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(a) (b)

Figure 4. (a) Labeled plot of the cation [Pr(NO3)(teaH3)2]2+ that is present in the structure of 6. Since
the methylene groups of teaH3 defined by the C1 and C2 atoms present disorder at two sites, only
the carbon atoms of the sites with the 0.8 occupancy have been drawn. Symmetry operation used to
generate equivalent atoms: (′) –x + 1, y, −z + 1/2. Only the H atoms of the hydroxyl groups are shown.
(b) The sphenocoronal coordination geometry of Pr1 in the structure of 6. The plotted polyhedron is
the ideal, best-fit polyhedron using the program SHAPE [47]. Primed and unprimed donor atoms are
related by the symmetry operation –x + 1, y, −z + 1/2.

(a) (b) 

Figure 5. (a) Chains of [Pr(NO3)(teaH3)2]2+ cations and NO3
− counterions parallel to the c axis

in the crystal structure of 6. (b) 3D arrangement of chains in the crystal structure of 6. The thick
dashed lines represent the C3–HB(C3)···O4 (orange), O1–H(O1)···O6 (cyan), O2–H(O2)···O8 (yellow),
O3–H(O3)···O8 (dark green) and C6–HA(C6)···O8 (light green) H bonds.

Complexes 1–6 join a small family of homometallic LnIII complexes containing triethanolamine, and
its singly and doubly deprotonated forms as ligands (Table 4); LnIII/tea3− complexes are not known.
Complexes 1, 2 and 4 are the only dinuclear LnIII complexes that possess a form of triethanolamine as
the only organic ligand. Complex 6 is isomorphous with [La(NO3)(teaH3)2](NO3)2 [35]. Of particular
interest is the ability of teaH3 to stabilize homoleptic cationic complexes with the divalent lanthanides
EuII and YbII [33,34].

78



Magnetochemistry 2017, 3, 5

T
a

b
le

4
.

C
ry

st
al

lo
gr

ap
hi

ca
lly

ch
ar

ac
te

ri
ze

d
ho

m
om

et
al

lic
Ln

II
an

d
Ln

II
I

co
m

pl
ex

es
co

nt
ai

ni
ng

th
e

te
aH

3,
te

aH
2−

an
d

te
aH

2−
gr

ou
ps

as
lig

an
ds

.

C
o

m
p

le
x

a
C

o
o

rd
in

a
ti

o
n

M
o

d
e

b
C

o
o

rd
in

a
ti

o
n

P
o

ly
h

e
d

ra
R

e
f.

[L
nII

I (t
ea

H
3)

2]
(C

F 3
SO

3)
3

(L
n

=
Pr

,Y
b,

Lu
)

η
1 :η

1 :η
1 :η

1
(A

)
C

SA
PR

j
[3

2]
[L

nII
(t

ea
H

3)
2]

(C
lO

4)
2

(L
n

=
Eu

,Y
b)

η
1 :η

1 :η
1 :η

1
(A

)
n.

r.
k
,B

C
A

TA
PR

l
[3

3,
34

]
[L

nII
I (N

O
3)

(t
ea

H
3)

2]
(N

O
3)

2
(L

n
=

La
,P

r)
η

1 :η
1 :η

1 :η
1

(A
)

SP
C

m
[3

5]
,t

hi
s

w
or

k
[L

nII
I (t

ea
H

3)
2(

H
2O

) 2
](

pi
c)

2
(L

n
=

La
)c

η
1 :η

1 :η
1 :η

1
(A

)
BC

SA
SP

R
n

[3
6]

[L
n 6

II
I (N

O
3)

6(
te

aH
3)

6]
(L

n
=

G
d,

D
y)

η
1 :η

1 :η
2 :η

2 :μ
3

(E
)

SA
PR

o
[3

7]
[L

n 6
II

I (C
O

3)
(N

O
3)

2(
ch

p)
7(

te
aH

2)
2(

te
aH

) 2
(H

2O
)]

(N
O

3)
(L

n
=

G
d,

T
b,

D
y)

d
η

1 :η
1 :η

1 :η
3 :μ

3
(C

)e ,η
1 :η

1 :η
2 :η

2 :μ
3

(E
)f

SA
PR

o
,T

C
T

PR
p

[3
8]

[L
n 3

II
I (O

H
)(

te
aH

2)
3(

pa
a)

3]
C

l 2
(L

n
=

D
y)

g
η

1 :η
1 :η

1 :η
2 :μ

2
(B

)
SA

PR
o

[3
9]

[L
n 8

II
I (O

H
) 6

(t
ea

H
) 6

(t
ea

H
2)

2(
te

aH
3)

2]
(C

F 3
SO

3)
4

(L
n

=
D

y)
η

1 :η
1 :η

1 :η
3 :μ

3
(G

)f ,η
1 :η

1 :η
1 :η

2 :μ
2

(F
)f ,η

1 :η
1 :η

1 :η
1

(A
,D

)h
SA

PR
o
,C

SA
PR

j
[3

9]
[L

n 2
II

I (L
)(

te
aH

2)
6(

o-
va

n)
(H

2L
)(

H
2O

)]
(C

lO
4)

2i
η

1 :η
1 :η

1 :η
2 :μ

2
(B

)
TC

TP
R

p
[4

0]

[L
n 2

II
I (N

O
3)

4(
te

aH
2)

2]
(L

n
=

Pr
,G

d,
D

y)
η

1 :η
1 :η

1 :η
2 :μ

2
(B

)
C

C
U

q
,T

C
TP

R
p

(L
n

=
G

d)
,C

SA
PR

j

(L
n

=
D

y)
th

is
w

or
k

a
So

lv
en

tm
ol

ec
ul

es
ha

ve
be

en
om

itt
ed

;b
Se

e
Sc

he
m

e
1;

c
pi

c−
is

th
e

pi
cr

at
e

an
io

n;
d

ch
p−

is
th

e
an

io
n

of
6-

ch
lo

ro
-2

-h
yd

ro
xy

py
ri

di
ne

;e
Fo

r
th

e
te

aH
2−

lig
an

ds
;f

Fo
r

th
e

te
aH

2−
lig

an
ds

;
g

pa
a−

is
th

e
an

io
n

of
N

-(
2-

py
ri

dy
l)a

ce
to

ac
et

am
id

e;
h

Fo
r

bo
th

th
e

te
aH

2−
an

d
te

aH
3

lig
an

ds
;i

H
2L

is
th

e
Sc

hi
ff

ba
se

N
,N

′ -b
is

(3
-m

et
ho

xy
sa

lic
yl

id
en

e)
-1

,2
-c

yc
lo

he
xa

ne
di

am
in

e,
L2−

is
its

di
an

io
ni

c
fo

rm
an

d
o-

va
n−

is
th

e
an

io
n

of
3-

m
et

ho
xy

sa
lic

yl
al

de
hy

de
(o

rt
ho

-v
an

ill
in

);
j

C
ap

pe
d

sq
ua

re
an

tip
ri

sm
;k

Fo
r

th
e

Eu
(I

I)
co

m
pl

ex
;l

Bi
ca

pp
ed

tr
ig

on
al

an
tip

ri
sm

;m
Sp

he
no

co
ro

na
;

n
Bi

ca
pp

ed
sq

ua
re

an
ti

pr
is

m
;o

Sq
ua

re
an

ti
pr

is
m

;p
Tr

ic
ap

pe
d

tr
ig

on
al

pr
is

m
;q

C
ap

pe
d

cu
be

(f
or

th
e

Pr
2

co
m

pl
ex

).

79



Magnetochemistry 2017, 3, 5

2.3. Magnetic Susceptibility Studies

Direct current (dc) magnetic susceptibility data (χM) on dried polycrystalline, analytically pure
samples of 2–5 were collected in the 2.0–300 K range. The data are plotted as χMT vs. T products
in Figure 6. The strength of the magnetic interactions between the two LnIII ions in the dinuclear
complexes can be easily quantified with the gadolinium analog 2. Indeed, the GdIII ions present
no spin-orbit coupling at the first order. Thus, the decrease or increase of the χMT product when
lowering the temperature for 2 reveals directly the presence of an antiferromagnetic or ferromagnetic,
respectively, interaction between the GdIII centers. The room temperature χMT value for 2 is
16.10 cm3·K·mol−1, essentially equal to the spin-only value (15.75 cm3·K·mol−1) expected for two
non-interacting GdIII (8S7/2, S = 7/2, L = 0, g = 2) ions. The value of the χMT product remains almost
constant down to ~40 K and then decreases rapidly to 4.64 cm3·K·mol−1 at 2.0 K, suggesting an
antiferromagnetic exchange interaction. Fit of the experimental data was performed by means of the
conventional analytical expression derived from the isotropic spin Hamiltonian shown in Equation (3).

Figure 6. χMT vs. T plots for compounds 2 (open circles), 3 (solid squares), 4 (solid circles) and 5 (open
diamonds). The solid line is the fit of the data to the theoretical model for the GdIII

2 complex 2; see the
text for the fit parameters.

The best-fit parameters for the simultaneous simulation of susceptibility and magnetization
data are J = −0.30(1) and g = 2.03 cm−1 with R values of 6.1 × 10−5 (χMT) and 1.2 × 10−4 (M).
As expected for pure LnIII systems, the exchange interaction is rather weak as a consequence of the
shielded 4f orbitals that have small overlap with bridging ligand orbitals. This J value is typical for
dinuclear complexes containing the {GdIII

2(μ2-OR)2}4+ core [17,18,20,25,50]. Rov and Hughbanks
performed a spin density functional (SDFT) study of dinuclear GdIII complexes containing the
{Gd2(μ2-OR)2}4+ core [20]. The systematic study showed that symmetrically bridged complexes
are antiferromagnetically coupled and asymmetrically bridged ones are ferromagnetically coupled.
In the case of 2, the {Gd2

III(μ2-OR)2}4+ core shows near-D2h symmetry; the Gd–(μ2-OR) bond distances
are nearly equal (2.258(1) and 2.303(1) Å) and the C– (μ2-O)–Gd angles are in the relatively narrow
range 119.3(1)–130.5(1)◦. Thus, the antiferromagnetic GdIII···GdIII exchange interaction in 2 is in
accordance with the theoretical predictions [20].

Ĥ = −J(ŜGd1 · ŜGd1′) (3)

The room temperature χMT values for 3 (23.04 cm3·K·mol−1), 4 (28.07 cm3·K·mol−1) and 5

(29.32 cm3·K·mol−1) are in agreement with the expected theoretical values of 23.64, 28.34 and
28.14 cm3·K·mol−1 for two non-interacting TbIII (7F6, S = 3, L = 3, g = 3/2), DyIII (6H15/2, S = 5/2,
L = 5, gj = 4/3) and HoIII (5I8, S = 2, L = 6, gj = 5/4) centers respectively. In all the three cases, the χMT
product decreases slightly between 300 and ~50 K, before a more rapid decrease below ~30 K, to reach
values of 4.24(3), 9.52(4) and 11.02(5) cm3·K·mol−1 at 2.0 K. For such LnIII ions with an unquenched
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orbital moment associated with a ligand field, the decrease of the χMT product as the temperature is
lowered can originate from the following possible contributions [50]: (a) the thermal depopulation of
the Stark sublevels; (b) the presence of magnetic anisotropy; and (c) antiferromagnetic interactions
between the LnIII centers. The relatively low χMT values at 2.0 K may suggest the contribution of a
weak to moderate LnIII···LnIII interaction (Ln = Tb, Dy, Ho), as confirmed for the GdIII

2 complex 2.
This assumption is further validated by the presence of a maximum in the χM vs. T plot at 3.3 K for
the TbIII

2 complex 3.
Magnetization plots for 2–5 are shown in Figure 7. As a consequence of the antiferromagnetic

interaction between the spin carriers, the shape of the plots is clearly sigmoid for 2 and 3, this effect
being less pronounced for 4 and almost negligible for the HoIII analog 5.

 
(a) (b)

Figure 7. (a) Magnetization plots at 2.0 K for compounds 2 (open circles), 3 (solid squares), 4 (solid
circles) and 5 (open diamonds). The solid line is the fit of the data to the theoretical model for the GdIII

2

complex 2. (b) First derivative of the magnetization plots evidencing their sigmoid shape.

In order to investigate the presence of slow relaxation of the magnetization which might originate
from an SMM behavior, alternating current (ac) magnetic susceptibility measurements were performed
on powdered samples of 3–5 in the temperature range 2.0–12 K with zero dc field and a 4.0 G ac
field oscillating in the 10-1500 Hz range. Unfortunately, no frequency dependent out-of-phase (χ′′

M)
signals were detected for the complexes. This was rather surprising for 4, because dysprosium(III)
is a Kramers’ ion (it has an odd number of 4f electrons), meaning that the ground state will always
be bistable (one of the prerequisites for a molecule to be an SMM) irrespective of the ligand field
symmetry. A review by Rinehart and Long five years ago [51] has provided a lucid account of how
f-element electronic structure can, in principle, be manipulated to create new SMMS. The basic overall
shape of free-ion electron density is oblate (i.e., it extends into the xy plane) for TbIII, DyIII and HoIII in
their ground states. Therefore, to maximize the anisotropy of an oblate ion (and thus the chances to
observe SMM properties), we should place it in a crystal field for which the ligand electron density is
concentrated above and below the xy plane; this is clearly not the case here. Given that in the absence
of high symmetry (as in 4), the ground state of DyIII is a doublet along the anisotropy axis with an
angular momentum quantum number mj = ±15/2, we have determined the orientation of the ground
state magnetic anisotropy axis for the DyIII center of 4 using a method reported in 2013 [52], based on
an electrostatic model. This method does not demand the fitting of experimental data; it only requires
the knowledge of the single-crystal X-ray structure of the complex. Following this method and the

81



Magnetochemistry 2017, 3, 5

program MAGELLAN (a FORTRAN program), the ground state magnetic anisotropy axis for each
DyIII ion (the two axis are co-parallel due to the existence of the crystallographically imposed inversion
center in the molecule) is directed towards the bridging oxygen atoms O1/O1′ (Figure 8), which exhibit
the shortest Dy–O bond distances (Table 2). This forces the oblate electron density of DyIII to be almost
parallel to the easy axis, which is a non-favorable spatial conformation to achieve slow relaxation
of the magnetization [52]. No frequency dependent out-of-phase ac magnetic susceptibility signals
were observed for 3–5 under external dc fields of 0.1 and 0.2 T, suggesting that the complexes are not
field-induced SMMs.

 
Figure 8. Ground state magnetic anisotropy axis (green bars) for the two symmetry-related DyIII ions
that are present in the molecule of 4.

Since the LnIII ions most often used in SMMs are TbIII, DyIII, HoIII and ErIII (and rarely YbIII) and
since there are no reports of PrIII SMMs [6], we have not studied the magnetic properties of the PrIII

complexes 1 and 6.

3. Experimental Section

3.1. Materials and Physical Measurements

All manipulations were performed under aerobic conditions using reagents and solvents (Alfa
Aesar, Aldrich; Karlsruhe, Germany and Tanfrichen, Germany, respectively) as received. Elemental
analyses (C, H, N) were carried out by the University of Patras microanalytical service (Patras, Greece).
FT-IR spectra (4000–400 cm−1) were recorded using a Perkin-Elmer (supplier, Watham, MA, USA) 16 PC
FT-IR spectrometer with samples prepared as KBr pellets and as nujol or hexachlorobutadiene mulls
between CsI disks. Solid state, variable-temperature direct-current (dc) magnetic susceptibility data
were collected on powdered samples of representative complexes using a MPMS5 Quantum Design
(supplier, San Diego, CA, USA) SQUID magnetometer, operating at dc fields of 0.3 T in the 300–30 K
range and 0.03 T in the 30–2.0 K range to avoid saturation effects at low temperatures. Diamagnetic
corrections were applied to observed paramagnetic susceptibilities using Pascal’s constants [53]. The fit
of the experimental data for the dinuclear GdIII complex was performed with the PHI program [54].
The quality of the fits was parameterized using the factor R = {(χMT)exp − (χMT)calcd}2/{(χMT)exp}2.

3.2. Synthesis of [Pr2(NO3)4(teaH2)2]·2MeOH (1·2MeOH)

To a stirred colorless solution of teaH3 (66 μL, 0.50 mmol) in MeOH (20 mL) was added solid
Pr(NO3)3·6H2O (0.218 g, 0.50 mmol). The solid soon dissolved and the resulting very pale green
(almost colorless) solution was stirred for a further 10 min and left undisturbed in a closed flask
at room temperature. X-ray quality, pale green crystals of the product were formed over a period
of 4–5 days. The crystals were collected by filtration, washed with cold MeOH (1 mL) and Et2O
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(3 × 1 mL), and dried in air. Typical yields were in the range 40%–45% (based on the PrIII available).
The complex was satisfactorily analyzed as lattice MeOH-free, i.e., as 1. Anal calc. for C12H28N6Pr2O18

(found values in parentheses): C 17.44 (17.63), H 3.42 (3.36), N 10.17 (9.87)%. IR bands (KBr cm−1):
3356 sb, 3150 m, 2930 m, 1650 m, 1458 m, 1406 sh, 1384 s, 1094 m, 1084 m, 1064 w, 1032 m, 1004 m,
916 m, 832 w, 818 w, 738 w, 670 w, 564 m, 544 w, 526 w, 458 wb, 402 w.

3.3. Syntheses of [Gd2(NO3)4(teaH2)2]·2MeOH (2·2MeOH), [Tb2(NO3)4(teaH2)2]·2MeOH (3·2MeOH),
[Dy2(NO3)4(teaH2)2]·2MeOH (4·2MeOH) and [Ho2(NO3)4(teaH2)2]·2MeOH (5·2MeOH)

These complexes were prepared and crystallized in an identical manner with 1·2MeOH by
simply replacing Pr(NO3)3·6H2O with Gd(NO3)3·6H2O (0.226 g, 0.50 mmol), Tb(NO3)3·6H2O (0.227 g,
0.50 mmol), Dy(NO3)3·5H2O (0.219 g, 0.50 mmol) and Ho(NO3)3·6H2O (0.230 g, 0.50 mmol).
The crystals of all the complexes were colorless. Typical yields were ~45% for 2, ~55% for 3, ~35%
for 4 and ~40% for 5. The complexes were satisfactorily analyzed as lattice MeOH-free. Anal. calc.
for C12H28N6Ln2O18 (found values in parentheses): 2 (Ln = Gd): C 16.78 (16.93), H 3.29 (3.40), N 9.79
(9.55)%; 3 (Ln = Tb): C 16.71 (16.39), H 3.28 (3.31), N 9.75 (9.50)%; 4 (Ln = Dy): C 16.58 (16.70), H 3.25
(3.37), N 9.67 (9.71)%; 5 (Ln = Ho): C 16.48 (16.31), H 3.23 (3.30), N 9.61 (9.42)%. The IR spectra of 2, 3,
4 and 5 are almost superimposable with the spectrum of 1 with a maximum wavenumber difference
of ±4 cm−1.

3.4. Synthesis of [Pr(NO3)(teaH3)2](NO3)2 (6)

To a stirred colorless solution of teaH3 (330 μL, 2.50 mmol) in MeOH (12 mL) was added dropwise
a solution of Pr(NO3)3·6H2O (0.435 g, 1.00 mmol) in the same solvent (5 mL). The resulting very
pale green (almost colorless) solution was stirred for a further 15 min. The undisturbed solution was
allowed to slowly evaporate in an open flask at room temperature. X-ray quality, pale green crystals of
the product were grown over a period of 2–3 d. When precipitation was judged to be complete, the
crystals were collected by filtration, washed with cold MeOH (0.5 mL) and Et2O (5 × 1 mL), and dried
in air. The yield was 62% (based on the PrIII available). Anal. calc. for C12H30N5PrO15 (found values
in parentheses): C 23.05 (22.71), H 4.85 (4.97), N 11.20 (11.27)%. Characteristic IR bands (KBr, cm−1):
~3400 sb, 3230 m, 2940 m, 1643 m, 1473 m, 1010 m, 830 w.

3.5. Single-Crystal and Powder X-ray Crystallography

Suitable crystals of 1·2MeOH, 2·2MeOH, 4·2MeOH and 6 had dimensions 0.12 × 0.18 × 0.36 mm,
0.10 × 0.17 × 0.20 mm, 0.10 × 0.26 × 0.44 mm and 0.10 × 0.16 × 0.39 mm, respectively.
The crystals were taken from the mother liquor and immediately cooled to −113 ◦C (1·2MeOH,
4·2MeOH, 6) or to −43 ◦C (2·2MeOH). Diffraction data were collected on a Rigaku (Tokyo, Japan)
R-AXIS SPIDER Image Plate diffractometer using graphite-monochromated Mo Kα radiation. Data
collection (ω-scans) and processing (cell refinement, data reduction and Empirical absorption
correction) were performed using the CrystalClear program package [55]. Important crystallographic
data are listed in Table 1. The structures were solved by direct methods using SHELXS-97 [56]
and refined by full-matrix least-squares techniques on F2 with SHELXL-2014/6 [57]. Further
experimental crystallographic details for 1·2MeOH: 2θmax = 54.0◦, 262 parameters refined, (Δ/σ)max = 0.002,
(Δ�)max/(Δ�)min = 0.59/−0.44 e Å−3. Further experimental crystallographic details for 2·2MeOH: 2θmax

= 54.0◦, 262 parameters refined, (Δ/σ)max = 0.003, (Δ�)max/(Δ�)min = 0.48/−0.52 e Å−3. Further
experimental crystallographic details for 4·2MeOH: 2θmax = 54.0◦, 262 parameters refined, (Δ/σ)max = 0.002,
(Δ�)max/(Δ�)min = 0.55/−0.54 e Å−3. Further experimental crystallographic details for 6: 2θmax = 54.0◦,
203 parameters refined, (Δ/σ)max = 0.055, (Δ�)max/(Δ�)min = 0.46/−0.28 e Å−3. In the structure of 6,
the methylene groups defined by the C1 and C2 atoms present disorder at two sites with 0.8 and
0.2 occupancies. All H atoms, except those of the disordered part in 6, were located by difference
maps and were refined isotropically. All non-H atoms were refined anisotropically. Plots of the
structures were drawn using the Diamond 3 program package [58]. The X-ray crystallographic data
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for the complexes in CIF formats have been deposited with CCDC (reference numbers CCDC 1522194,
1522195, 1522193 and 1522196 for 1·2MeOH, 2·2MeOH, 4·2MeOH and 6, respectively). They can be
obtained free of charge at http://www.ccdc.cam.ac.uk//conts/retrieving.html, or from the Cambridge
Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK: Fax: +44-1223-336033; or
e-mail: deposit@ccdc.cam.ac.uk. Powder X-ray diffraction patterns were collected on a Siemens D500
diffractometer (supplier, Zug, Switzerland) using Cu Kα radiation.

4. Conclusions and Perspectives

In this work, we have shown that the monoanion of triethanolamine can act as a bridging
ligand forming dinuclear lanthanide(III) complexes of the general formula [Ln2(NO3)4(teaH2)2].
Five members of this family (Ln = Pr, Gd, Tb, Dy, Ho) have been fully characterized. Use of excess of
the ligand leads to mononuclear [Ln(NO3)(teaH3)2](NO3)2 complexes with the early lanthanide(III)
ions in which the ligand is neutral. Complexes 1–5 are the only dinuclear LnIII complexes that possess
a form of triethanolamine as the only organic ligand. Magnetic studies have shown that the GdIII

2

complex is characterized by weak to moderate intramolecular, antiferromagnetic exchange interaction;
this is most probably the case for the TbIII

2, DyIII
2 and HoIII

2 members of the family. The dinuclear
complexes with the anisotropic LnIII atoms (Ln = Tb, Dy, Ho) do not exhibit SMM behavior; for the
DyIII

2 compound this has been rationalized by determining the metal ions’ magnetic anisotropy axes
the direction of which forces the oblate electron density of DyIII to be almost parallel to the easy
magnetization axis.

We are currently investigating the possibility to prepare LnIII complexes with the triply
deprotonated form of triethanolamine, i.e., tea3−, as ligand; such compounds are not known to
date (Table 4) and it is possible that tea3− can stabilize high-nuclearity LnIII compounds with
interesting magnetic properties. Preliminary studies seem to confirm our expectations. As far as
future perspectives are concerned, LnIII/RCO2

−/teaH2
− compounds have never been reported and it

is currently not known if these complexes are isostructural with 1–5 or the better (compared with the
nitrate ion) bridging ability of simple carboxylates can lead to products with other structural types
and nuclearities.

Supplementary Materials: The following are available online at http://www.mdpi.com/2312-7481/3/1/5/s1,
Figure S1: X-ray powder diffraction patterns of complexes 3, 2 and 4. Figure S2: The IR spectrum (KBr, cm−1)
of complex 3. Figure S3: The IR spectrum (liquid between CsI disks, cm−1) of the free teaH3 ligand.
Figure S4: Partially labeled plot of the molecule [Pr2(NO3)4(teaH2)2] that is present in the structure of 1·2MeOH.
Figure S5: Partially labeled plot of the molecule [Gd2(NO3)4(teaH2)2] that is present in the structure of
2·2MeOH. Figure S6: The spherical capped square antiprismatic coordination geometry of Dy1 in the structure of
4·2MeOH. Figure S7: The Johnson tricapped trigonal prismatic coordination geometry of Gd1 in the structure
of 2·2MeOH. Figure S8: The spherical-relaxed capped cubic coordination geometry of Pr1 in the structure of
1·2MeOH. Table S1: Continuous Shape Measures (CShM) values for the potential coordination polyhedra of
Dy1/Dy1′ in the structure of complex [Dy2(NO3)4(teaH2)2]·2MeOH (4·2MeOH). Table S2: Continuous Shape
Measures (CShM) values for the potential coordination polyhedra of Gd1/Gd1′ in the structure of complex
[Gd2(NO3)4(teaH2)2]·2MeOH (2·2MeOH). Table S3: Continuous Shape Measures (CShM) values for the potential
coordination polyhedra of Pr1/Pr1′ in the structure of complex [Pr2(NO3)4(teaH2)2]·2MeOH (1·2MeOH). Table S4:
Continuous Shape Measures (CShM) values for the potential coordination polyhedra of Pr1 in the structure of
[Pr(NO3)(teaH3)2](NO3)2 (6). Table S5: H bonds in the crystal structure of complex [Dy2(NO3)4(teaH2)2]·2MeOH
(4·2MeOH). Table S6: H bonds in the crystal structure of complex [Pr(NO3)(teaH3)2](NO3)2 (6).
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Abstract: The syntheses and characterization of four new hybrid coordination networks based
on lanthanide ions (Ln = Nd, Sm) and 1,3-carboxymethylimidazolium (L) salt in the presence of
oxalic acid (H2ox) are reported. The influence of the synthesis parameters, such as the nature of
the lanthanide ion (Nd3+ or Sm3+), the nature of the imidazolium source (chloride [H2L][Cl] or
zwitterionic [HL] form) and the presence or not of oxalic acid (H2ox), is discussed. In the presence
of oxalic acid, the samarium salt gives only one compound [Sm(L)(ox)(H2O)]·H2O, whatever the
nature of the imidazolium ligand, while the neodymium salt leads to three different compounds,
[Nd(L)(ox)(H2O)]·H2O, [Nd(L)(ox)0.5(H2O)2][Cl] or [Nd2(L)2(ox)(NO3)(H2O)3][NO3], depending
on the imidazolium ligand. In the absence of oxalic acid, gels are obtained, except for the reaction
between the neodymium salt and [H2L][Cl], which leads to [Nd(L)(ox)(H2O)]·H2O. All compounds
crystallized and their structures were determined by single crystal diffraction. The description
of these new phases was consistently supported by ancillary techniques, such as powder X-ray
diffraction, thermal analyses and UV-visible-near infrared spectroscopy. The luminescent and
magnetic properties of the three pure compounds [Sm(L)(ox)(H2O)]·H2O, [Nd(L)(ox)(H2O)]·H2O
and [Nd2(L)2(ox)(NO3)(H2O)3][NO3] were also studied.

Keywords: hybrid coordination networks; lanthanide ions; luminescence; magnetic properties

1. Introduction

Hybrid coordination polymers have been the subject of intense research for a few decades.
Primarily investigated for their porosity and related properties, coordination polymers are promising
for many applications, like gas separation and storage, catalysis or drug delivery, for example [1–5].
The versatility of the synthesis of such metal coordination polymers is now exploited to generate
new functional hybrid networks with specific electronic properties (luminescence, magnetism,
conductivity, etc.) [6–10].

Compared to the first row transition metals, the coordination number of 4f elements is more
diverse. Even if a wide range of coordination numbers for lanthanides can make the prediction and
control of the final structure of the networks difficult, it can be an advantage for the generation of
(multi)functional systems. This (multi)functionality stems essentially from the intrinsic physical
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properties of the lanthanide ions. Especially due to luminescent properties, lanthanide-based
compounds can be used in many potential applications, such as light-emitting devices, sensing,
imaging agents in the biomedical area, as well as solar energy conversion [11–16]. Among the different
networks based on lanthanides, those containing Tb3+ and Eu3+ ions are certainly the most studied
since they exhibit a characteristic green and red emission, respectively [17,18]. Moreover, lanthanide
ions present a strong magnetic anisotropy, which confers them interesting magnetic properties, such as
single molecule magnet or single chain magnet behavior [19–21].

The synthesis of hybrid coordination networks is very versatile since different parameters, such as
the solvent, the temperature, the pH, the nature and the concentration of the reactants, can have a
great influence on the final product [1,22]. Recently, the synthesis of hybrid coordination networks has
been realized in ionic liquid media, which is called ionothermal synthesis. The use of ionic liquids
(belonging to the family of the imidazolium or ammonium salts, for example) allows obtaining new
compounds that are only available in these kinds of conditions [23–25]. However, real control of
ionothermal synthesis is still limited, especially because the role of ionic liquids, acting as a solvent,
structuring agent or charge compensator, or even a combination of these three possibilities, is rather
unpredictable. To circumvent this problem, we have chosen to design imidazolium salts functionalized
by carboxylate functions to force the role of the imidazolium salts to that of the ligand. Such a method
has already proven its efficiency to get hybrid networks [26–30].

We have recently reported the synthesis of two isostructural hybrid coordination networks based
on transition metal ions (M = Co2+, Zn2+) [31] and a series of uranyl hybrid coordination networks [32]
in the presence of the imidazolium dicarboxylate salt named 1,3-bis(carboxymethyl)imidazolium
chloride or [H2L][Cl]. To go further into the exploration and the understanding of such a system, we
analyzed the behavior of the lanthanide ions, and in particular, we investigated the behavior of the
Nd3+ and Sm3+ ions.

In this paper, we report the effect of the nature of the imidazolium salt (either [H2L][Cl] or
2-(1-(carboxymethyl)-1H-imidazol-3-ium-3-yl)acetate denoted [HL]) on the structure of lanthanide-based
compounds obtained by the reaction with Nd(NO3)3·6H2O or Sm(NO3)3·6H2O in the presence of oxalic
acid (H2ox) in a water/ethanol mixture. The effect of the presence of oxalic acid is also investigated.

2. Results and Discussion

2.1. Crystal Structure of [Ln(L)(ox)(H2O)]·H2O with Ln = Nd3+ or Sm3+

The diffraction analysis reveals that the compounds [Nd(L)(ox)(H2O)]·H2O and
[Sm(L)(ox)(H2O)]·H2O are isostructural (see Table 1 and Figure S1). Consequently, only the
structure of [Nd(L)(ox)(H2O)]·H2O will be described below. [Nd(L)(ox)(H2O)]·H2O crystallizes in
the triclinic space group P-1 (No. 2) with the parameters a = 8.010(3) Å, b = 9.203(3) Å, c = 9.523(2) Å,
α = 79.910(20)◦, β = 72.043(16)◦ and γ = 89.270(20)◦.
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In the refined model, the asymmetric unit (Figure 1) contains one Nd3+ cation, one fully-deprotonated
L− ligand, two half oxalate ligands, one coordinated water molecule and one non-coordinated
water molecule distributed on two positions (O10A and O10B) with the occupancy rates of 0.54
and 0.46, respectively.

Figure 1. Ellipsoid view of the asymmetric unit of [Nd(L)(ox)(H2O)]·H2O (red: oxygen; grey: carbon;
blue: nitrogen; H: hydrogen; and green: neodymium).

In the network, Nd3+ ions are surrounded by nine oxygens in a distorted monocapped square
antiprism. Oxygen atoms belong to three different imidazolium ligands (four oxygens), two different
oxalate ligands (four oxygens) and one to the coordinated water molecule. One imidazolium ligand
coordinates three Nd3+ ions and displays a μ3-μ2O3; κ2O3O4; κ’O1 coordination mode (Figure 2).
One carboxylate function of the imidazolium ligand is coordinated in monodentate mode (O1).
The second carboxylate function of the imidazolium ligand bridges two Nd3+ ions by O3 while it is
coordinated to one Nd3+ ion with O4. The oxalate ligand coordinates two Nd3+ ions in bis-bidentate
bridging mode as already reported [33]. These different modes of coordination give rise to dimers
of lanthanide ions. These dimeric units are extended in a two-dimensional (2D) network with layers
parallel to the a0c plan through oxalates with perpendicular orientation and di-oxo bridges (Figures 2
and 3a). The cavities of the network are filled by free water molecules almost equally distributed on
the two different positions O10A and 10B (Figures 2 and 3b).

Figure 2. Selected view showing the different coordination modes in the structure of
[Nd(L)(ox)(H2O)]·H2O (red: oxygen; grey: carbon; blue: nitrogen; and green: neodymium). H atoms are
omitted for clarity.
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Figure 3. Selected packing view of the crystal structure of [Nd(L)(ox)(H2O)]·H2O showing:
(a) the 2D character along the c axis; and (b) the cavities of the network along the b axis (red: oxygen;
grey: carbon; blue: nitrogen; and green: neodymium). H atoms are omitted for clarity.

The Nd-O distances range from 2.413(3) Å to 2.731(3) Å (and from 2.385(4) to 2.716(3) Å for the
compound [Sm(L)(ox)(H2O)]·H2O). These bond lengths are comparable to those observed in similar
compounds [26,34]. Nd-Nd distances are equal to 4.221(1) Å (4.189(1) Å for Sm-Sm) through the O3
di-oxo bridge and 6.285(1) Å (6.234(1) Å for Sm-Sm) through the oxalate ligand.

2.2. Crystal Structure of [Nd2(L)(ox)(NO3)(H2O)3][NO3]

The compound [Nd2(L)(ox)(NO3)(H2O)3][NO3] is obtained as colorless crystals. It crystallizes in
the triclinic space group P-1 (No. 2) with the parameters a = 8.076(3) Å, b = 12.545(4) Å, c = 15.713(3) Å,
α = 71.896(18)◦, β = 84.14(2)◦ and γ = 75.62(3)◦ (see Table 1 and Figure S1). The asymmetric unit
contains two Nd3+ ions, two L− ligands, two nitrate anions (one coordinated and one non-coordinated)
and three coordinated water molecules (Figure 4).

Figure 4. Ellipsoid view of the asymmetric unit of [Nd2(L)(ox)(NO3)(H2O)3][NO3] (red: oxygen; grey:
carbon; blue: nitrogen, H: hydrogen; and green: neodymium).
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The Nd1 ion is surrounded by nine oxygen atoms belonging to two different imidazolium ligands
(O1 and O11), one oxalate ligand (O13 and O9), two coordinated water molecules (O6 and O7) and
one nitrate anion (O15 and O12). The Nd2 ion is also surrounded by nine oxygen atoms belonging to
three different imidazolium carboxylates (O2, O3, O4, O4 and O5), one oxalate ligand (O8 and O10)
and two coordinated water molecule (O16 and O21). The two Nd3+ ions exhibit a tricapped trigonal
prism coordination polyhedron.

The Nd1 and Nd2 ions in the asymmetric unit are connected by the oxalate ligand (O10, O8, O9
and O13) in a bis-bidentate bridging mode. The carboxylate functions (O1 and O2, O14 and O5) of
two different imidazolium ligands link together asymmetric units along the a axis.

The Nd1 ions are linked together through the carboxylate functions (O11 and O6) of two different
imidazolium ligands in a bridging bidentate mode (the Nd1–Nd1 distance is 5.20 Å), whereas the
Nd2 ions are interconnected by the carboxylate functions of two other ligands (the Nd2–Nd2 distance
is 10.88 Å) (Figure 5). These carboxylate functions are involved in a bidentate chelate coordination
mode through O3 and O4 and in a bridging bidentate coordination mode through O4 (Figure 5).

Figure 5. Selected view showing the different coordination modes for the compound
[Nd2(L)(ox)(NO3)(H2O)3][NO3] (red: oxygen; grey: carbon; blue: nitrogen; and green: neodymium).
H atoms are omitted for clarity.

As for the nitrate anions, one is coordinated to Nd1 in a bidentate chelate mode, while the
second is free as previously reported for the compound [Nd(L)2(H2O)2][NO3].3H2O [26]. The bidentate
chelate coordination mode of the nitrate anion is often reported in the literature [35,36]. Moreover,
the imidazolium ligand is coordinated in a trans mode contrary to the previous structure
[Ln(L)(ox)(H2O)]·H2O with Ln = Nd3+ or Sm3+ where a cis mode is observed. The trans mode
gives rise to a 3D structure showing staircase linking of the Nd3+ ions/oxalate chains (see Figure 6).
The free nitrate anions are located in the cavities of the structure. The Nd–O distances vary from
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2.360(8) Å to 2.800(10) Å, and the Nd–Nd distances are equal to 4.943(2) Å and 6.413(2) Å. These
distances are comparable to those observed for the previous compound [Nd(L)(ox)(H2O)]·H2O.

Figure 6. Selected view along the a axis showing different coordination modes in [Nd2(L)(ox)(NO3)(H2O)3]
[NO3] (red: oxygen; grey: carbon; blue: nitrogen; and green: neodymium). H atoms are omitted for clarity.

2.3. Crystal Structure of [Nd(L)(ox)0.5(H2O)2][Cl]

The compound [Nd(L)(ox)0.5(H2O)2][Cl] is obtained as colorless crystals. It crystallizes in the
triclinic space group P-1 (No. 2) with the parameters a = 7.987(1) Å, b = 8.534(3) Å, c = 11.259(3) Å,
α = 71.961(17)◦, β = 84.270(20)◦ and γ = 68.045(18)◦ (see Table 1). The asymmetric unit contains one
Nd3+ ion, one ligand L−, one half oxalate ligand, one free chloride anion and two coordinated water
molecules (Figure 7). In this structure, the Nd3+ ions are surrounded by nine oxygens belonging to
two water molecules (O6 and O8), one oxalate ligand (O3 and O4) and three different imidazolium
ligands (O1, O2, O5, O5x,y,−1+z and O7). The two carboxylate functions of each imidazolium ligand
show different coordination modes. One carboxylate function coordinates two Nd ions through O1
and O7 in a bridging mode (O1, O7), while the second coordinates two Nd ions through O2 and O5 in
a chelating bridging mode (μ2O5; κ2O5O2).

Figure 7. Asymmetric unit of [Nd(L)(ox)0.5(H2O)2][Cl] (red: oxygen; grey: carbon; blue: nitrogen;
H: hydrogen; and green: neodymium).
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These different coordination modes are alternated, leading to the formation of a chain of dimeric
units linked together by the oxalate ligand forming sheets parallel to the a,b plane. In addition, each
chain is linked to another by the imidazolium ligand giving rise to a tridimensional network (Figure 8a).
The chloride anion is present in the cavities of the network and is involved in hydrogen bonds with
the coordinated water molecules (Figure 8b).

Figure 8. Selected view: (a) of the packing along the a axis; and (b) of the hydrogen bondings between
the chloride anion and the networks (blue line) in [Nd(L)(ox)0.5(H2O)2][Cl] (red: oxygen; grey: carbon;
blue: nitrogen; and green: neodymium). H atoms are omitted for clarity.

The Nd–O distances vary from 2.364(9) Å to 2.714(8) Å, and the Nd–Nd distances are equal
to 4.987(2) Å and 6.415(2) Å through imidazolium and oxalate, respectively. These distances are similar
to those observed in the previous compound [Nd(L)(ox)(H2O)]·H2O. Though the crystalline structure
was determined for the compound [Nd(L)(ox)0.5(H2O)2][Cl], the physical properties are not presented
in the following since this compound was not obtained as a pure phase (Figure S2).

The peculiar mixed bridging-chelating coordination mode of the carboxylates encountered in
both [Nd2(L)(ox)(NO3)(H2O)3][NO3] and [Nd(L)(ox)0.5(H2O)2][Cl] is reminiscent of that reported in
other structures involving lanthanide ions (La3+ or Dy3+) and linear imino diacetic acid [37]. In the
latter, a “pillared” structure was observed, the ligand linking lanthanide layers; while in the present
case, due to the geometry of the 1,3-carboxymethylimidazolium ligand, a staircase linking is observed
between adjacent chains.

All features in the FTIR powder spectra are consistent with the single crystal structures (Figure S3)
and the SEM analyses in composition mode confirm the composition of the different structures (Figure S4).

2.4. Thermal Analyses

The thermal analyses of the three compounds [Nd2(L)(ox)(NO3)(H2O)3][NO3],
[Nd(L)(ox)(H2O)]·H2O and [Sm(L)(ox)(H2O)]·H2O are reported in Figure 9.

The thermal analysis of [Sm(L)(ox)(H2O)]·H2O reveals a first endothermic weight loss at 240 ◦C
corresponding to the departure of the uncoordinated and the coordinated water molecules (calc. 7.87%;
exp. 7.70%). The second weight loss observed between 300 ◦C and 800 ◦C is associated with exothermic
peaks and corresponds to the decomposition of the organic species (i.e., oxalate and imidazolium
ligand) and the formation of the oxide Sm2O3 (calc. 58.62%; exp. 57.25%). [Nd(L)(ox)(H2O)]·H2O
shows a similar behavior. It shows a first exothermic weight loss at 190 ◦C corresponding to the
loss of the water molecules (calc. 7.98%; exp. 8.98%) and a second one between 300 ◦C and 700 ◦C
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(calc. 59.48%; exp. 57.93%) corresponding to the decomposition of the organic species and the formation
of Nd2O3. Concerning [Nd2(L)(ox)(NO3)(H2O)3][NO3], the first weight loss between 35 ◦C and 140 ◦C
corresponds well to the departure of nitric acid (calc. 5.87%; exp. 5.43%). This loss is immediately
followed by an endothermic event between 130 ◦C and 240 ◦C, which corresponds to the departure
of the two water molecules and one hydroxide (calc. 6.73%; exp. 5.94%). The successive exothermic
weight losses between 200 ◦C and 650 ◦C correspond to the decomposition of the organic species
(i.e., imidazolium and oxalate ligands) and the nitrate concomitant with the formation of Nd2O3

(calc. 50.84%; exp. 52.79%).
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Figure 9. TGA (solid lines) and TDA (doted lines) of [Nd2(L)(ox)(NO3)(H2O)3][NO3] (blue),
[Nd(L)(ox)(H2O)]·H2O (red) and [Sm(L)(ox)(H2O)]·H2O (orange).

2.5. UV-Visible-NIR Spectroscopy

The UV-visible-NIR spectra for the compounds [Nd2(L)(ox)(NO3)(H2O)3][NO3],
[Nd(L)(ox)(H2O)]·H2O and [Sm(L)(ox)(H2O)]·H2O are displayed in Figure 10, while the assignments
of the bands are reported on Table 2.

Figure 10. UV-visible-NIR spectra of the compounds: (a) [Nd2(L)(ox)(NO3)(H2O)3][NO3] (blue line),
[Nd(L)(ox)(H2O)]·H2O (red line); and (b) [Sm(L)(ox)(H2O)]·H2O (orange line).
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Table 2. Assignment of the bands for the compounds [Nd2(L)(ox)(NO3)(H2O)3][NO3],
[Nd(L)(ox)(H2O)]·H2O and [Sm(L)(ox)(H2O)]·H2O.

Band Number [Nd2(L)(ox)(NO3)(H2O)3][NO3] and [Nd(L)(ox)(H2O)]·H2O [Sm(L)(ox)(H2O)]·H2O

1
356 nm 318 nm

4I9/2→2D1/2
6H5/2→4F11/2

2
462 nm 344 nm

4I9/2→4G11/2 + 2K15/2 + 2P3/2+2D3/2
6H5/2→3H7/2

3
524 nm 362 nm

4I9/2→2G9/2
6H5/2→4F9/2

4
580 nm 376 nm

4I9/2→4G7/2 + 2G7/2
6H5/2→4D5/2

5
626 nm 404 nm

4I9/2→2H11/2
6H5/2→4K11/2

6
680 nm 418 nm

4I9/2→4F9/2
6H5/2→6P5/2 + 4M19/2

7
744 nm 440 nm

4I9/2→4F7/2, 4S3/2
6H5/2→4G9/2 + 4I15/2

8
798 nm 464 nm

4I9/2→4F5/2, 2H9/2
6H5/2→4F5/2 + 4I13/2

9
870 nm 478 nm

4I9/2→4F3/2
6H5/2→4I11/2 + 4M15/2

10
1624 nm 950 nm

4I9/2→4I15/2
6H5/2→6F11/2

11 - 1088 nm
6H5/2→6F9/2

12 - 1240 nm
6H5/2→6F7/2

13 - 1390 nm
6H5/2→6F5/2

14 - 1496 nm
6H5/2→6H15/2

15 - 1562 nm
6H5/2→6F3/2

The three spectra show a common band centered at 220 nm due to the intraligand π-π* transition
of the imidazolium ligand [26,31,38].

The compounds [Nd2(L)(ox)(NO3)(H2O)3][NO3] and [Nd(L)(ox)(H2O)]·H2O present identical
bands assigned to the transitions from the ground state 4I9/2 to the excited states 2D1/2, 4G11/2 + 2K15/2
+ 2P3/2 + 2D3/2, 2G9/2, 4G7/2 + 2G7/2, 2H11/2, 4F9/2, 4F7/2, 4S3/2, 4F5/2, 2H9/2, 4F3/2 and 4I15/2 of the
Nd3+ ion [39,40].

The compound [Sm(L)(ox)(H2O)]·H2O shows also several bands assigned to transitions from the
ground state 6H5/2 to excited states 4F11/2, 3H7/2, 4F9/2, 4D5/2

4K11/2, 6P5/2 + 4M19/2, 4F5/2 + 4I13/2,
4I11/2 + 4M15/2, 6F11/2, 6F9/2, 6F7/2, 6F5/2, 6H15/2 and 6F3/2 of the Sm3+ ion [41,42].

2.6. Luminescent Properties

The luminescent properties of [Sm(L)(ox)(H2O)]·H2O, [Nd(L)(ox)(H2O)]·H2O and [Nd2(L)(ox)
(NO3)(H2O)3][NO3] have been investigated in the solid state at room temperature.

The luminescence (excitation and emission) spectra of [Sm(L)(ox)(H2O)]·H2O are displayed in
Figure 11. The excitation spectra (monitored for λem = 404 nm) show seven peaks corresponding to
the transitions from the ground state of the Sm3+ ion, 6H5/2, and excited states, 4F9/2 (364 nm), 4D5/2
(377 nm), 4G13/2 (391 nm), 4K11/2 (404 nm), 6P5/2 + 4M19/2 (417 nm), 4G9/2 + 4I15/2 (441 nm) and
4F5/2 + 4I13/2 (464 nm). The emission spectra (excitation at λex = 440 nm) show the typical band for the
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Sm3+ ion assigned to the transition from the emitting level 4G5/2 to 6H5/2 (572 nm), 6H7/2 (598 nm),
6H9/2 (644 nm), 6H11/2 (706 nm) and 6F1/2 (827 nm). The transition observed at 572 nm has a magnetic
dipole character [40].

Figure 11. (a) Excitation spectrum (red line) and emission spectrum (blue line); and (b) assignment of
these transitions for the compound [Sm(L)(ox)(H2O)].

The emission spectra of [Nd2(L)(ox)(NO3)(H2O)3][NO3] are displayed on Figure 12. The spectra
show a broad band between 400 nm and 550 nm with a maximum at 433 nm, which is attributed to the
luminescence of the imidazolium ligand [31]. The bands observed between 550 nm and 1100 nm are
assigned to the transitions 2G7/2 + 2G5/2 → 4I9/2 (573 nm), 2H11/2 → 4I11/2 (620 nm), 4S3/2 + 4F7/2 →
4I11/2 (730 nm) and 4F3/2 → 4I9/2 (900 nm) and are characteristic of the Nd3+ ion [40,42].

The compound [Nd(L)(ox)(H2O)]·H2O does not display luminescence. This quenching of
luminescence may be due to the presence of the uncoordinated water molecules in the interstitial sites,
as previously reported [42,43].

Figure 12. (a) Emission spectrum; and (b) assignment of these transitions for the compound
[Nd2(L)(ox)(NO3)(H2O)3][NO3].
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2.7. Magnetic Properties

The magnetic properties of [Sm(L)(ox)(H2O)]·H2O and [Nd2(L)(ox)(NO3)(H2O)3][NO3] were
recorded under a 0.5 T DC field.

The χT product for [Sm(L)(ox)(H2O)]·H2O decreases linearly from 0.37 emu·K·mol−1 at 300 K
to 0.02 emu·K·mol−1 at 1.8 K (see Figure 13). The value of the χT product at 300 K is the expected
value for the isolated Sm3+ ion (S = 5/2, gJ = 2/7) [44]. At 52 K, the value of the χT product is equal
to 0.09 emu·K·mol−1, which is the theoretical value for the Sm3+ ion in its ground state, 6H5/2 [45].
The value at 1.8 K is smaller, suggesting the presence of weak antiferromagnetic interactions between
Sm3+ ions [33]. The Sm3+ ions exhibit strong spin-orbit coupling. To evaluate this coupling, we have fit
the magnetic data by using a free ion approach for which the analytical expression of the susceptibility
χM can be found [45]:

χM =

2.143x + 7.347 + (42.92x + 1.641) exp(−3.5x) + (283.7x − 0.6571) exp(−8x)+
(620.6x − 1.94) exp(−13.5x) + (1122x − 2.835) exp(−20x) + (1813x − 3.556) exp(−27.5x)

3 + 4 exp(−3.5x) + 5 exp(−8x) + 6 exp(−13.5x) + 7 exp(−20x) + 8 exp(−27.5x)
(1)

where λ is the spin-orbit coupling, N the Avogadro number, β the Bohr magneton, k the Boltzmann
constant and x = λ/kT.
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Figure 13. Plots of χ (closed circles) and χT (open circles) versus T for [Sm(L)(ox)(H2O)]·H2O. The red
curves correspond to the fit of the data following the expressions mentioned in the text.

Fitting the χ vs. T curve with the above expression was not successful. We thus took into account
a mean magnetic interaction between z neighboring Sm3+ ions zJ’. The expression of the susceptibility
then becomes:

χ =
χM

1 − χM
2zJ′

Ng2
Jβ

2

(2)

where gJ is the Zeeman factor for Sm3+ ions. A good fit of the magnetic data was obtained between
300 K and 25 K with the best refined values λ = 256.5(2) cm−1 and zJ’ = −4.11(3) cm−1. These values
are consistent with other values reported in the literature [33,44].

The spin-orbit coupling parameter allows then to determine the gap between the 6H5/2 ground
state and the first excited state 6H7/2 of the Sm3+ ion. The gap is given by E = 7λ/2 = 898(1) cm−1 [46].
This value is consistent with the value determined by the emission spectra (760 cm−1) despite the free
ion approximation.
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The magnetic behavior of [Nd2(L)(ox)(NO3)(H2O)3][NO3] is presented in Figure 14a. The χT
product decreases from 1.51 emu·K·mol−1 at 300 K to 0.72 emu·K·mol−1 at 1.8 K. The magnetic
behavior of [Nd(L)(ox)(H2O)]·H2O presented in Figure 14b is similar. The χT product decreases from
1.37 emu·K·mol−1 at 300 K to 0.58 emu·K·mol−1 at 1.8 K.

Figure 14. Plots of χ (open circles) and χT (closed circles) versus T for: (a) [Nd2(L)(ox)(NO3)(H2O)3]
[NO3]; and (b) [Nd(L)(ox)(H2O)]·H2O. The red curves represent the fit of the magnetic data.

Such behavior is commonly encountered for the isolated Nd3+ ion [33,47–49]. The values of the
χT products at 300 K are close to that expected for the free Nd3+ ion (1.64 emu·K·mol−1 for gJ = 8/11).
The decreasing of the χT product stems from the thermal depopulation of the low lying crystal-field
states. For the Nd3+ ion, the first excited state is located at 2000 cm−1 above the ground state, and then,
only the ground state is thermally populated even at 300 K. To go further, we have considered that
Nd3+ ions may exhibit a splitting of mj levels in an axial crystal field. The magnetic susceptibility can
be described with the following expression [50]:

χ =
Ng2β2

2kT
×

0.5 exp
(
−0.25Δ

kT

)
+ 4.5 exp

(
−2.25Δ

kT

)
+ 12.5 exp

(
−6.25Δ

kT

)
+ 24.5 exp

(
−12.25Δ

kT

)
+ 40.5 exp

(
−20.25Δ

kT

)

exp
(
−0.25Δ

kT

)
+ exp

(
−2.25Δ

kT

)
+ exp

(
−6.25Δ

kT

)
+ exp

(
−12.25Δ

kT

)
+ exp

(
−20.25Δ

kT

) (3)

where Δ is the zero field splitting parameter, N the Avogadro number, β the Bohr magneton, k the
Boltzmann constant and g is the Zeeman factor for Nd3+ ions. The fit was performed between 75 K and
300 K (red line in Figure 14a,b), and the best refined values Δ are equal to 2.79(1) cm−1 and 3.06(1) cm−1

for [Nd2(L)(ox)(NO3)(H2O)3][NO3] and [Nd(L)(ox)(H2O)]·H2O, respectively. These values are slightly
higher than those encountered in the literature [33,44].

2.8. Discussion

In the case of the samarium nitrate (see Figure 15), one structure [Sm(L)(ox)(H2O)]·H2O is
obtained when oxalic acid is added to the reaction medium whatever the nature of the imidazolium
ligand (i.e., zwitterionic [HL] or chloride salt [H2L][Cl]). When the same reaction is realized without
oxalic acid, the formation of a gel is observed whatever the nature of the imidazolium ligand ([HL]
or [H2L][Cl]).

In the case of the neodymium nitrate (see Figure 15), the situation is slightly different and more
complicated since three different structures are obtained depending on the synthesis conditions.
In the presence of oxalic acid, the use of imidazolium ligand in its zwitterionic form [HL] leads to
the formation of the pure phase [Nd2(L)(ox)(NO3)(H2O)3][NO3], while the use of the imidazolium
ligand in its chloride form [H2L][Cl] leads to a biphasic product, where the two phases have
been identified as being [Nd(L)(ox)(H2O)]·H2O and [Nd(L)(ox)0.5(H2O)2][Cl]. In the absence of
oxalic acid, the same reaction realized with [HL] leads to a gel, while the use of [H2L][Cl] leads
to crystallized [Nd(L)(ox)(H2O)]·H2O, which is isostructural to [Sm(L)(ox)(H2O)]·H2O. The in situ
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formation of the oxalate ligand is worth noticing here. Such an occurrence was previously reported and
attributed to four possible main mechanisms: (i) the decomposition of the organic species [44,51,52];
(ii) the decarboxylation of the organic species followed by a reductive coupling of the carbon
dioxide [53]; (iii) the oxidation of ethanol in the presence of nitrate anions [54]; and (iv) the hydrolysis
followed by an oxidation and a decomposition of the organic species [55]. However, in the conditions
used here in the presence of nitrates and alcohol, it is difficult to discuss these mechanisms further.

Figure 15. Recapitulative scheme indicating the compounds obtained in the water/ethanol mixture as
a function of the synthesis conditions.

Nevertheless, in light of our results, it appears that the nature of the coordination networks
obtained depends on three factors, which are more or less entangled: (i) the nature of the imidazolium
ligand; (ii) the presence or not of oxalic acid in the parent mixture; and (iii) the nature of the lanthanide.
Concerning the compounds obtained with Sm3+ ions, the situation is relatively simple since obtaining
crystalline networks depends mainly on the presence or absence of oxalic acid. However, the situation
is more complicated for the compounds obtained with Nd3+ ions. It is difficult to draw definitive
conclusions, but it seems that the chloride anion of the imidazolium salt plays a role in the formation
of the oxalate ligand and is in competition with the oxalate ligand when they are both present as
starting reactants.

The modification of the obtained structures through the conditions of reaction leads for the
compounds based on Nd3+ ions to the quenching of the luminescence properties. Indeed, in the case
of [Nd(L)(ox)(H2O)]·H2O, the luminescence is quenched due to the presence of free water molecules,
which is not the case with [Nd2(L)(ox)(NO3)(H2O)3][NO3] possessing free nitrate anions. On the
other hand, the magnetic behavior stays almost identical whatever the structure and is typical of
isolated 4f ions with low antiferromagnetic interactions (through the oxalate ligand essentially) for
the [Sm(L)(ox)(H2O)]·H2O. The value of these antiferromagnetic interactions is in the same range
than those reported in the literature [33,44]. Moreover, the detailed study of the luminescence allows
corroborating the approximation of free ion used in the analysis of the magnetic data.
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3. Experimental Section

3.1. Materials and Methods

1-trimethylsilylimidazole, methyl chloroacetate, glycine, paraformaldehyde, glyoxal (40%) and
Nd(NO3)3·6H2O were purchased from Alfa Aesar (Haverhill, MA, USA) and were used as received.

Elemental analyses for C, H and N were carried out at the Service de Microanalyses of the
Institut de Chimie de Strasbourg (Strasbourg, France). The SEM images were obtained with a JEOL
67000F (Tokyo, Japan) scanning electron microscope (SEM) equipped with a field emission gun (FEG),
operating at 15 kV in composition mode. FTIR spectra were collected on a Perkin Elmer Spectrum
Two UATR-FTIR (Waltham, MA, USA) spectrometer. UV-Vis-NIR studies were performed on a Perkin
Elmer Lambda (Waltham, MA, USA) 950 spectrometer (spectra recorded in reflection mode using a
150-mm integrating sphere with a mean resolution of 2 nm and a sampling rate of 225 nm·min−1).
TGA-TDA experiments were performed on a TA instrument SDT Q600 (New Castle, DE, USA) (heating
rate of 5 ◦C·min−1 under air stream). NMR spectra in solution were recorded using a Bruker AVANCE
(Billerica, MA, USA) 300 (300 MHz) spectrometer. Photoluminescence (PL) and photoluminescence
excitation (PLE) measurements were performed using a broad-spectrum Energetiq® EQ-99FC (Woburn,
MA, USA) laser-driven light source (LDLSTM) spectrally filtered by a monochromator. The PL signal
was dispersed in a spectrometer and detected by a cooled charge coupled device (CCD) camera.
Magnetic measurements were performed using a Quantum Design (Quantum Design, Inc., San Diego,
CA, USA) SQUID-VSM magnetometer. The static susceptibility measurements were performed in
the 1.8 K–300 K temperature range with an applied field of 0.5 T. Samples were blocked in eicosane
to avoid orientation under a magnetic field. Magnetization measurements at different fields and at
the given temperature confirm the absence of ferromagnetic impurities. Data were corrected for the
sample holder and eicosane, and diamagnetism was estimated from Pascal constants. The powder
patterns were collected on a Bruker (Billerica, MA, USA) D8 diffractometer (Cu Kα = 1.540598 Å).
Details for crystal data, data collection and refinement are given in Table 1. The diffraction intensities
were collected with graphite-monochromatized Mo Kα radiation (λ = 0.71073 Å). Data collection and
cell refinement were carried out using a Kappa Nonius (Billerica, MA, USA) CCD diffractometer at
room temperature. Intensity data were corrected for Lorentz-polarization and absorption factors.
The structures were solved by direct methods using SIR92 [56] and refined against F2 by full-matrix
least-squares methods using SHLEXL-2013 [57] with the anisotropic displacement parameter for all
non-hydrogen atoms. All calculations were performed by using the Crystal Structure crystallographic
software package WINGX [58]. The structures were drawn using Mercury [59] or Diamond. All
hydrogen atoms were located on the difference Fourier map and introduced into the calculations as
the riding model with isotropic thermal parameters. Crystallographic data for the structures reported
have been deposited in the Cambridge Crystallographic Data Centre with CCDC reference numbers
1515568, 1515569, 1515570, 1515571 for [Nd2(L)2(ox)(NO3)(H2O)3][NO3], [Nd(L)(ox)0.5(H2O)][Cl],
[Nd(L)(ox)(H2O)]·H2O and [Sm(L)(ox)(H2O)]·H2O, respectively.

3.2. Synthesis

3.2.1. Synthesis of 1,3-Bis(carboxymethyl)imidazolium Chloride [H2L][Cl]

[H2L][Cl] was synthesized as previously described [31,60].

3.2.2. Synthesis of 2-(1-(Carboxymethyl)-1H-imidazol-3-ium-3-yl)acetate [HL]

[HL] was synthesized according to the modified protocols published in the literature [61,62].
Glycine (20 mmol), glyoxal (10 mmol) and paraformaldehyde (10 mmol) were dissolved in 10 mL

of water. The mixture was heated at 90 ◦C during 7 h. The solution was concentrated, and then,
the powder was obtained with the addition of ethanol (5 mL). The brown powder was recovered by
filtration and dried overnight. Yield: 65%.
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Elemental analysis for [HL]: C7H8N2O4 found (calc.) (%): C 45.20 (45.65), H 4.41 (4.34), N 14.88
(15.21). 1H NMR (D2O): 4.91 (s, 4), 7.43 (d, 2), 8.76 (s, 1) ppm. 13C NMR (D2O): 50.74, 122.86, 137.20,
170.73 ppm.

3.2.3. Synthesis of [Nd2(L)2(ox)(NO3)(H2O)3][NO3]

[HL] (0.5 mmol), Nd(NO3)3·6H2O (0.5 mmol) and oxalic acid (0.25 mmol) were dissolved in a 1:1
water/ethanol mixture (1.5 mL). The mixture was sealed in a Teflon-lined stainless steel bomb (6 mL)
and heated at 393 K for 72 h. After cooling to room temperature, the bomb was opened, and colorless
crystals were recovered by filtration and washed with ethanol. Yield: 45%.

Elemental analysis for [Nd2(L)2(ox)(NO3)(H2O)3][NO3]·2.9H2O: C16H25.8N6O23.9Nd2

(M = 972.68 g/mol) Found (Calc.) (%): C 19.42 (19.74), H 2.53 (2.65), N 8.14 (8.63).

3.2.4. Synthesis of [Nd(L)(ox)(H2O)]·H2O

Nd(NO3)3·6H2O (0.5 mmol) and [H2L][Cl] (0.5 mmol) were dissolved in a mixture water/ethanol
(1:1 vol; 1.5 mL). The mixture was sealed in a Teflon-lined stainless bomb (6 mL) and heated at 393 K for
72 h. After cooling to room temperature, the bomb was opened, and colorless crystals were recovered
by filtration and washed with ethanol (10 mL). Yield: 9.1%.

Elemental analyses: [Nd(L)(ox)(H2O)]·2.1H2O: C9H13.2N2O11.1Nd1 (M = 471.04 g/mol) found
(calc.) (%): C 22.52 (22.93), H 2.56 (2.80), N 6.32 (5.95).

3.2.5. Synthesis of [Nd(L)(ox)0.5(H2O)][Cl]

Nd(NO3)3·6H2O (0.5 mmol), oxalic acid (0.25 mmol) and [H2L][Cl] (0.5 mmol) were dissolved in a
mixture water/ethanol (1:1 vol; 1.5 mL). The mixture was sealed in a Teflon-lined stainless bomb (6 mL)
and heated at 393 K for 72 h. After cooling to room temperature, the bomb was opened, and colorless
crystals of [Nd(L)(ox)0.5(H2O)][Cl] and [Nd(L)(ox)(H2O)]·H2O were recovered by filtration and washed
with ethanol (10 mL). These two compounds are colorless and without any shape difference. It was not
possible to separate the two phases. No analysis was performed on the compounds obtained during
this reaction.

3.2.6. Synthesis of [Sm(L)(ox)(H2O)]·H2O

Sm(NO3)3·6H2O (0.5 mmol), [H2L][Cl] (0.5 mmol) and oxalic acid (0.25 mmol) were dissolved in a
mixture water/ethanol (1:1 vol; 1.5 mL). The mixture was sealed in a Teflon-lined stainless bomb (6 mL)
and heated at 393 K for 72 h. After cooling to room temperature, the bomb was opened, and colorless
crystals were recovered by filtration and washed with ethanol (10 mL). Yield: 9.1%.

Elemental analyses: [Sm(L)(ox)(H2O)]·H2O: C9H11N2O10Sm1 (M = 457.35 g/mol) found (calc.)
(%): C 23.46 (23.61), H 2.44 (2.40), N 5.89 (6.12).

4. Conclusions

The synthesis and the characterization of four new hybrid networks based on imidazolium
dicarboxylate salts and Nd3+ or Sm3+ ions have been reported. The effect of the nature of the
imidazolium salts, of the lanthanide ions, as well as of the presence of oxalic acid has been highlighted
for the obtained networks. For the Sm3+ ions, the compound [Sm(L)(ox)(H2O)]·H2O is obtained
only in the presence of oxalic acid whatever the nature of the imidazolium salt. For the compounds
based on Nd3+ ions, three different compounds can be obtained according to the reaction conditions.
In the presence of oxalic acid, the chloride form of the imidazolium salt leads to a biphasic product
constituted of [Nd(L)(ox)0.5(H2O)][Cl] and [Nd(L)(ox)(H2O)]·H2O, while the zwitterionic form leads
to the formation of [Nd2(L)2(ox)(NO3)(H2O)3][NO3]. The formation of [Nd(L)(ox)(H2O)]·H2O is also
observed in the absence of oxalic acid with the imidazolium salt in its chloride form. The modulation of

103



Magnetochemistry 2017, 3, 1

the obtained structures through the conditions of the reaction leads to the quenching of the luminescent
properties for the Nd3+-based compounds ions, while the magnetic behavior stays almost identical.

Supplementary Materials: The following are available online at www.mdpi.com/2312-7481/3/1/1/s1, Figure S1:
Comparison of the calculated pattern from single crystals X-ray data (black line) and of the experimental
powder X-ray diffraction patterns for the compound (a) [Nd2(L)2(ox)(NO3)(H2O)3][NO3] (blue line) and
(b) [Nd(L)(ox)(H2O)]·H2O (red line) and [Sm(L)(ox)(H2O)]·H2O (orange line). The green vertical lines indicate
the position of the calculated diffraction lines, Figure S2: Comparison of the calculated pattern from single crystals
X-ray data (black line) for [Nd(L)(ox)0.5(H2O)][Cl] (black line) and [Nd(L)(ox)(H2O)]·H2O (green line) and of
the experimental powder X-ray diffraction pattern (red line) of the sample coming from the reaction between
[H2L][Cl], Nd(NO3)3·6H2O and oxalic acid, Figure S3: FTIR spectra of [Nd2(L)2(ox)(NO3)(H2O)3][NO3] (blue line),
[Nd(L)(ox)(H2O)]·H2O (orange line) and of [H2L][Cl] (black line) (a) on the range between 4000 cm−1 and 400 cm−1

and (b) enlargement of the range between 3500 cm−1 and 2500 cm−1, Figure S4: SEM images in composition for
the compounds (a) [Nd2(L)2(ox)(NO3)(H2O)3][NO3], (b) [Sm(L)(ox)(H2O)]·H2O and (c) [Nd(L)(ox)(H2O)]·H2O.
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