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Four new heterometallic trinuclear essentially linear (“in-line”)
M".Dy" complexes (M=Cd" (1), Co" (2), Cu" (3, 4) were
synthesised using the ligand 3,5-di-tert-butylbenzoic acid
(dtbbaH) in a MeCN:'PrOH (1-3) or in a MeOH:'PrOH:DMF (4)
mixture. Single crystal structure analyses revealed the formation

of [Cd,Dy(dtbba)s(PrOH),(H,0),NO,] - PrOH ),
[Co,Dy(dtbba)s(PrOH),(H,0),NO] - PrOH @), [Cu,Dy-
(dtbba)s(MeCN),NO,]-MeCN 3) and

[Cu,Dy(dtbba)s(PrOH), ¢(DMF); 3,(H,0)NO,] - 3PrOH - H,0 (4). The
M-Dy—M angles become more acute from (1) to (3) leading to

Introduction

A major interest in the synthesis of 3d-4f coordination
compounds lies in the possibility of slow relaxation of magnet-
isation and thus so-called single molecule magnet (SMM)
behaviour.™ The very first 3d-4f complex showing SMM
behaviour - a [Cu"Tb"] system — was reported in 2004.” This
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decreased M-M distances. The Dy" ions are 8-coordinate with a
distorted triangular dodecahedron geometry and a D,4 symme-
try whereas the geometry of the 5-coordinate terminal M" ions
can best be described as either distorted vacant octahedra or as
spherical square pyramids with a C,, symmetry. Magnetic
susceptibility measurements were performed on (1), (2) and (3)
which allows a comparison of the effect of replacing highly
anisotropic Co" with the quantum spin of Cu". Both (2) and (3)
show effects of ferromagnetic interactions at low temperatures.

was the beginning of many publications in the area of 3d-4f
compounds such as the bell-shaped [Mn,,Gd,]*® arrangement,
the “square-in-square” [Mn",Ln",]! structures, three-dimension-
al [Ln",Co",]" systems, “in-line” [Dy",Co"1"" compounds or
butterfly shaped M",Ln", schemes including M=Co" or Cu"
ions."””'¥ The exchange of the 3d metal ions in these systems
with a diamagnetic species such as Zn" or Co" in the same row
of the Periodic Table allows the contribution of the lanthanide
ion(s) to be assessed.'*'® However, it was possible to exchange
the paramagnetic 3d metals with the diamagnetic 4d ion Cd"
which is a good diamagnetic alternative for Zn". In addition to
the magnetic properties of such systems many reasons exist as
to why it is intriguing to investigate transition metal lanthanide
3d/4f and 4d/4f systems. For example, the combined properties
of SMM and luminescent behaviour in a dinuclear ZnlLn
compound,'” water oxidation and photocatalytic effects of LnTi
systems"®'? as well as optical properties in a 4d-4f-3d
complex® have been reported.

There are several synthetic strategies to form these systems
including one-pot synthesis with or without in situ formation of
organic ligands,”"*? solvo- and hydrothermal reactions,”"*¥ as
well as self-assembly methods.*” Many linear, or more generally
“in-line”, trinuclear M,Ln (M =3d or 4d ions) systems exist in the
literature. These are mostly synthesised using Schiff-base
ligands®?¥ with oxygen- and nitrogen-rich coordination pock-
ets respectively for the lanthanides and the 3d/4d ions resulting
in a mixed atom coordination environment for the metal ions.
There are rare examples of systems where the ions are only
bridged through the oxygen atoms of a single ligand.**** Here
we present the syntheses and molecular structures of four new
heterometallic M",Ln" complexes with the formulae [Cd,Dy-
(dtbba)s(PrOH),(H,0),NO,] - 'PrOH (1) [Cd,Dy],
[Co,Dy(dtbba)s(PrOH),(H,0),NO;]-PrOH (2) [Co,Dy], [Cu,Dy-
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(dtbba)s(MeCN),NOs]- MeCN (3) [Cu,Dy—MeCN] and
[Cu,Dy(dtbba)e(PrOH), ¢(DMF), 3,(H,0)NO,] - 3PrOH - H,0 (4)
[Cu,Dy—DMF] (with dtbbaH = 3,5-di-tert-butylbenzoic acid). Ad-
ditionally, magnetic susceptibility measurements were per-
formed on (1), (2) and (3) to investigate the nature of magnetic
interactions within the systems. For the systems discussed here
the heteronuclear Zn"-Dy" compound could not be isolated
successfully and was therefore not further investigated. The
synthesis using zinc nitrate did not result in the desired Zn,Dy
complex but rather in a dysprosium chain with the ligand 3,5-
di-tert-butylbenzoic acid.

Results and Discussion

Structural description. The metal ions are in an “in-line”
M—-Ln—M arrangement with M—Dy—M angles all greater than
161°. The metals are linked by six syn,syn-bridging dtbba~
ligands. A chelating nitrate completes the coordination environ-
ment of the dysprosium, while terminal solvent ligands
complete the square-pyramidal coordination spheres of the M"
ions (Figure 1).

The [Cd,Dy] complex (1) and [Co,Dy] (2) are isostructural
and crystallise in the monoclinic space group C2/c, whereas (3)
and (4) crystallise in the triclinic space group P-1. The
asymmetric unit of (1) and (2) contains half the molecule which
corresponds to half a Dy" with half a chelating nitrate and one
M"ion (M =Cd for (1) and Co for (2)) plus three bridging dtbba~
ligands (dtbbaH=3,5-di-tert-butylbenzoic acid), one coordi-
nated PrOH and one coordinated H,O on the M" ion. Therefore,
the ratio of organic ligand:'PrOH:H,0:NO;~ in the molecular
structure (1) and (2) is 6:2:2:1.

On the other hand, the asymmetric units within the triclinic
space group P-1 for [Cu,Dy—MeCN] (3) and [Cu,Dy—DMF] (4)
contain the whole molecule. In (3), the coordinated PrOH and
H,0 molecules on the Cu" ions are replaced by MeCN. The
coordinated species on the Cu" ions in (4) are either one 'PrOH
and one H,0 (on Cu1) or one 'PrOH and one DMF (on Cu2). In
these structures the “in-line” metal ions have M—Dy—M angles
of 170.72(1)° in (1), 165.40(3)° in (2), 165.25(1)° in (3) and
161.48(1)° in (4). Due to the closest approach to linearity, the
Cd--Cd distances in (1) are the longest at 7.5826(4) A. The Co-Co
distances in (2) (7.5526(21) A) are longer than the Cu-Cu
distances in (3) with 7.4808(6) A and (4) with 7.5409(4) A. The
Dy" ions are bridged to the M" ions via the carboxylate oxygen
atoms of the three dtbba™ ligands. The M-Dy distances are
3.8037(2) A in (1), 3.8075(10) A in (2), 3.7516(4) and 3.7916(5) A
in (3) and 3.8332(3) and 3.8072(3) A, respectively, in (4). With
the bidentate coordinated NO,~ this leads to 8-coordinate Dy"
ions with an Og environment and a D,y symmetry around the
Dy" ion best described as a triangular dodecahedron (TDD). The
Dy—O bond lengths range from 2.277(2) A to 2.543(2) A in (1),
2.246(5) to 2.545(5) A in (2), 2.258(2) to 2.500(3) A in (3) and
2.2716(16) to 2.4933(19) A in (4). The M" ions in (1)-(4) are
coordinated by the oxygens of three bridging dtbba™ ligands
with Cd—O bond lengths from 2.193(2) to 2.263(2) A in (1),
Co—O0 bond lengths from 2.026(5) to 2.115(5) A in (2) and much
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Figure 1. (a) Molecular structure of [Cd,Dy] (1) from the side view
with R=3,5-di-tert-butylphenyl. The core structures of (1) to (4) are
identical regarding the bridging dtbba~ ligands and the bidentate
nitrate. The terminal ligands on the M" ions (M=Cd for (1), Co for (2)
and Cu for (3) and (4) are different from each other. (b) The
molecular structure of (1) showing the coordination polyhedra.

(c) The molecule from the front view. Hydrogen atoms and solvent
molecules are omitted for clarity. Dy purple, Cd gold, O red, C black.

shorter Cu—O bond lengths from 1.942(2) to 1.999(3) A in (3)
and from 1.9213(19) to 1.9916(16) in (4). The coordination
spheres around the Cd" and Co" ions in (1) and (2), respectively,
are completed by one H,0 (Cd—010 2321(2) A; Co-010
2.092(5)A) and one PrOH (Cd-09 2.309(2)A; Co-09
2.115(5) A). In (3), the coordination sphere of each Cu" ion is
completed by two MeCN molecules with Cu-N bond lengths
which range from 1.984(4) to 2.354(3) A. The coordination
sphere of Cul in (4) are completed by one H,0 (Cu1-016
1.939(2) A) and one 68:32 disordered 'PrOH:DMF (Cu1-O17A/B
2.509(4)/2.336(14) A). For Cu2 the coordination is provided by
ordered solvent molecules ie. by one PrOH (Cu2-019
2.2636(19) and one DMF (Cu2—018 1.9691(18) A).
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Table 1. Comparisons of terminal ligands, geometry around the metal ions, M—Dy—M angles and selected distances of (1) to (4).

Complex (1) (2) (3) (4)

[Cd,Dy] [Co,Dy] [Cu,Dy—MeCN] [Cu,Dy—DMF]
M--M [A] 7.5826(4) 7.5532(20) 7.4808(6) 7.5409(4)
Dy-M [Al 3.8037(2) 3.8075(10) 3.7516(4), 3.7916(5) 3.8332(3), 3.8072(3)
M-Dy—M [°] 170.72(1) 165.40(3) 165.25(1) 161.48(1)
Terminal ligands on M 2x'PrOH 2x'PrOH 4xMeCN 1.7 x'PrOH

2xH,0 2xH,0 1xH,0

1.3xDMF

Dy—-O (Al 2.277(2)-2.543(2) 2.246(5)-2.545(5) 2.258(2)-2.500(3) 2.2715(16)-2.5343(19)
M—O/M—N [A] 2.193(2)-2.321(2) 2.026(5)-2.115(5) 1.942(2)-1.999(3)/1.984(4)-2.354(3) 1.9213(19)-2.509(4)
Geometry (Dy), deviation [%] D,y (TDD) D,, (TDD) D, (TDD) D,, (TDD)

1.670 1.689 1.478 1.485
Geometry (M), deviation [%]  C,, (VOO) C,, (VOO) C,, (SPY) C., (SPY/VOQ)

0.269 0.295 0.737 and 0.636 1.910°7%/

1.246°"7® and 0.907

This leads to 5-coordinate M" ions with a C,, symmetry
around the M" ions and an Os environment in (1), (2) and (4)
and to an O;N, environment in (3). The coordination spheres
can best be described as vacant octahedral (VOC) for the Cd"
ions in (1) and for the Co" ions in (2). The coordination spheres
around the Cu" ions in (3) and (4) can be best described as
either vacant octahedra (vOC) or spherical square pyramids
(SPY) according to SHAPE 2.1 analysis (see Figure S7).5”
Comparisons of terminal ligands, geometry around the metal
ions, M—Dy—M angles and selected bond distances for (1)-(4)
are given in Table 1.

Magnetic properties

Susceptibility measurements were performed on polycrystalline
samples immobilised in eicosane. The susceptibility data were
corrected for the sample holder and the diamagnetic contribu-
tion including Pascal’s constants.®” For the investigation of the
magnetic interactions of the systems, the y,,T versus T plots for
[Cd,Dy] (1), [Co,Dy] (2) and [Cu,Dy—MeCN] (3) are shown in
Figure 2. The experimental yxyT product at 300K is
13.97 cm®*Kmol™ for (1) which is in good agreement with the
theoretical value of 14.17 cm®*Kmol ™' for one Dy** with S=5/2,
g=4/3, C=14.17 cm*Kmol™". The % T product at 300K for (2)
is 21.25 cm*Kmol™" which is higher than the value calculated
(17.92 cm®*Kmol™") for two non-interacting spin-only high spin
Co’* with S=3/2, g=2.0, C=1.875cm>’Kmol™' and one Dy**
with S=5/2, g=4/3, C=14.17 cm*Kmol~". This is doubtless the
result of significant contributions from spin-orbit coupling of
the Co" ions which is not unexpected given the improbability of
a g-value of 2.0 for Co".®*3" For further theoretical background
about the extraordinary magnetic behaviour of Co" we refer the
interested reader to other publications.®*****” The ¥,,T product
15.14 cm*Kmol ™' for (3) at 300 K is in good agreement with the
theoretical value of 14.92 cm*Kmol™' for two non-interacting
Cu" with S="/,, g=2.0, C=0.375. On decreasing the temper-
ature, the yT product for (1) is decreasing continuously to a
value of 8.43 cm’Kmol™" at 2K and is likely due to depopu-

28] 1000 Oe o [Cd,Dy] (1)
» © [Co,Dy] (2)
] [Cu,Dy-MeCN] (3)
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Figure 2. Susceptibility measurements of (1) (2) and (3) in a T
versus T plot.

lation of excited M; states. The /T product for (2) decreases to
a value of 16.71 cm®Kmol™' at 12K, then increases to
17.37 cm®*Kmol™" at 6 K. The T product of (3) remains almost
unchanged down to 100 K, decreases slightly with decreasing
temperature to a value of 13.77 cm®*Kmol™" at 7K and then
increases to a value of 14.44 cm®*Kmol™ at 2 K. The increase of
the yuT products for (2) and (3) at low temperatures suggest
the coexistence of weak ferromagnetic interactions. By contrast,
in a superficially similar “in-line” Co",Dy complex, a down-turn
in yuT at low temperature was ascribed to antiferromagnetic
coupling.”” However, in this compound the Co" have tetrahe-
dral geometries, as opposed to square-pyramidal in (2), which
will have significant effects on the Co" g-matrices*” and the
Co—Dy—Co angle deviates much more strongly from linearity
than for (2).

The anisotropy axis of the Dy" ion for (1) was calculated
using MAGELLAN"" and is given in Figure 3. Additional ac
susceptibility measurements for [Cd,Dy] (1), [Co,Dy] (2) and
[Cu,Dy—MeCN] (3) at 2K do not show slow relaxation of
magnetisation in the measurement window from 1 to 1500 Hz
under zero field nor applied fields of 500, 1000, 1500 and
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Figure 3. Anisotropy axis of the Dy" ion for (1) calculated using

MAGELLAN.

2000 Oe. The in-phase and out-of-phase susceptibilities for (1),
(2) and (3) are shown in the supplementary information (Figure
S1,S2andS 3).

Conclusions

We have presented four new structures of the form [M,Dy] with
M=Cd, Co and Cu with an almost linear arrangement with
M-Dy—M angles of 170.7° in (1) [Cd,Dy], 165.4° in (2) [Co,Dy],
165.2° in (3) [Cu,Dy—MeCN] and 161.4° in (4) [Cu,Dy—DMF]. It
could be found that the M--M distance increases with increasing
M-Dy—M angle in (1), (2) and (3), the only exception here is in
(4). The dc susceptibility measurements for (1), (2) and (3)
suggest that there are effects of ferromagnetic interactions in
(2) and (3). Slow relaxation of magnetization could not be
observed for the investigated complexes. The geometry around
the Dy" ions in the discussed systems is D,q symmetry with an
0, environment. The Cd" and Co" ions in (1) and (2) are 5-
coordinate and their coordination spheres are close to vacant
octahedra with very small deviations from the idealised
geometry. The coordination spheres for the Cu" ions in (3) and
(4) are also 5-coordinate but better described as SPY, i.e. the Cu"
is not in the plane of the square-based pyramid.

Experimental Section

General information. All of the chemicals and solvents used for
synthesis were obtained from commercial sources and used as
received without further purification except of the dysprosium salts
which were synthesized with the corresponding acid and Dy,0,.
For the C/H/N Elemental Analysis the device Vario Micro Cube from
Perkin Elmer was used. Fourier transform IR spectra in a range from
4000 to 400 cm ™' were measured on a Platinum Alpha ATR from
Bruker with a resolution of 1 cm™'. Magnetic measurements were
performed on a MPMS-XL5 SQUID magnetometer from Quantum
Design in the temperature ranges 6-300 K for (2) and 2-300 K for (3)
under an external magnetic field of 1000 Oe. To check phase purity
powder diffraction patterns were collected using a Stoe STADI-P
diffractometer with a Cu—K, source with A=1.5405 A and were
processed using the software WinX"". Simulated patterns were
generated using Mercury 2020.1. The comparison of experimental
and simulated powder patterns of (1)-(4) are shown in Figure S4
and Figure S5.

RESEARCH ARTICLE

X-ray analysis. X-ray crystallographic data were collected using an
Agilent SuperNova diffractometer with a Cu-K, source A=
154184 cm ™' on a CCD detector (EOS) or using a Stoe StadiVari
diffractometer with a Mo-K, source A=0.71073 cm™' on a CMOS
detector (Dectris Pilatus 300 K). The crystals were attached to the
goniometer head with perfluoro ether oil. The data were integrated
and corrected for Lorentz-polarisation and crystal absorption
effects. The structure determination and refinement were per-
formed using SHELXL-2018"” and the program OLEX2."* Crystallo-
graphic data of (1)-(4) are given in Table 2.

Full crystallographic data and details of the structural determina-
tions for the structures in this paper have been deposited with the
Cambridge Crystallographic Data Centre as supplementary publica-
tion nos. CCDC 2157725-2157728. Copies of the data can be
obtained, free of charge, from https://www.ccdc.cam.ac.uk/struc-
tures/.

Synthesis of [Cd,Dy(dtbba)s(PrOH),(H,0),NO,]- 'PrOH (1): 173 mg 3,5-
di-tert-butylbenzoic acid (0.74 mmol) and 110 uL triethylamine
(0.80 mmol) were added to a solution of 110 mg Dy(NO,);-6H,0
(0.24 mmol) and 61 mg Cd(NO,),-4H,0 (0.20 mmol) in MeCN:’PrOH
(10:10 mL). The colourless solution was heated for 1.5 h at 80°C,
then filtered. White X-ray suitable crystals were obtained after
20 days of slow solvent evaporation. Yield: 132 mg (26 % based on
Dy). Elemental analysis for Cd,DyC,q,H;,NO,;: Calc% (found%) C/H/
N: 57.63(57.24), 7.68(7.33), 0.66(0.62). Selected IR peaks (cm™"): v=
2964 (s), 2902 (m), 2865 (m), 1562 (s), 1397 (vs), 1290 (s), 788 (s),
741 (s), 703 (s).

Synthesis of [Co,Dy(dtbba)(PrOH),(H,0),NO,]-'PrOH (2): 173 mg 3,5-
di-tert-butylbenzoic acid (0.74 mmol) and 110 uL triethylamine
(0.79 mmol) were added to a solution of 110 mg Dy(NO,);-6H,0
(0.24 mmol) and 50 mg Co(NOs),-6H,0 (0.17 mmol) in MeCN:'PrOH
(30:10 mL). The blue solution was heated for 30 minutes at 80°C,
then filtered. Purple X-ray suitable crystals were obtained after
20 days of slow solvent evaporation. Yield: 85 mg (18% based on
Dy). Elemental analysis for Co,DyC,q,H,s,NO,,: Calc%(found%) C/H/
N: 60.69(59.99), 8.09(7.79), 0.69(0.61). Selected IR peaks (cm™): v=
2964 (s), 2902 (m), 2865 (m), 1570 (s), 1437 (s), 1397 (vs), 128 (s),
790 (s), 734 (s), 703 (s).

Synthesis of [Cu,Dy(dtbba)s(MeCN),NO;]-MeCN (3): 117 mg 3,5-di-
tert-butylbenzoic acid (0.50 mmol) and 69 uL triethylamine
(0.50 mmol) were added to a solution of 38 mg Dy(NO;);-6H,0
(0.08 mmol) and 40 mg Cu(NO,),-2,5H,0 (0.17 mmol) in MeC-
N:PrOH (30:10 mL). The blue solution was heated for 1.5 hours at
80°C, then filtered. Blue X-ray suitable crystals were obtained after
20 days of slow solvent evaporation. Yield: 54 mg (34% based on
Dy). Elemental analysis for Cu,DyC,q,H;4N,0;s: Calc%(found%) C/H/
N: 61.32(60.95), 7.26(7.45), 4.91(4.82). Selected IR peaks (cm™): v=
2964 (s), 2902 (m), 2865 (m), 1574 (vs), 1442 (vs), 1391 (vs), 1288 (s),
896 (s), 790 (s), 738 (s), 704 (s).

Synthesis of [Cu,Dy(dtbba)s(PrOH),(H,0)(DMF)NO,]-3 'PrOH-H,O (4):
146 mg 3,5-di-tert-butylbenzoic acid (0.62 mmol) and 91.6 uL
triethylamine (0.66 mmol) were added to a solution of 91 mg
Dy(NO,);-6H,0 (020 mmol) and 36mg  Cu(NO,),-2.5H,0
(0.15 mmol) in 'PrOH:DMF (30:1 mL). The blue solution was heated
for 30 minutes at 80°C, then filtered. Blue X-ray suitable crystals
were obtained after 40 days of slow solvent evaporation. Yield:
149mg (34% based on Dy). Elemental analysis for
Cu,DyC,5H;76N,0,5: Calc%(found%) C/H/N: 60.05(59.95), 8.21(8.08),
1.30(1.27). Selected IR peaks (cm™): v=2964 (s), 2902 (m), 2865 (m),
1654 (s), 1570 (vs), 1438 (s), 1397 (vs), 1288 (s), 893 (m), 790 (s),
736 (s), 704 (s).
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Table 2. Crystallographic data of (1)-(4).
Complex (1) () (3) (4)
Formula Cd,Dy Co,Dy Cu,Dy Cu,Dy
Cio2H162NO; Cio2H162NOy; Cio2H144N;045 CrogH176.75N2.25023
M [g/mol] 2125.62 2018.68 1997.81 2164.40
TIK] 293(2) 180(2) 180(2) 180(2)
Crystal system monoclinic monoclinic triclinic triclinic
Space group C2/c C2/c P-1 P-1
a [A] 18.5458(3) 18.2495(18) 14.2576(3) 15.9987(4)
bIA] 28.9861(5) 28.5069(16) 17.3464(5) 16.8223(5)
c[A] 21.3566(3) 21.385(2) 25.1026(7) 23.9767(6)
al’] 90 920 83.292(2) 94.298(2)
Bl 94.455(2) 93.882(8) 81.049(2) 94.192(2)
Y% 90 90 73.948(2) 114.319(2)
V/IAP 11446.0(3) 11099.8(17) 5875.8(3) 5825.3(3)
Z 4 4 2 2
Paac [9/cm’] 1.234 1.208 1.129 1.234
wImm™] 6.868 1.023 1.043 1.061
F(000) 4444 4276 2098 2297
Radiation CuKa MoKa MoKa MoKa
(A=1.54184) (A=0.71073) (A=0.71073) (A=0.71073)
Refl. collected/ 25355/ 29613/ 78155/ 59290
unique 10827 11668 34689 /32941
R(int)/ 0.0190/ 0.0978/ 0.0294/ 0.0315/
R(sigma) 0.0248 0.1036 0.0473 0.0641
Data/restraints/ 10827/3/ 11668/5/ 34689/13/ 32941/77/
parameters 606 606 1140 1315
GOF on F? 1.041 1.021 1.036 0.968
R./WR, 0.0317/ 0.0960/ 0.0569/ 0.0402/
[I>20 ()] 0.0804 0.2404 0.1613 0.0903
R./WR, 0.0416/ 0.1374/ 0.0813/ 0.0685/
(all data) 0.0873 0.2771 0.1789 0.0983
Largest difference peak/hole 0.78/—0.87 3.93/-3.33 1.39/—-1.42 1.41/-0.76
[eA]
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