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A series of six lanthanide mononuclear complexes with a julolidine-quinoline based tridentate Schiff base
ligand have been synthesized and structurally characterized. The complexes [NdL2(CH3OH)(NO3)]�CH3OH
(1) and [LnL2(NO3)] [Ln = Eu (2), Gd (3), Dy (4), Ho (5), Lu (6)] {HL (C22H21N3O) = ((E)-9-((quinolin-8-ylim-
ino)methyl)-1,2,3,5,6,7-hexahydropyrido[3,2,1-ij]quinolin-8-ol)} all have mononuclear structures with a
metal to ligand ratio of 1:2. The Ln(III) ions are nine-fold coordinated by two tridentate Schiff base ligands
and a bidentate nitrate anion except for complex 1 in which Nd(III) ion is ten-fold coordinated with an
additional MeOH molecule. The coordination of a bidentate nitrate anion makes chirality to the com-
plexes with equal enantiomers presence in the solid state. Lanthanide contraction has been observed
with the average Ln–O/Ln–N bond lengths decreasing along the lanthanide series. Vibrational modes
(2–5), electronic structures (1–3), thermal stability (2) and magnetic properties (3) have been further
investigated and reported.

Crown Copyright � 2019 Published by Elsevier Ltd. All rights reserved.
1. Introduction

The julolidine function group is well known for its visible and
fluorescent optical properties [1]. Consequently, it has become a
popular base material for use in colorimetric metallo-supramolec-
ular research. The versatility of julolidine has also been established
with many chemosensor systems identified that exhibit targeted
detection of specific molecular unit, often a metal ion [2] or an
anion [3]. Due to the fluorescent nature of julolidine, fluorescence
sensor systems have also been explored [4,5].

The Schiff base ligand adopted in the present study consists of
8-hydroxyjulolidine-9-carboxaldehyde and 8-aminoquinoline in a
1:1 synthesis [6], HL (see Fig. 1). Previous studies have demon-
strated the potential of HL as a Co(II) chemosensor, and a complex
of CoL2 was confirmed by ESI-MS [6] and single crystal analysis [7].
Several types of transition metal complexes with HL have been
reported including 1:1 and 1:2 monomeric structures for 3d metal
ions [7] as well as complexes with dioxo-metal ions such as dioxo-
vanadium, dioxo-rhenium and dioxo-uranium [8]. For lanthanide
complexes with HL, two types of dimeric structures bridging with
either acetate or methanol have been previously reported [9].
However, the current contribution deals with the formation of
lanthanide mononuclear complexes with HL. Herein we report
the syntheses, structures, spectroscopies and properties of six
new lanthanide complexes: [NdL2(CH3OH)(NO3)]�CH3OH (1) and
[LnL2(NO3)] [Ln = Eu (2), Gd (3), Dy (4), Ho (5), Lu (6)].
2. Results and discussion

2.1. Synthesis and general characterizations

Complexes 1–6 were prepared by direct reactions of Ln(III)
nitrates and HL in methanol with added triethylamine for deproto-
nation. Scanning electron microscope-energy dispersive spec-
troscopy (SEM-EDS) was used to check the morphologies of the
crystalline products and to probe the key elements present
(Figs. S1–S2). Powder X-ray diffraction (PXRD) patterns of com-
plexes 2 (Fig. S3a) and 3 (Fig. S3b) measured at room temperature
are consistent with the patterns simulated from their single crystal
data suggesting pure phase crystalline materials have been
obtained.
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Fig. 1. A chemical structure of the Schiff base ligand HL.

126 Y. Zhang et al. / Polyhedron 165 (2019) 125–131
2.2. Crystal structures and discussion

The crystal data and structure refinement details for complexes
1–6 are summarized in Table 1. Selected bond lengths for Ln(III)
ions coordination environments are listed in Table 2. Complex 1
has a mononuclear structure (Fig. 2a) with a Nd(III) ion nine-fold
coordinated by two tridentate deprotonated HL ligands [2.629
(3) Å for Nd1–N1, 2.603(3) Å for Nd1–N2 and 2.256(2) Å for Nd1–
O1; 2.696(3) Å for Nd1–N4, 2.626(3) Å for Nd1–N5 and 2.319
(2) Å for Nd1–O2], a bidentate nitrate anion [2.607(3) Å for Nd1–
O3 and 2.580(2) Å for Nd1–O4] and a monodentate methanol
molecule [2.579(2) Å for Nd1–O6] making a distorted capped
square antiprism for the Nd(III) ion coordination environment
(Fig. S4). The two coordinated L ligands are twisted to form CH-p
interactions (Fig. 2b) between each other. Such intramolecular
CH-p interactions have not been observed in complexes of HL with
either 3d transition metal ions [7] or dioxo-metal ions [8]. The
Hydrogen bonds among lattice, coordinated methanol molecules
and O2 atom link the mononuclear structures into a hydrogen
bonded 1D polymer (Fig. 2c, Table 3). The coordination of the
nitrate anion makes chirality of the complex with equal enan-
tiomers presence in the crystal lattice (Fig. 2d). Intermolecular
CH-p interactions are also present between mononuclear struc-
tures in the crystal lattice (Fig. 3a).

Complexes 2–6 have very similar mononuclear structures with
the Ln(III) ion eight-fold coordinated by two tridentate L ligands
Table 1
Crystal data, structure refinement details and Ln(III) ion coordination environments for co

Complex 1 2 3

Formula C46H48N7O7Nd C44H40N7O5Eu C4

Formula weight 955.15 898.79 90
Crystal system monoclinic triclinic tri
Space group P21/n P 1

�
P 1

�

a (Å) 18.856(4) 9.3500(19) 9.3
b (Å) 8.3760(17) 11.060(2) 11
c (Å) 27.449(6) 18.380(4) 18
a (�) 90 89.58(3) 89
b (�) 104.22(3) 87.67(3) 87
c (�) 90 72.53(3) 72
V (Å3) 4202.4(16) 1811.5(7) 18
Z/l (mm�1) 4/1.297 2/1.792 2/1
Minimum/Maximum h [�] 1.187/24.997 1.109/27.907 1.1
dcalcd (g cm�3) 1.510 1.648 1.6
Goodness-of-Fit (GOF) on F2 1.050 1.089 1.1
Final R1 a [I > 2r(I)] 0.0336 0.0385 0.0
Final wR2

b [I > 2r(I)] 0.0829 0.0891 0.0

aR1 =RkFo|�|Fck/|Fo|.
bwR2 = {R[w(Fo2 � Fc

2)2]/R[w(Fo2)2]}1/2.
together with a bidentate nitrate anion (Fig. 4a–e). The Ln(III) ion
has a slightly distorted square antiprism for the Ln(III) ion coordi-
nation polyhedra (Fig. S5). The coordination of the nitrate anion
makes chirality of each complex with equal enantiomers in the
crystal lattice (Fig. 4f). The Ln(III) ion coordination numbers, ionic
radii, average Ln–O and Ln–N bond lengths for the six complexes
are summarized in Table 2. The lack of coordinated methanol in
complexes 2–6 is due to their smaller ion radii compared to that
for Nd(III) ion. Lanthanide contraction has been observed with
average bond lengths of Ln–O from 2.468 Å for Nd(III) to 2.299 Å
for Lu(III), and Ln–N from 2.614 Å for Nd(III) to 2.442 Å for Lu
(III). Unlike complex 1, complexes 2–6 have no obvious intramolec-
ular interactions. However, extensive intermolecular CH-p interac-
tions are present between mononuclear structures in the crystal
lattice (Fig. 3b–f). The deprotonated L ligand can adopt flexible
conformations from fairly flat [7] to twist in complexes 1–6 in this
work.

2.3. Raman spectroscopy

The vibrational modes of complexes 2–5 have been examined
using Raman spectroscopy and the Raman band assignments are
made with consultation of some relevant literatures [7–10]. The
Raman spectra of complexes 2–5 (Fig. 5) resemble each other
due to the presence of same L ligand and similar mononuclear
structures. The typical vibrational features related to the L ligand
include: m(C@N) + m(C@C) at �1565–1562 cm�1 and m(C–C) + m
(CN) at �1498–1468 cm�1 in strong to medium intensity. In addi-
tion, Raman bands at 1372, 1065 and 806 cm�1 are due to the
(NO3)� vibrational modes, corresponding to the coordinated
(NO3)� anion in all complexes 2–5, consistent with their crystal
structures. The detailed Raman band assignments are available in
Table 4.

2.4. Thermal stability

The thermal stability of complex 2 in air has been investigated.
It is thermal stable until �285 �C where the coordinated L ligands
start decomposition rapidly with three obvious exotherms at
�325, �385 and �430 �C (Fig. 6), respectively, suggesting a com-
plex thermal decomposition process leading to the formation of
residue product (Eu2O3) after 550 �C, wt% (calc., found): (21.49,
mplexes 1–6.

4 5 6

4H40N7O5Gd C44H40N7O5Dy C44H40N7O5Ho C44H40N7O5Lu
4.08 909.33 911.76 921.80
clinic triclinic triclinic triclinic

P 1
�

P 1
�

P 1
�

400(19) 9.2900(19) 9.2680(19) 9.2500(19)
.060(2) 11.050(2) 11.138(2) 11.180(2)
.370(4) 18.340(4) 18.191(4) 18.160(4)
.59(3) 89.68(3) 89.96(3) 90.13(3)
.82(3) 87.81(3) 87.94(3) 92.31(3)
.61(3) 72.76(3) 72.76(3) 106.83(3)
09.6(7) 1796.7(7) 1792.1(7) 1795.9(7)
.893 2/2.141 2/2.269 2/2.810
09/27.912 1.111/27.921 1.120/24.998 1.122/24.525
59 1.681 1.690 1.705
01 1.060 1.087 1.008
434 0.0266 0.0782 0.0635
994 0.0654 0.2026 0.1417



Table 2
Selected bond lengths (Å) for Ln(III) ion coordination environments of complexes 1–6.

Complex 1
Nd1–O1 2.256(2) Nd1–O2 2.319(2) Nd1–O3 2.607(3) Nd1–O4 2.580(2)
Nd1–O6 2.579(2) Nd1–N1 2.629(3) Nd1–N2 2.603(3) Nd1–N4 2.696(3)
Nd1–N5 2.626(3)
Complex 2
Eu1–O1 2.208(3) Eu1–O2 2.226(3) Eu1–O3 2.528(3) Eu1–O4 2.543(3)
Eu1–N1 2.562(3) Eu1–N2 2.499(3) Eu1–N4 2.588(3) Eu1–N5 2.511(3)
Complex 3
Gd1–O1 2.199(3) Gd1–O2 2.222(3) Gd1–O3 2.530(3) Gd1–O4 2.520(3)
Gd1–N1 2.544(4) Gd1–N2 2.481(4) Gd1–N4 2.569(4) Gd1–N5 2.496(4)
Complex 4
Dy1–O1 2.1777(19) Dy1–O2 2.1945(18) Dy1–O3 2.510(2) Dy1–O4 2.488(2)
Dy1–N1 2.525(3) Dy1–N2 2.449(2) Dy1–N4 2.547(2) Dy1–N5 2.458(2)
Complex 5
Ho1–O1 2.177(8) Ho1–O2 2.189(9) Ho1–O3 2.512(9) Ho1–O4 2.465(9)
Ho1–N1 2.497(8) Ho1–N2 2.447(9) Ho1–N4 2.503(9) Ho1–N5 2.437(9)
Complex 6
Lu1–O1 2.136(7) Lu1–O2 2.146(8) Lu1–O4 2.428(8) Lu1–O5 2.487(9)
Lu1–N1 2.494(10) Lu1–N2 2.421(9) Lu1–N4 2.470(9) Lu1–N5 2.383(10)

Coordination environment 1 2 3 4 5 6

Ln coordination number 9 8 8 8 8 8
Ln ionic radii (Å) 1.163 1.066 1.053 1.027 1.015 0.977
Mean Ln–O bond (Å) 2.468 2.376 2.368 2.342 2.336 2.299
Mean Ln–N bond (Å) 2.614 2.540 2.523 2.495 2.471 2.442

Fig. 2. Mononuclear structure of complex 1 (a), intramolecular CH-p interactions in green lines between the two L ligands (b), hydrogen bonded 1D polymer (c) with
hydrogen bonds in orange lines and crystal packing along the crystallographic b-axis (d) with symmetry generated two enantiomers in different colours in the unit cell.

Table 3
Potential hydrogen bonds calculated with PLATON for complex 1.

Donor—H� � �Acceptor d(D—H) d(H� � �A) d(D� � �A) \(DHA)

O1W—H1W� � �O2 0.82 2.07 2.83 155
O6—H6� � �O1W 0.85 1.81 2.65 169
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Fig. 3. The intermolecular CH-p interactions in black dotted lines for complexes 1 (a), 2 (b), 3 (c), 4 (d), 5 (e) and 6 (f).
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22.38). This is broadly consistent with the thermal stabilities of
other Ln complexes with Schiff base ligands [11].

2.5. Magnetic properties

The magnetic properties for complex 3 have been investigated.
The results of magnetic property measurements (Fig. 7a) suggest
that complex 3 stays paramagnetic in the studied temperature
range (2.5–300 K). The analysis of the inverse dc susceptibility
with the Curie-Weiss law in the range 200–300 K yields the effec-
tive magnetic moment of 7.87(1) mB which is very close to the
expected for the free Gd(III) ion (7.94 mB) and the overall magnetic
behaviour is typical for lanthanide mononuclear complexes as can
be seen from the shape of the vmT product as a function of temper-
ature (Fig. 7a, inset) [12]. The M (mB) vs H (magnetic field) data
(Fig. 7b) shows consistent results with the magnetic moment per
formula unit approaching saturation above �3 Tesla.

2.6. Electronic structures

The absorption spectra in the ultraviolet and visible region of
complexes 1–3 measured with solid samples are shown in Fig. 8.
Ligand charge transfer (LCT) of L contributes to the strong
absorption bands in the far UV region, e.g. bands at �220 nm for
complexes 1–3 while metal-to-ligand charge–transfer (MLCT)
bands at 360 nm and 470 nm for complex 1; 355 nm, 435 nm
and 540 nm for complexes 2 and 3. In addition, some weak absorp-
tion bands in the region of 400–900 nm are present in complex 1,
corresponding to the intraconfiguration transitions of Nd(III) ion.
In principle, there are four absorption bands in the visible region
typical for a Nd(III) ion located at 520, 585, 745 and 805 nm, corre-
sponding to transitions from the ground state of 4I9/2 to the excited
states of 4G7/2 and 2K13/2, 4G5/2 and 2G7/2, 4S3/2 and 4F7/2, 4F5/2 and
2H9/2 [13]. However, only weak absorption bands corresponding
to the last three have been observed at 590–565 nm, 760–
740 nm and 800 nm, respectively, consistent with the values
reported for Nd(III) ions in the literature [14].
3. Conclusions

In the current work, six new lanthanide mononuclear com-
plexes with a julolidine-quinoline based Schiff base ligand have
been synthesized by direct complexation reactions in methanol
solutions and structurally characterized. In general, mononuclear



Fig. 4. Crystal structures of complexes 2 (a), 3 (b), 4 (c), 5 (d), 6 (e) and the crystal
packing view along the crystallographic a-axis (f) with symmetry generated
enantiomers in different colours in the unit cell.

Fig. 5. Raman spectra of complexes 2 (a), 3 (b), 4 (c) and 5 (d) in 1800–100 cm�1

region.
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structures with Ln to ligand ratio of 1:2 are formed with the Ln(III)
ions being nine-fold coordinated by two tridentate ligands and a
bidentate nitrate anion except for the complex with Nd(III) ion
which is ten-fold coordinated with an additional MeOH molecule
due to its relatively larger ionic radius. The coordination of the
nitrate anion makes chirality to all complexes with equal enan-
tiomers presence in the solid state. Lanthanide contraction is
apparent with the average Ln-O/Ln-N bond lengths decreasing
along the lanthanide series. In addition, complex 2 is thermal
robust and stable up to 280 �C in air. Other complexes may have
similar thermal properties due to the similar mononuclear
structures.
4. Experimental

The ligand (HL) was synthesized through a 1:1 reaction of 8-
hydroxyjulolidine-9-carboxaldehyde and 8-aminoquinoline
adapted from a literature method [6]. Other chemicals in A.R. grade
were purchased from Sigma-Aldrich and used without further
purification. The complexation of HL with Nd(III), Eu(III), Gd(III),
Dy(III), Ho(III) and Lu(III) ions was carried out using metal nitrates
in methanol with metal to ligand ratio of 1:2.
4.1. Synthesis of [NdL2(NO3)(CH3OH)]�CH3OH (1) and [LnL2(NO3)]
[Ln = Eu (2), Gd (3), Dy (4), Ho (5) and Lu (6)]:

100 mg (0.3 mmol) of HL was dissolved in 15 mL of methanol.
Lanthanide nitrate hexahydrate [Nd: (65.8 mg, 0.15 mmol); Eu:
(66.9 mg, 0.15 mmol); Gd: (67.7 mg, 0.15 mmol); Dy: (68.5 mg,
0.15 mmol); Ho: (68.9 mg, 0.15 mmol); and Lu: (70.4 mg,
0.15 mmol)] in 15 mL of methanol was slowly added to the above
ligand solution. Three drops (�0.2 mL) of triethylamine was added
under stirring. The mixture was then heated at 60 �C for 30 min.
Crystalline products of complexes 1–6 were obtained by slow
evaporation with 60–80% yields except for complex 6 which had
a very low yield allowing only single crystal X-ray diffraction
study. Elemental analysis (calculated, found) for complex 1: C
(57.84; 57.75); H (5.07, 5.12); N (10.27, 10.15); complex 2: C
(58.80; 58.77), H (4.49; 4.56), N (10.91; 10.85); complex 3: C
(58.45; 58.41), H (4.46; 4.52), N (10.85; 10.78); complex 4: C
(58.12; 58.08), H (4.43; 4.50), N (10.78; 10.71); complex 5: C
(57.96; 57.88), H (4.42; 4.45), N (10.76; 10.68).
4.2. Characterizations

The elemental analysis was carried out using a Perkin–Elmer
2400 CHN elemental analyser. Scanning electron microscope-
energy dispersive spectroscopy (SEM-EDS) was conducted using
a Zeiss Ultra Plus SEM (Carl Zeiss NTS GmbH, Oberkochen, Ger-
many) under an accelerating voltage of 15 kV. Powder X-ray
diffraction (PXRD) patterns were recorded on a PANalytical X’Pert
Pro diffractometer (Almelo, the Netherlands) with Cu Ka radiation
(k = 1.5418 Å) at 45 kV and 40 mA using an angular range of 5–60�
two theta in a continuous mode with a step size of 0.02� (2h) and
an acquisition time of 2 s per step. Raman spectra were recorded
on a Renishaw inVia spectrometer equipped with a 514 nm excita-
tion Ar laser in the range of 2000–100 cm�1 with a spectral resolu-
tion of �1.7 cm�1. UV–Vis absorption spectra were collected on an
Agilent Cary 5000 spectrophotometer equipped with a Labsphere
Biconical Accessory. Spectra were referenced to that of a Labsphere
certified standard (Spectralon), and transformed into Kubelka-
Munk units, F(R) = (1-R)2/2R [15]. Thermogravimetric and differen-
tial thermal analysis (TG/DTA) were performed in air with a heat-
ing rate of 5 �C/min using a Netzsch STA 449F3 Jupiter (Germany)
apparatus with a normal gas flow-rate of 50 mL/min. An alumina
crucible was used for the experiment and aluminum oxide was
used as the reference material. Magnetic susceptibility data for
complex 3 were collected using a PPMS9 magnetometer (Quantum
Design) calibrated against a standard palladium sample. Zero-field
cooled DC susceptibility was measured under the field of 1000 Oe



Table 4
Raman bands and assignments for complexes 2–5.

Raman band position (cm�1) Raman assignment

Complex 2 Complex 3 Complex 4 Complex 5

1562 s 1563 s 1564 s 1565 s m (C@C) + m (C@N) (ring stretch vibration)
1496 s 1497 s 1497 s 1498 s m (CC) + m (CN)
1465 m 1466 m 1466 m 1468 m m (CC) + m (CN)
1405 m-w 1406 m-w, sh 1406 m-w, sh 1408 m-w, sh ring stretch vibration
1370 vs 1371 vs 1372 vs 1372 vs m (NO3), (m3 antisymmetric stretching vibration); d (CH)
1321 w, 1300 m 1320 w, 1300 m 1320 w, 1300 m 1320 w, 1300 m m (C–N) + d (CH), in-plane bending; s (CH2)
1234 s 1234 s 1235 s 1235 s d (CH), ring C–H deformation vibration
1182 vw � 1184 vw � d (CH), in-plane bending + m (CO)
1093 m 1093 m 1093 m 1094 m d (CH), in-plane bending + d (CNC), m (CC)
1064 m 1064 m 1064 m 1065 m-w m (NO3), (m1 symmetric stretching vibration)
1024 w 1025 w 1025 w 1025 w Ring vibration
970 m 970 m 970 m 970 m Ring vibration
894 m, br 895 w-m, br 895 w-m, br 896 w-m, br d (CH), out-of-plane bending + d (CCC) + d (CCN)
806 m 806 m 806 m 806 m d (ONO) in NO3
767 w 767 vw 767 vw 767 vw d (ONO)
634 w 633 vw 636 vw � In plane ring deformation
481 m 481 m 481 m 481 m Out of plane ring deformation; d (ONO) bending mode
435 w � 438 vw 446 vw d (C–O); d (CNC) + d (CCN)
406 w 406 vw 408 vw 408 vw d (CCN)
370–356 w-m, br 372–355 w-m, br 371–355 w-m, br 372–355 w-m, br m (M–N) + m (M–O), stretching vibrations
318 m 319 m 322 m-w 323 m-w s (C–N), ring C–H deformation vibration
188–170 m, br 188–170 m, br 190–159 m, br 192 w, br Lattice modes

Fig. 6. Thermogravimetric and differential thermal analysis results for complex 2.
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in the range 2–300 K. The data were corrected for diamagnetism
using the Pascal’s constants.
Fig. 7. Magnetic results for complex 3: (a) vm and (vm-vD) vs. T with an inset of
vmT vs. T, and (b) M vs. H data.
4.3. Single crystal X-ray diffraction

The single crystal X-ray diffraction measurements for com-
plexes 1–6 were carried out on the MX1 beamline [16] at the Aus-
tralian Synchrotron. Diffraction data were collected using Si<111>
monochromated synchrotron X-ray radiation (k = 0.71074) at 100
(2) K with BluIce software [17] and were corrected for Lorentz
and polarization effects using the XDS software [18]. An empirical
absorption correction was then applied using SADABS [19]. The struc-
tures were solved by direct methods and the full-matrix least-
squares refinements were carried out using a suite of SHELXL pro-
gram [20] via Olex2 interface [21]. All non-hydrogen atoms were
located from the electron density maps and refined anisotropically.
Hydrogen atoms were added in the ideal positions and refined
using a riding model. Potential hydrogen bonds were calculated
using PLATON [22].



Fig. 8. UV–Vis absorption spectra for complexes 1 (a), 2 (b) and 3 (c).
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Appendix A. Supplementary data

CCDC 1892111–1892116 contain the supplementary crystallo-
graphic data for complexes 1–6. These data can be obtained free
of charge via 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) 1223-336-033; or e-mail:
deposit@ccdc.cam.ac.uk. Supplementary data to this article can
be found online at https://doi.org/10.1016/j.poly.2019.03.017.
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