,Ln, core often have a symmetrical butterfly topology
[10-15]. Due to the two pu,-OR bridges in 3, its core deviates
from a symmetrical inverse-butterfly core to a deformed inverse-
butterfly. The coordination number of the Fe' ions is six, with a
FeO4N, environment having distorted octahedral geometry,
whereas the coordination number of Dy" is nine with a DyOgN;
distorted monocapped square antiprismatic geometry.

3.3. Magnetic properties of 1-5

The magnetic susceptibilities of the complexes 1-5 were
measured on polycrystalline samples over the temperature range

Atom1 Atom2 Distance (A) Atom12 Atom23 Distance (A)4
Dy1 N1 2.695(2) Fel o1 1.9800(19)
Dy1 02 2.4482(18) Fel 02 2.0828(19)
Dy1 o1 2.7512(19) Fel 03 1.9924(19)
Dyl N2 2.428(2) Fel 05 1.995(2)
Dy1 N11 2.355(6) Fel N3 2.184(2)
Dy1 o1 2.4086(19) Fel N21 1.989(3)
Dy1 06 2.3072(19) Dy1 Fel 3.2752(5)
Dyl 03 2.3217(19) Dy1 Fel 3.5616(6)
Dy1 02 2.4509(18) Dyl Dyl 3.5391(5)
Atom1 Atom?2 Atom3 Angle (°)

Fel o1 Dy1 108.10(8)

Fel 02 Dyl 103.25(7)

Fel 03 Dy1 98.50(8)

Fel 01 Dy1 85.99(7)

Fel 02 Dy1 92.22(7)

Dyl o1 Dy1 86.35(6)

Dy1 02 Dy1 92.51(6)
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Fig. 3. T vs T of complexes 1-5.

2 - 300K (Fig. 3). The results are summarised in Table 4. In all five
compounds the room temperature value of T is in a good
agreement with the expected value for two uncoupled Fe3* ions
and the two respective uncoupled lanthanide ions. For all five lan-
thanides the T product remains roughly constant down to a tem-
perature of about 40 K. This is indicative of weak interactions, as is
expected from the crystal structure, where bridging atoms exist
only between the lanthanides or between the lanthanides and
Fe3*. Since the 4f electrons responsible for the magnetic coupling
of the lanthanides are well shielded any magnetic interaction
involving lanthanides is usually weak. From 40 K the T product
of all lanthanides drops steadily. This behavior is caused by a com-
bination of the depopulation of M; sub-levels with decreasing tem-
perature and the magnetic interactions.

In order to better understand the interactions between the
paramagnetic centres the yT product of Fe,Gd, (1) was fitted to
the following spin Hamiltonian which corresponds to the spin
model displayed in Fig. 4. We chose a three ] Hamiltonian to take
the significantly different Fe*>* - Gd3* distances within the butterfly
into account. 1 was used because Gd** has, in contrast to the other
lanthanide ions used in this study, no orbital momentum [21]
Fig. 5.

H=-2], (s (Gd3+>S<Gd3*>) - 2]22(s<cd3*) « s<Fe3+))
_ 2]32<S (Gd”) * S(Fe”)) + 2guBs(Fe3+) + 2guBs(Gd3*)
The best fit was obtained with a J1 of 0.20cm™!, J2 of
0.19 cm™!and aJ3 of 0.14 cm™". In our inverse-butterfly topology

there is no direct superexchange path between the two Fe>* ions,
so that this magnetic interactions is negligible, whereas in Fe/4f

Table 4
Magnetic data extracted from xT vs T for compounds 1-5.

compounds such interactions usually dominate. The magnitudes
of the interactions between Fe** and Gd>* are in line with values
found in the literature [26]. Although a few examples of butterfly
structures with a similar topology can show stronger magnetic
interactions between the Ln®* and Fe3*, and magnetic hysteresis
up to 4K, in our case the magnetic interactions are weaker, and
the combination of both antiferromagnetic and ferromagnetic
interactions within the Fe,Gd, core can result in a non-frustrated
S=0 ground state [27]. However the magnetic behaviour of the
anisotropic Fe,Dy, (3) analogue (Fig. 6) may be more complex.

The Magnetisation versus Field plot shows an inflection at
about 0.8 T and 2 K (Fig. 6). This is not an unusual behavior in
3d4f compounds and indicates a magnetic level crossing [28,29].
This behavior can only be rationalized in the scope of an interplay
of the spin topology and the anisotropy of the Dy>" ions.

Fig. 4. Spin model used for the fitting of Fe,Gd, (1).
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Fig. 5. xT vs T of complex 1. The black line corresponds to the results of the fitting.

Compounds Ground state of the Ln>* jon Curie Constant for #T (cm? K/mol) at %T (cm? K/mol) at 300 K #T (cm? K/mol) at 2 K
each Ln ion at 300K, calc. from
300 K (cm? K/mol) Curie constants

Fe,Gd, (1) 512 7.87 24.49 23.94 7.54

Fe,Th, (2) Sg 11.82 32.39 31.25 5.63

Fe,Dy (3) SHysp2 14.17 37.09 3458 15.02

Fe,Ho, (4) 5l 14.07 36.89 33.17 425

Fe,Er; (5) 4115/2 11.48 31.71 30.29 9.15
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Fig. 6. Left: Magnetisation vs Field at 2, 3 and 5 K of compound 3 Fe,Dy, Right: First derivative of the magnetisation vs applied Field at 2 K.

4. Conclusion

Using an in situ synthetic strategy we were able to produce
Fe,Ln, inverse-butterfly compounds with the rare “wing/body
swapping” feature in which the body positions are occupied by
the Ln>" ions and the wingtips by the Fe** ions. Another feature
of this core structure is that the two bridging RO~ groups result
in longer and shorter Gd3*-Fe3* distances. Fitting of the magnetic
data for the Gd*" analogue reveals that the absolute values of the
superexchange parameters are all of similar magnitude, but while
the Gd-Gd and one of the Fe-Gd interactions are antiferromagnetic,
the other Fe-Gd is ferromagnetic, probably resulting in a S = 0
ground state. This spin topology, in combination with the aniso-
tropy of the Dy>* ion, then results in a level crossing phenomenon.
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