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Structural and magnetic properties of mixed Co-Ln (Ln = Nd, Sm, Eu, Gd

and Ho) diethyleneglycolate complexes

Co-Ln diethyleneglycolates were produced in
diethyleneglcol (degH,). They consist of 1D-chains
of [(Ln,Co,)(Cl),(deg),] tetramers, in which five-
and seven-coordinated Co(II) and Ln(III) cations are
antiferromagnetically weakly interacting.
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New hybrid compounds LnCoCl(deg), (deg = diethylenglycolate ; Ln = Nd, Sm, Eu, Gd and Ho) have been synthesized by
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mixing cobalt and rare earth cations in a boiling diethylenegycol (degH,) medium. Their crystallographic structures have

been ab initio solved from synchrotron powder diffraction data. They consist of edge sharing tetrameric sub-units

[(Ln,Co,)(deg)s(Cl),] forming 1D infinite chains along the c parameter of a monoclinic unit cell (SG = C2/c). The five- and

seven-coordination of Co®* and Ln’" cations inferred from crystallographic results is confirmed by UV-visible absorption

and Extended X-ray Absorption Fine Structure (EXAFS) spectroscopies. In the LnCoCl(deg), (Ln = Nd, Sm, ,Eu, Gd, Ho) series,

weak antiferromagnetic superexchange interactions have been evidenced, between high spin Co™ and Ln* orbitally

degenerated cations. These materials are considered as potential precursors for the simultaneous reduction of Co-Ln-

glycolate species into bimettallic nanoparticles by the polyol process.

Introduction

The investigation of lanthanide (Ln) - transition metal (TM) alloys
has been the subject of many fundamental as well as technological
studies. They show remarkable intrinsic magnetic properties. Some
of them, particularly those crystallizing in the hexagonal CaCus
structure, are distinguished by large magnetocrystalline anisotropy,
high magnetization and high Curie temperature, making them
particularly valuable for permanent magnet application. 3 Others,
mainly amorphous soft ferromagnets with tailorable composition
special unique magnetocaloric
properties thanks to their low eddy current and hysteresis losses,

and atomic structure offer
improved corrosion resistance, large specific surface and tunable
temperature transition, which are particularly useful for cryogenic
magnetic refrigeration in a large operating temperature range. 4
Ln-TM ferrimagnets can exhibit a magnetization

compensation temperature TM where the magnetizations of the Ln

Certain

and TM sublattices cancel each other and similarly an angular
compensation temperature TA where the net angular momentum
of the two sublattices converge to zero. ® These properties are
intensively  regarded thermo-magnetic  writing/reading
application. 6 Clearly, TM-Ln alloys show superior bulk magnetic

for

properties and their nanometer-scaled counterparts should do the
same compared to TM-TM or Ln-Ln ones. Unfortunately, challenges
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in controlling the structure, microstructure and phase purity have
limited the research on nanoparticles of these compounds.

Nowadays, these alloys are mainly produced by metallurgical
methods involving high temperature treatments, higher than
1000°C. Within these methodologies the control of the particle sizes
is mostly achieved by mechanical milling which causes considerable
material degradation and consequently magnetic properties
changes. 7 Progressively, physical techniques, operating around
800°C, were developed to directly produce TM-Ln nano-alloys.
Well-ordered crystalline YCos and Y,Co;7; nanoparticles were thus
successfully synthesized using a plasma-condensation-type cluster-
deposition method, where atomic metal vapors of Y and Co were
produced from Y-Co bulk composite. Wet-chemical routes,
operating between 200 and 300°C, were also developed to
tentatively prepare TM-Ln nanoparticles. The first one consists of a
thermal decomposition of two distinguished TM and Ln
organometallic precursors. Unfortunately, due to the highly
negative redox potential of Ln compared to that of TM cations, the
simultaneous reduction was not possible and segregated particles
with a TM metal core surrounded by a Ln oxide shell were
produced, requiring a subsequent reductive annealing at a
temperature comprised between 400 and 800°C to obtain the
desired metallic objects, with a poor chemical composition and
structural control. >*° The second way is usually called the polyol
process and it consists of the reduction of dissolved metal salts in a
polyol medium, offering compared to the previous ones, large-scale
synthesis without major economical constraints. 1 Indeed, the
polyol acts as a solvent for the metal salts, and as a reducing agent
and growth medium for the metal particles. Several TM and TM-TM
nanoparticles were already prepared in polyol with controlled
morphology. 12 Recently, it was applied to the production of TM-Ln
nanoparticles, mainly Co-Sm ones. Matsushita at al. B succeeded to
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prepare directly SmCo, nanoparticles, by dissolving carboxylate Co
and Sm salts in a polyol solvent (under basic conditions) and by
adding in the reaction medium a small amount of Au salt. They
reported that otherwise the Sm>" ions are not reduced pointing out
the catalytic role of the in situ formed Au nanoparticles. Despite
these very encouraging results, they didn’t succeed to control the
chemical composition of the produced nano-alloys and reported a
systematic large samarium content deficiency. Chinasamy et al. 14
replaced carboxylates by nitrates and produced magnetic black
powder and based only on its X-ray diffraction (XRD) analysis, they
claimed that they succeeded to produce SmCos phase. In fact, they
yielded to cobalt carbides; the XRD patterns of Co,C and SmCos are
similar and make the confusion possible. 1

The co-reduction of Ln and TM cations using the polyol process
remains questionable and the optimization of the experimental
parameters is still required. To the best of our knowledge, the
formation of metal nanoparticles in liquid polyols is preceded by
the dissolution of the precursor salts, generally carboxylates, and
the in situ formed complexes
interact to each other and form solid intermediate phases, mainly

their solvation. In certain cases,

polymeric glycolates, 16 which act as metal cation reservoirs, whom
dissolution, under basic condition, control the kinetic of metal
particles nucleation and growth. 7 The reduction occurs on the in
situ formed (by a direct ligand exchange) glycolate complexes or on
those liberated by the subsequent dissolution of the solid
intermediate phase. It proceeds through the progressive conversion
of soluble M”-glycolate species to Mm° utilizing very probably the
electrons from the nearest carbon center of the attached glycolate
ligand to form a double bond with the oxygen atom. % In this
context, the material processing approach which consists of, first,
producing in polyol, an intermediate solid phase, in which both TM
and Ln cations are coordinated, ideally to a same glycolate bridging
ligand, within the desired atomic ratio, and, second, using it as a
starting material for the simultaneous reduction of these cations
should be tried. Indeed, if this could be achieved it should promote
alloyed nanoparticles with controlled chemical composition,
structure and microstructure.

As a preliminary study, we report in this paper the chemical
preparation and structural determination of TM-Ln glycolate
complexes, namely Cobalt (II) and Ln (Ill) (Ln = Nd, Sm, Eu, Gd and
Ho) ones, with a special emphasis on how these cations are
coordinated to the polyol molecules and how the resulting
polyhedra are organized relative to each other. The structural
properties of the obtained compounds were determined ab initio
from synchrotron powder data. X-ray and UV-Visible absorption
spectroscopies were jointly used to confirm with local probes the
inferred structure. Their chemical composition was checked by
coupling X-ray fluorescence spectrometry (XRF), Fourier Transform
Infrared Spectroscopy (FTIR) and thermogravimetry analysis (TGA).
Finally, magnetic measurement consisting of the thermal variation
of the magnetic susceptibility and the magnetic heat capacity were
carried out as a complementary tool in their structure elucidation.

Experimental

General information
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All chemicals and solvents were obtained and used directly from
the commercial sources. Cobalt (Il) acetate, Lanthanide (lIl) chloride
salts were purchased from Sigma-Aldrich. Diethyleneglycol solvent
was purchased from Acros Organics (abbreviated here after as
degH, and deg in its fully deprotonated form). Typically, Co and Ln
salts (1.2 mmol each) were dissolved in degH, (50 mL), in the 1:1
atomic ratio. We also introduced in the reaction medium sodium
chloride salt (3.6 mmol). Without halogenide anions in the reaction
medium, it becomes impossible to form mixed glycolates. The
synthesis was performed first with Europium, and then extended to
Neodymium, Samarium, Gadolinium and Holmium. The mixture was
then heated up to 245°C (6°C/min) and maintained under reflux for
20 min while mechanically stirred. The solution colour turned from
blue to purple and a purple powder was then recovered, after
cooling down to room temperature, by centrifugation. Washed
several time with ethanol, the final powder was dried under
vacuum and then stored in a fridge. Elemental analysis of all the
produced powders was carried out by X-ray fluorescence
spectrometry (XFR). The as-produced powders were first dispersed
in water by ultrasonication. 20 uL were then deposited on a clean
polycarbonate membrane and analyzed by using certified solutions
with appropriate Cl, Co and Ln compositions on an Epsilon 3XL
(Panalytical) XRF spectrometer equipped with a silver X-ray tube
operating at 20 kV and 750 YA current emissions, during 20s, using
an Al-filter (thickness: 20 um) and under He atmosphere. The
collected XRF signal intensities were compared to those of each
standard. To complete these analyses, thermogravimetry (TGA) was
conducted on all the fresh powders to determine their molecular
weight. A Setaram TGDTA-92 thermobalance was used, heating the
samples from 20 to 1000 °C (5 °C/min) under different
atmospheres, including oxidative (air), inert (N,) and reductive (N,-
10%H2) ones. Only those performed in air were discussed. Finally,
FTIR spectra were recorded on a Bruker Equinos spectrometer in
the region 500-4000 cm™ using KBr technique.

Structure determination

The X-ray Diffraction (XRD) patterns of the produced purple
powders were first recorded on a D8 Bruker laboratory
diffractometer (Ac, = 1.7889 A) and plotted in Figure 1.
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Figure 1. XRD patterns of the produced ColLn-based complexes (Ln =
Nd, Sm, Eu, Gd and Ho) recorded on lab diffractometer. A zoom is
given for the 15-40° 20 range, cutting-off the most intense peak in
order to better see the less intense ones.
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They presented a large amount of well-defined peaks suggesting a
high crystalline quality and a low symmetry unit cell but didn’t
correspond with any tabulated Co and/or Ln based inorganic
compounds in ICDD base. Replacing Eu by another Ln cation leads
to similar XRD patterns (see the zoom in the inset of Figure 1).

High-resolution XRPD data were then collected at ambient
temperature using synchrotron radiation at SOLEIL facilities (Saint
Aubin, France) on CRISTAL beamline on the Eu-based compound. A
monochromatic beam was extracted from the U20 undulator beam
by means of a Silll double Bragg mirror. Its wavelength (A =
0.666332 A) was refined from the powder diagram of the LaBg
standard (NIST Standard Reference Material 660a), recorded just
before the experiment. The high angular resolution is obtained
using a two circles diffractometer (SMP-Lyon) equipped with a 21
perfect crystals Si (111) multi-analyzer. The sample enclosed in a
capillary (® = 0.8 mm) is mounted on a spinner rotating at about 5-
10 Hz to improve powder averaging. Patterns were recorded for
two hours in the angular range 3.1 < 26 < 36° with an interval of
0.002°. An initial structural model was found by direct-space
methods using FOX program. ¥ The initial model was found with
the following scatters in the unit cell: two glycolate molecules
named ‘deg_A’ and ‘deg_B’ each defined as a relaxed ‘rigid body’
whose orientation and position are free (see Figure S1 in the
supporting information section), one europium Eul, one cobalt Col
and one chloride CI1 site. The global optimization procedure was
using the parallel tempering algorithm. Rietveld refinements were
then performed to reach the final structure of the studied powders.
Typically, a pseudo-Voigt function was used for modelling the peak
profils (Function 5 in Fullprof 20). The glycolate relaxed molecules
‘deg_A’ and ‘deg_B’ were treated as rigid body during the
refinements. A total of 42 parameters were finally refined, including
the scale factor, the zero shift, 9 peak profile parameters and 31
intensity dependent parameters: 9 atomic coordinates for Eu, Co
and Cl, 3 positional parameters, 3 Euler angles for each glycolate
molecules, 4 isotropic temperature factors, one for each molecule
and one for free atoms Co and Cl, 6 anisotropic thermal parameter
B;; for Eu atoms. Crystal data and structure refinement parameters
are reported in Table 1.

Table 1. Crystal data and structure refinement parameters of the
CoEu-based complex.

Compound EuCoCl(deg),
Formula sum CgOgHgEu,Co,Cly
Fw(g.mol™) 454.56
System Monoclinic
Space group C2/c

a(A) 18.0507(1)

b (A) 11.58354(6)
c(A) 14.95352(7)
B(°) 121.9316(4)
Vv (A% 2653.5(4)

z 8

Dx (g.cm™) 2.276

Wave length (A) 0.66633

26 range (deg) 3.1-36.0

N obs of points 16450

N e 1143

Rp 0.103

This journal is © The Royal Society of Chemistry 20xx

Rwp 0.134
Rorage 0.060
R¢ 0.071
N profile parameters 10
N intensity dependent parameters 36

The starting model given by FOX program converged very
satisfactorily to Rg.g = 6%. The relaxed geometrical parameters of
deg_A and deg_B molecules and the atomic coordinates of the
whole CoEu-based glycolate complex used in the Rietveld
refinement are reported in the supporting information section (see
Table S1 and Table S2, respectively, in the supporting information
section). The high quality of the refinement is illustrated in the
supporting information section through the perfect superposition of
the experimental pattern with the calculated one (see Figure S2 in
the supporting information section).

Note all the other patterns of produced complexes were indexed in
the same structure. The refined lattice parameters and the unit cell
volume V of all the produced powders (Table 2) agree very well
with the lanthanide contraction. They decrease linearly when the Ln
atomic number increases (Figure 2).

Table 2. List of refined lattice parameters of all the produced ColLn-
based complexes.

tln z ak)  bA A Br) V(A
Nd 60 18132 11.692 15.241 122.46 2726.33
Sm 62 18110 11.656 15.076 122.08 2695.71
Eu 63 18.093 11.611 14.991 121.95 2672.48
Gd 64 18.089 11.608 14.948 121.84 2666.59
Ho 67 18.063 11.536 14.693 121.43 2612.43
R
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Figure 2. Variation of the refined lattice cell parameters of the
produced Coln-based complexes as a function of Ln atomic
number.

Optical and X-ray Absorption measurements

The local structure was inferred first from the UV-visible diffuse
reflectance spectra of the as-produced powders using a Perkin
Elmer-Lambda 1050 spectrophotometer equipped with a PTFE-
coated integration sphere. The spectra were analyzed with a special
empbhasis on the d-d transitions of 3d’ Co cations. Second, Extended
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X-ray Absorption Fine Structure (EXAFS) spectroscopy was carried
out. Data were specifically collected at the Eu Ls;-edge at 300 K,
using a transmission mode detection scheme with a Si (111) two-
crystals monochromator on the SAMBA beamline of the SOLEIL
storage ring at the French facility (Orne Les Merisiers). The sample
was ground and homogeneously dispersed in cellulose pellets.
EXAFS data were analyzed using the IFEFFIT software. 2 Typically,
the pre-edge contribution was fitted by a linear curve and
subtracted from the total absorption. Above the edge, the
absorption coefficient W(E) contains both the isolated atom
contribution po(E) and the structural contribution. po(E) was
computed as the smooth part of u(E) after the edge, and then
subtracted from p(E) to deduce the relative variation of the
absorption coefficient with respect to that of the free absorbing
atom: y(E) = (W(E)-po(E))/Mo(E). This interference function is
reported as a function of the wave vector k and the Fourier
transform (FT) of the x(k).k3 product was calculated (the waiting
factor k* was introduced to overcome the damping of the EXAFS
oscillations at the large k values) and its Fourier transform (FT) was
determined. The FT moduli are representative of the radial
distribution function of back-scatterers around the absorbing atom.
Both total EXAFS interference function and its FT moduli are plotted
in the supporting information section (see Figure S3 in the
supporting information section). Finally, least square modeling
using single scattering Eu EXAFS simulation on the inverse Fourier
transform of the first filtered peak corresponding to the first back-
scatterer atom shells (see the windows function associated to the
cut-off distances on both sides of the selected FT peak in Figure S3)
was performed. The fitting procedure is based on the equation: 2

k ) :Zi; exp(—zkzaf)exp(—zij f,(n, k)| sin(2kR, + ®(k))

~R k)

where N; is the number of back-scatterers at a distance R; from
atom and o; the Gaussian Debye-Waller factor
associated with R;. The energy threshold, E,, taken at the first
inflexion of the absorption edge is corrected in the fitting procedure
by the AE, parameter and finally the If(mk)l and @;(k)
corresponding to the amplitude and phase shift functions,
respectively, were calculated from FEFF7 program for each back-
scatterers type shell, z using the structural data inferred from the
crystallographic analysis. In practice, the very good agreement
between the calculated interference function using previous
equation and the experimental one allowed us to stop the
recurrence process.

wn
|

the central

Magnetic properties

The thermal variation of the magnetic susceptibility, x(T), of all the
produced powders was collected on a Quantum Design SQUID-7T
magnetometer at a dc magnetic field of 500 Oe, in the 2-300 K
temperature range. The thermal variation of their magnetic heat
capacity, Cp(T), was also recorded on a Quantum Design PPMS-9T
magnetometer, in the 2-150 K temperature range. Typically, a given
mass (some mg) of the polycrystalline specimens was compacted
into a sampling plastic tube to avoid grains displacement during the
measurements and introduced in the magnetometers. Note, the

4 [ Dalton Trans., 2015, 00, 1-3

magnetic responses were corrected from the diamagnetic blank
data of the sample holder obtained separately, and the diamagnetic
contribution of the samples themselves, estimated from Pascal’s
constants. The thermal variation of the real and imaginary parts of
the ac magnetic susceptibility was also recorded at different
frequencies from 1 to 1000 Hz, for a magnetic field of a magnitude
of 3 Oe.

Results and discussion

Phase analysis

XRF analysis showed that the produced powders contain chloride,
cobalt and Ln atoms in the 1:1:1 ratio. It also evidenced a high
carbon and oxygen content, suggesting the formation of a metal-
organic hybrid material. The recorded FTIR spectrum on the CoEu-
based compound compared to that of free degH, permitted us to
identify diethyleneglycol (degH,) and/or diethyleneglycolate (deg)
as the main organic constituent (Figure 3a) suggesting the
formation of a heterometallic (Co and Eu) glycolate complex.

(a)
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Figure 3. FTIR spectrum of the as-produced Co-Eu glycolate complex
compared to that of free degH, (a) and to those of the other Co-Ln
complexes (b).

Indeed, a broader band occurring at 3410 cm™ was observed. It was

This journal is © The Royal Society of Chemistry 20xx



PaltoniTransactions

attributed to the stretching vibration of OH groups linked by
hydrogen bonds from diethyleneglycol or water molecules. Strong
absorptions were observed in the 2850-2950 em™ range,
corresponding to v,5(C-H) and v{(C—H) bands, and at 1050-1125 cm"
1, corresponding to p(CH,), v(C-0) and v(C-C) bands. Bt is
noteworthy that the bands in the 1300-1450 em™ range present in
the degH, spectrum are no longer observed in the studied powder.
This can be attributed to the absence of protons in the glycolate-
like phase and thus the disappearance of the 8(C—OH) bands. The
CH stretching vibration bands are split (2954, 2922, 2884 and 2854
cm™) in the glycolates with respect to free degH, (2962 and 2877
cm™). This is the result of a chelating coordination to the cations
that lowers the symmetry of the ligand and increases the number of
absorptions. 2

Interestingly, the intrinsically weak basicity of the acetate counter-
ion induces degH, deprotonation, at least once, and the formation
of its alcoholate ions. This may be possible thanks to the reaction of
acetate ions with water molecules, resulting from the dissolution of
the hydrated metallic salts, producing hydroxide groups which in
turn deprotonate, at least partially, the alcohol species:

CH4COO" + H,0 = CH;COOH + OH’
OH ™ + (HOG,H,),0 = H,0 + HO(C,H,)O(C,H,)0

Such mechanism was already proposed to explain the production of
cobalt ethanediolate and propanediolate in 1,2-ethanediol and 1,2-
propanediol, respectively, starting from hydrated cobalt(ll) acetate
salts. '® The direct degH, deprotonation by acetate is also possible.
Several examples were reported in the organometallic literature
where just a weak base is needed to deprotonate alcohols, the
reaction often being governed by the strength of the forming metal-
ligand bonds. 3

In our case, the formation of the heterometallic glycolate requires
the presence of both chloride and acetate ions in the reaction
medium. Indeed, starting from only acetate or only chloride
metallic salts did not induce the precipitation of the purple solid
phase. This suggested that chloride anions may exist as a counter
ion with polycationic cluster with metals and glycolates or may
enter in the coordination sphere of at least one metal cation to
stabilize the final inorganic structure. All together, these results
conduced us to propose CoEuCl(deg),.nH,0 chemical composition
for the produced powder, where deg corresponds to the
deprotonated form of degH,, x its stoichiometry coefficient and n
the number of hydratation. Replacing Eu by another Ln cation leads
to the same kind of compounds. Similar FTIR spectra are recorded
whatever the nature of Ln cation (Figure 3b).

To determine the exact chemical composition of the studied
glycolates, thermal analysis was performed for all the produced
compounds. The air thermogramm of the representative CoEu-
based complex is given in figure 4. A unique total weight loss of 40.4
wt.-% was observed around 300°C. It was associated to two
exothermic heat flow peaks, corresponding to the complete
decomposition of the complex and leading to the formation of
EuCoOj; oxide as confirmed by XRD analysis of the final product. The
inferred molecular weight from this mass loss analysis is of 450
g.mol‘1 which is very close to that of EuCoCI[(OC,H,),0], chemical
formula in which two DEG molecules were deprotonated twice and

This journal is © The Royal Society of Chemistry 20xx

where the electro-neutrality of the final product was respected, Co
and Eu cations being at the oxidation state +2 and +3, respectively.
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Figure 4. Air thermogram of the as-produced CoEu-based solid
precipitate in polyol.

Note the compound is anhydrous and the total oxidation of
EuCoCI[(OC,H,),0], leads to a total organic weight loss of 43 wt.-%,
very close to that measured by TGA.

Structural description

The local environment of metallic cations is shown in figure 5 and
its general representation in figure 6 for CoEu-based complex. co**
cations, the center of the trigonal bi-pyramid, are fivefold
coordinated with four Co-O distances ranging between 1.91 and
2.22 A and one Co-Cl distance of 2.25 A. Among the four O atoms,
three belong to one deg_A and the last to one deg_B ligand. Eu®is
seven fold coordinated by O atoms belonging to five distinct
glycolate molecules. Three O atoms come from the same deg_B,
two O-atoms come from two deg_A and two O-atoms come from
two other distinct deg_B, to ensure the coordination with the other
tetrameric subunits.

Figure 5. Structural details of the tetrameric [(Eu,Co,)(deg)4(Cl),]
sub-unit constituting the CoEu-based glycolate complex.

The interatomic distances Eu-O range between 2.274 and
2.492 A. Polyhedron around Eu atoms can be view as a mono
capped trigonal antiprism. Bond valence calculations (Table 3)
are in agreement with a trivalent europium and divalent
cobalt. By connection of the preceding polyhedrons,
tretrameric sub-units can be considered [(Eu,Co,)(deg).(Cl),]
for the description. Two mono capped trigonal antiprims

Dalton Trans., 2015, 00, 1-3 | 5
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‘EuO;’ related by the inversion center are linked by edges
forming first the dimere unit ‘Eu,04,’. Two trigonal bi-pyramids
center by Co” and related by the same symmetry center
complete the motif leading to the tetrameric sub unit where
the two ‘CoO,Cl’ polyhedra are isolated from each other by Ln
atoms. Among the six glycolate molecules of the tetrameric
sub unit, two deg_A and two deg_B molecules are tridentate
and chelating and two others deg_B molecules bridge the
adjacent tetramer along the c direction. Inside the tetrameric
unit, the two Eu or the two Co atoms are related by a
symmetry center. Eu-Eu and Co-Co distances are 3.965 and
5.444 A respectively.

Figure 6. Projection along the b and c¢ axes of the
crystallographic lattice of CoEuCl(deg), complex. Dashed line
emphasis the pseudo hexagonal network arrangement of the
1D chains

6 | Dalton Trans., 2015, 00, 1-3
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Adjacent tetrameric units are generated by the c mirror
perpendicular to b. In between adjacent tetramers, shorter Eu-Eu
distance of 3.739 A and longer Co-Co distance of 6.16 A are
observed. Connection of the infinite tetrameric chains is realized by
Van der Waals interactions only. Indeed, all O atoms of the
glycolate molecules participate to the coordination of both metallic
elements. Thus, the shortest 0-O interchain distance is of 5.04 A,
meaning impossibility for having hydrogen bonds where 0O-O
between donor and acceptor is usually around 2.9 A. Each chain is
connected by van der Waals interaction to six other chains in a
pseudo hexagonal network as shown in Figure 6.

Table 3. Selected inter-atomic distances (A) in EuCoCl(deg),
complex.

Atom O-Atom Distance Bond valence

Eu A_3" 2.274(16) 0.583
A_13" 2.2628(17) 0.602
B_3 2.2743(14) 0.583
B_3' 2.427(2) 0.386
B_6" 2.4924(15) 0.324
B_13" 2.4532(18) 0.360
B_13" 2.452(2) 0.361

Ox. State =3.20
Co A_3" 1.908(5) 0.558
A_6" 2.228(3) 0.235
A_13" 2.019(5) 0.413
B_13" 2.050(4) 0.380
cl’ 2.250(6) 0.556

Ox. State =2.14

Co Eu” 3.361(1) intra

Eu” 3.373(1) intra

Eu Eu™ 3.965(1) intra
Co Co™ 5.444(1) intra
Co Co 6.162(1) inter
Eu Eu 3.739(1) inter

Symmetry codes: (i) 0.5+x, -0.5+y, z; (ii) 1.5-x, -0.5+y, 0.5-z; (iii)
0.5+x, 0.5-y, -0.5+z; (iv) -0.5+x, 0.5-y, -0.5+z; (v) X, -y, -0.5+z, (vi) -
14X, y, z; (vii) 1-x, -y, -z; (viii) 2-x, -y, -z; (ix) -X, -y, -z.

Optical diffused reflectance and X-ray absorption spectroscopies
results

The recorded UV-visible diffused reflectance spectrum of the
produced CoEuCl(deg), complex exhibited more than four spin
allowed absorptions (see figure 7): two well resolved and intense
bands at 274 and 560 nm, a spilt one at 841 and 994 nm and a
broad and degenerate one with three maxima at 1812, 2006 and
2200 nm. There are much more absorption bands than those
expected from the energy level diagram of a d’ioninan octahedral,
26 tetrahedral, 26 neither square pyramidal 7 crystal field. A rapid
overview of the relevant literature suggests that the obtained
optical data agree with those of high-spin five-coordinated co™ ion
in a more or less deformed trigonal bipyramidal crystal field. The
energy level diagram of such cation symmetry involves six spin
allowed d-d transitions: 2
A CE)S A CF) A, (CF) > 4, (CF) A, (PP (F);
A, CP)SECF); Y4, F)>*4,(*P) and ‘4, (* F)>*E"(* P)
, whose energy positions appear to be close to those measured. »

This journal is © The Royal Society of Chemistry 20xx
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Interestingly, all synthesized samples ColLn glycolates present the
same d-d broader bands with additional contributions related to
the spectroscopic atomic absorption of their constituting Ln cations,
meaning the same environment for cobalt cations in all the studied
sample series (Figure 7).

1.0

J —— Co-Sm
0.8

0.6

0.4+

Reflectance

0.2

0.0 T T

1500 2000 2500
A (nm)

Figure 7. UV-visible diffused reflectance spectra of ColLnCl(deg),

complexes (Ln = Nd, Sm, Eu, Gd, Ho).

500 1000

To confirm the local structure provided from XRD analysis around
Ln cations, Ls(Eu) EXAFS spectrum of the representative
CoEuCl(deg), complex of the studied sample series was collected
and analyzed according the procedure detailed in the experimental
section. The peaks in the FT moduli of the total EXAFS function
weighted by K, reported in Figure S3, correspond to apparent
interatomic distances, uncorrected for central and backscattering
electron phase shifts. The main peak, comprised between R = 1.2
and 3.6 A, and associated to the shells of nearest (nn) and next to
nearest (nnn) atoms of Eu is clearly identified. According the
crystallographic data, the nn shell consists of seven oxygen atoms
of DEG molecules directly attached to Eu cation at a distance
ranging between 2.25 and 2.50 A and forming its first
coordination sphere (main contribution) while the nnn one
consists of four carbon atom from the same DEG molecules a
distance ranging between 3.15 and 3.35 A and two cobalt atoms
of the same tetrameric unit at a distance of about 3.35 A (minor
contribution).

By inverse Fourier transform of this peak, the contribution to the
total EXAFS signal (k) of these nn and nnn shells is reported in
Figures 8a (blue line) and its fit (red line) according to the
equation given in the experiment section. The Fourier transform
of the filtred EXAFS signal (blue line) was also determined and
superposed to the calculated peaks for both nn and nnn shells.

The best fit was obtained by considering two distinct nn Eu-O shells,
one at a shorter Eu-O distance, ~2.25 A (the green line in Figure 8b),
and one at a longer distance, 2.45 A (the purple line in Figure 8b)
and three distinct nnn shell, a Eu-C one at about 3.25 A (the orange
line in Figure 8b), a Eu-Co one at 3.35 A (the brown line in Figure
8b) and a Eu-O one at about 3.55 A (the pink line in Figure 8b). The
refined interatomic distances, Debye-Waller factor and number of
back-scatterers for all these shells are summarized in Table 4,
agreeing very well with Rietveld results.

This journal is © The Royal Society of Chemistry 20xx

Table 4. EXAFS refinement results at L;(Eu) edge. N measures the
number of back-scatterers at a distance R from the central atom, G
the Gaussian Debye-Waller factor associated with R. Note that the
energy threshold, E,, taken at the first inflexion of the L;(Eu)
absorption edge is corrected in the fitting procedure by the AE,
parameter.

. R AEq c
pair N A eV R
Eu-O1 3  2.26%0.02 0.071 +0.010 0.0062 + 0.0016
Eu-02 4  2.45+0.02 0.054 £ 0.011 0.0068 + 0.0018
Eu-C 4 3.30+0.02 0.244 £ 0.016 0.0049 £ 0.0016
Eu-Co 2 3.36%+0.02 0.146 £ 0.013 0.0179 £ 0.0024
Eu-0O3 1 3.55%0.02 0.082 +£0.043 0.0191 £ 0.0099
(@)
- Exp. data
- Fitresult -

3.x(k)

Evwn fdata
EXjp. Gata

Fitresult |

Eu-01 path

Eu-02 path
g Eu-Co path -
E Eu-03 path

Figure 8. Filtered EXAFS interference function as a function of the
wave vector k of the photoelectron (blue line) superposed to the
calculated contribution of the nn and nnn shells around Eu to the
total EXAFS signal (red line) (a). The Fourier transform of the filtred
EXAFS signal (blue line) superposed to the calculated contribution
of both nn (Eu-O1 in green and Eu-02 in purple) and nnn (Eu-C in
orange, Eu-Co in brown and Eu-03 in pink) shells (b)

Magnetic properties

The thermal dependence of the static molar susceptibility x
has been recorded for all produced complexes (Figure 9).
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As a first lecture, the monotonous variation of x(T) at low
magnetic field (500 Oe) and the linear variation of X"l(T) at
high temperature suggest that ColLnCl(deg), complexes are
paramagnetic in this temperature range. The linear fit of X"l(T)
by the Curie-Weiss law in the 100-300 K range allows us to
determine the Curie constant, C and the Weiss temperature
0,, which are summarized in Table 5 and compared to
theoretical values, calculated per mole of complex, considering
Ln** and Co®* cations in their ground state and neglecting the
orbital contribution of the latter (spin only theory):

N 2
Clhe = %[gfsc‘o (SC(; + 1)+ ngLn(JLn + 1)]
B

‘]Ln (JLn + 1) + SLn (SLn + 1) — LLn (LLn + 1)
2J,,(J, +1D)

The measured Curie constants are not exactly equal to those
calculated, pointing out the fact the cobalt orbital contribution
must not be neglected in the total magnetic response. In the
case of CoSm and CoEu systems, because the first excited,
J=7/2 and J=1, sm® and Eu** multiplets are relatively close in
energy to the fundamental J=5/2 and J=0 multiplets,
respectively, it would be necessary to account not only the
fundamental state, but also these excited multiplets in their
related magnetic contribution. The mixing of these higher
multiplets into the fundamental leads to a decrease and an
increase of the magnetic moment of sm®" and Eu** cations,
respectively. 31 In the paramagnetic range the consequence of
this mixing is a magnetic susceptibility, which is the sum of a
Curie-type term, inversely proportional to the temperature,
and a Van Vleck-type term, independent of the temperature,
3031 underlining the limit of our model at least for these two
compounds and explaining the observed huge differences
between C, and Cy,. for them (see table 3). Anyway, the
obtained C,, values serve as numbers for comparison into the
studied sample series. It globally increases when the number
of 4f electron increases.

g, =1+

Table 5. List of the measured Curie constant, C.,, and Weiss

temperature 6, for all the produced complexes. The calculated
. . . . 2+ .

Cine Values assuming Curie law for a high spin Co”" (spin only)

CoNd
044 k40
op =
T =
E 0.34 +30 ’;
S 024 L2 3
= S
=
0.14 +10
0.0 T T T T T T 0
0 50 100 150 200 250 300 350
T(K)
0. T T T T T T 50

x(cm3mol'1)
S
2]
R
5 B B B

T
0 50 100 150 200 250 300 350

TK)

3+ . . .
and Ln™" cations are given for comparison

T0 s 100 150 200 250 300 350
Ln ground C C ] T(K)

Co-Ln sgtate (em? Kexr:\ol'l) (em? Kthr:\ol'l) (Kp) 20 i i i i i i %

Co-Nd 4I9,2 4.86 3.511 -20 Co-Ho Lo

Co-Sm Hs/ 3.15 4.336 -53 1.5

Co-Eu 'Fo 4.16 1.876 -64 _ NS

Co-Gd 857/2 11.35 9.750 -40 '10 Lo =

Co-Ho g 15.77 15.937 -51 mE Lo E[-“
The 0, value is negative and weak giving evidence that ioy »105
antiferromagnetic interactions exist at short-range between
the paramagnetic cations. Considering the structure of the 00 . . - - - - 0

produced complexes, the large separation between
consecutive Co®* and Ln>* cations inside the lattice makes Co-
Co and Ln-Ln superexchange interactions negligible. Only weak
exchange interactions between the 3d Co”* and 4f Ln** orbitals
through the 2p uz-oxygen atom orbitals of bridging deg ligands

inside a tetramer are noted, leading to small 6, values.

8 [ Dalton Trans., 2015, 00, 1-3

0 50 100 150 200 250 300 350

Figure 9: Temperature dependence of the magnetic molar dc-
susceptibility x (left axis) and its reciprocal function )(1 (right
axis) measured on the as-produced ColLnCl(deg), complexes
(Ln = Nd, Sm, Eu, Gd, Ho), under an applied field of 500 Oe.
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These interactions may explain the observed deviation from
the Curie law at low temperature (below 50 K) on the collected
data, even if the establishment of a long range
antiferromagnetic order is not evidenced down to 2 K. The
presence of spin—orbit coupling effects in these lanthanide
derivatives makes the fitting of the data to obtain Co**-Ln**
exchange parameters far from straightforward

The experimental magnetometry data were also plotted as x.T
versus T for all the CoLn compounds (see Figure S4 in the
supporting information section). The obtained curves are
typical of weakly antiferomagnetically interacting spin
systems: x.T decreases continuously when T decreases. Varying
the magnitude of the applied field below and above 500 Oe
(typically at H = 50 and 1000 Oe), the same shape of the curve
is observed (not shown).

Besides, the thermal variation of the heat capacity of these
compounds do not feature any anomalies below 150 K and do
not undergo any phase transformation. No obvious A peak is
found in the measured temperature range, which is a clear
evidence for the absence of 3D magnetic ordering in
agreement with their pseudo 1D structure. To illustrate that
the recorded C, versus T curve for CoEu system is given in
Figure 10.

2500

2000

T (K)
Figure 10. Thermal variation of the magnetic heat capacity C,
of CoEuCl(deg),. A zoom of the low temperature range is given
in the inset.

This feature was also confirmed by dynamic ac-magnetization
measurements. The thermal variation of the out-of-plane ac-
susceptibility component (x”’) of two representative
compounds, namely CoEu and CoGd ones, plotted in figure S5,
show unambiguously a ¥’ equal to zero in all the explored
temperature and frequency ranges.

This feature is usually consistent with non-magnetically long-
range ordered systems.

Regarding the initial objective of the work

Based on all these structural information, one may suppose
that the produced glycolates when redispersed in a polyol and
heated under optimized conditions (temperature, NaOH or
KOH concentration, reacting time, inert atmosphere...) should
provide the liberation of molecular species whom composition

This journal is © The Royal Society of Chemistry 20xx

must be very close to the previously described tetrameric sub-
unit, in which both Co” and Ln** cations are simultaneously
coordinated to dielthyleneglycolate ligands. The proximity of
the two cations should favor their simultaneous reduction.
Assays using these compounds as starting materials for the
production of their related alloyed nanoparticles in polyol are
in progress. They will be described in further works.

Conclusions

CoLnCI[(O(C,H40)5),] (Ln = Nd, Sm, Eu, Gd and Ho) chloro-
glycolate poynuclear hybrid were produced by reaction of
cobalt acetate and Ln chloride salts in boiling diethyleneglycol.
Interestingly, non-conventional five and seven coordination
spheres were evidenced around cobalt (Il) and Lanthanide (Il1),
respectively. These cations were coordinated by O-atoms of
deprotonated diethyleneglycol The
consist of 1D magnetic chains running along c direction and
packed together in a pseudo hexagonal framework
maintained by Van der Waals interactions (there are no direct
magnetic pathway between the chains). The CoLn compounds
exhibit weak Co-Ln antiferromagnetic interactions within the
tetrameric clusters. These materials could be used as starting

molecules. structure

materials for TM-Ln nanoparticles production in polyol.
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