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ABSTRACT: A  family  of  polyoxo(alkoxo)lanthanide  cluster  {Ln15}
(Ln  =  Eu  (1),  Gd  (2),  Tb  (3))  was  successfully  isolated  via  a  simple
hydrolysis reaction of lanthanide metal ions in the presence of tricine
ligands.  X-ray  diffraction  analyses  revealed  that  {Ln15}  displayed  a
wheel-like  structure  with  a  μ5-chloride  anion  as  a  template.
Interestingly,  each  analog  showed  distinctive  functions  based  on  the
different Ln(III) ions. Complexes 1 and 3 in the solid state emitted the
characteristic  fluorescence  of  Eu(III)  or  Tb(III).  The  fluorescence
lifetimes of  the  5D0 excited state for 1 and the  5D4 excited state for 3
were  tested,  and  the  values  were  890  and  250  μs,  respectively.
Meanwhile, gadolinium analog 2 exhibited a magneto-caloric effect at
ultralow temperatures with a maximum −ΔSm value of 29.9 J·kg−1·K−1 at 3 K and 7 T.
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 1    Introduction
Polymetallic  complexes,  such  as  polyoxometalates,  coinage  metal
aggregations,  transition/transition-rare  earth  metal  clusters,  and so
on,  are  of  great  interest  not  only  for  their  appealing  molecular
structures  but  also  for  their  versatile  applications  in  various  fields
[1–10].  Among  these,  lanthanide  polynuclear  compounds  have
drawn  unprecedented  attention  because  of  their  interesting
magnetic and luminescence behaviors,  which may be attributed to
the  different  f-electron  configurations  of  lanthanide  ions  [11–17].
For  instance,  Gd(III)  plays  a  crucial  role  in  the  exploitation  of
magnetic refrigerants because of its large spin ground state and low
anisotropy  [11, 12].  Eu(III),  Tb(III),  Er(III),  and  Yb(III)  ions  are
typically  preferred  for  constructing  luminescent  materials  [15–17].
Meanwhile, the Dy(III) ion is mainly utilized for the exploitation of
single-molecular magnets because of its magnetic anisotropy arising
from  a  large,  unquenched  orbital  angular  momentum  [13, 14].
Until now, many lanthanide polynuclear aggregations with different

properties  have  been  successfully  isolated,  such  as  {Ln20},  {Ln24},
{Ln36}  {Ln38},  {Ln42},  {Ln48},  {Ln60},  {Ln72},  {Ln104},  and  {Ln140}
[18–26].  Nevertheless,  because  of  the  high  coordination  numbers
and  the  diverse  coordination  geometries  for  4f  metal  ions,  the
synthesis of lanthanide clusters is still a challenge [27–29].

Previous  findings  revealed  that  controlling  the  hydrolysis  of
lanthanide metal ions in the presence of appropriate organic ligands
is a powerful strategy for obtaining such species [27–29]. One kind
of the most widely used ligands is the N, O-ligand, such as oximes,
Schiff bases, pyridoxol derivatives, hydramines, imino-diacetic acid,
and so on [28]. Many lanthanide clusters have been prepared based
on these ligands, including a few examples containing more than 15
metal  centers  [27–29].  However,  lanthanide  clusters  based  on  the
tricine  ligand n-[2-droxy-1,1-bis(hydroxyl-methyl)ethyl]-glycin
((HOCH2)3CNHCH2CO2H, H4L) have not yet been reported.

Tricine  containing  multiple  O  or  OH  arms  and  N-donors
(Scheme 1), can exist in various forms depending on the basicity of
the  reaction  solvent,  such  as  singly,  doubly,  or  triply  protonated
species  [30].  The  flexible  OH arms  of  tricine  ligands  can  not  only
accommodate  a  large  range  of  ionic  radii  of  metals  but  also  form
five-  or  six-membered  rings  with  the  metal  ions  just  as  amino
polyalcohols,  Schiff  bases,  and  pyridoxol  derivative  can,  which  is
beneficial  for  stabilizing  the  structures  of  such  complexes.  In
addition,  tricine's  good  solubility  in  various  solvents,  such  as
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alcohol,  and  acetonitrile,  benefits  the  construction  of  lanthanide
clusters.  Yet  surprisingly,  only  a  handful  of  tricine-based
mononuclear coordination complexes have been reported [31–33].
Herein,  we  report  a  family  of  polyoxo(alkoxo)lanthanide  clusters
{Ln15} prepared from the reaction of tricine ligands.

Through  a  simple  hydrolysis  reaction,  three  isostructural
lanthanide nanoclusters, [Eu15(μ3-OH)20(μ5-Cl)(H3L)8(H2L)2(H2O)10]
(Cl)3·(NO3)9·20H2O·4CH3OH  (1),  [Gd15(μ3-OH)20(μ5-Cl)(H3L)8
(H2L)2(H2O)10](Cl)3·(NO3)9·22H2O·3CH3OH (2), and [Tb15(μ3-OH)20
(μ5-Cl)(H3L)8(H2L)2(H2O)10](Cl)4·(NO3)8·22H2O·5CH3OH (3), were
successfully  synthesized.  X-ray  diffraction  analyses  revealed  that
{Ln15} displays a wheel-shaped structure with a μ5-chloride anion as
a  template.  Because  of  the  presence  of  different  lanthanide  metal
ions  in  these  analogs,  each  compound  showed  distinctive
properties.  Complexes 1 and 3 in  the  solid  state  emitted  the
characteristic  fluorescence  of  Eu(III)  or  Tb(III).  The  fluorescence
lifetimes of the 5D0 excited state for 1 and the 5D4 excited state for 3
were  tested,  and  the  values  were  890  and  250  μs,  respectively.
Meanwhile, gadolinium analog 2 exhibited a magneto-caloric effect
at  ultralow  temperatures  with  a  maximum  −ΔSm value  of  29.9
J·kg−1·K−1 at 3 K and 7 T.

 2    Experimental

 2.1    Materials and methods
All  reagents  and  solvents  for  the  syntheses  were  purchased  from
commercial  sources  and  used  as  received.  C,  H,  and  O  element
analyses  were  conducted  on  a  Flash  2000  elemental  analyzer.  The
samples' infrared (IR) spectra were collected on a Bruker Alpha FT-
IR  spectrophotometer  using  KBr  pellets  in  the  range  of  4000–
600 cm−1.  Thermogravimetric (TG) spectra were measured using a
TGA-2  (METTLER  TOLEDO)  thermogravimetric  analyzer.
Powder  X-ray  diffraction  (PXRD)  data  of  the  samples  were
collected using a D8 ADVANCE Bruker X-Ray diffractometer (Cu
Kα, λ = 1.54184 Å) at room temperature. The fluorescence spectra
were  recorded  using  a  Hitachi  F-4600  fluorescence  spectrometer.
Magnetic susceptibility measurements were performed on a powder
sample  fixed  with  eicosane  on  a  Quantum  Design  MPMS-XL7
SQUID magnetometer.

 2.2    Synthesis of {Ln15} (Ln = Eu (1), Gd (2), Tb (3))
Synthesis  of  [Eu15(μ3-OH)20(μ5-Cl)(C6H12NO5)8(C6H11NO5)2
(H2O)10](Cl)3·(NO3)9·20H2O·4CH3OH  (1). n-[2-Hydroxy-1,1-
bis(hydroxymethyl)ethyl]-glycine  (0.36  g,  2.0  mmol),  Eu(NO3)3·
6H2O  (1.34  g,  3.0  mmol),  and  KCl  (0.1  g,  0.13  mmol)  were
dissolved  in  a  mixed  solvent  of  CH3OH/H2O  (10  mL,  v/v  =  1:1)
under stirring. Triethylamine (0.56 mL, 4.0 mmol) was added drop
by  drop  into  the  above  clear  solution.  The  colorless  solution  was
filtered  and  left  undisturbed  for  3  days.  Colorless  crystals  were
isolated by filtration and washed with ethanol (yield: ~ 31.2% based
on  Eu).  Elemental  analysis  calculated  (%)  for  C64H214N19Cl4
Eu15O131: C 13.3, H 3.7, N 4.6. Found (%): C 13.1, H 3.5, N 4.40. IR

(KBr  disk,  see  Fig.  S1  in  the  Electronic  Supplementary  Material):
σ = 3368(w), 3268(w), 3205(w), 1582(s),  1405(s),  1310(s),  1043(w),
1006(s), 658(w), 617(s), 550(w), 503(w).

Synthesis  of  [Gd15(μ3-OH)20(μ5-Cl)(C6H12NO5)8(C6H11NO5)2
(H2O)10](Cl)3·(NO3)9·22H2O·3CH3OH  (2). Complex 2 was
obtained  following  the  same  procedure  using  Gd(NO3)3·6H2O
instead  of  Eu(NO3)3·6H2O.  The  yield  was  ~  29.2%  based  on  Gd.
Elemental analysis calculated (%) for C63H214N19Cl4Gd15O132: C 13.0,
H 3.7, N 4.5. Found (%): C 13.1, H 3.5, N 4.40. Infrared (KBr disk,
Fig.  S1  in  the  ESM): σ =  3378(w),  3266(w),  3201(w),  1585(s),
1408(s), 1315(s), 1040(w), 1003(s), 668(w), 621(s), 551(w), 504(w).

Synthesis  of  [Tb15(μ3-OH)20(μ5-Cl)(C6H12NO5)8(C6H11NO5)2
(H2O)10](Cl)3·(NO3)9·22H2O·20CH3OH  (3).  Complex 3 was
obtained  following  the  same  procedure  using  Tb(NO3)3·6H2O
instead  of  Eu(NO3)3·6H2O.  The  yield  was  ~  35.4%  based  on  Tb.
Elemental analysis calculated (%) for C65H222N19Cl4Tb15O134: C 13.2,
H 3.8, N 4.5. Found (%): C 13.1, H 3.5, N 4.42. IR (KBr disk, Fig. S1
in  the  ESM): σ =  3377(w),  3268(w),  3200(w),  1589(s),  1405(s),
1310(s), 1048(w), 1007(s), 703(w), 622(s), 549(w), 517(w).

 2.3    X-ray crystallography
Because of  the weak diffracted intensity of  the single crystals  for 1
and 3,  only  the  single-crystal  X-ray  diffraction  data  of 2 were
collected on a Bruker Apex II diffractometer with Mo Kα radiation
(λ =  0.71073  Å)  at  150  K.  The  structure  was  solved  using  direct
methods,  and  all  non-H  atoms  were  subjected  to  anisotropic
refinement through full-matrix least-squares refinement on F2 using
the Olex2 program. There were three disordered methanol and 22
water  molecules  per  formula  unit,  which  were  removed  by
SQUEEZE in the refinement but accurately confirmed by elemental
and TG analyses (Fig.  S2 in the ESM). The refinement parameters
and  crystallographic  data  for  complex 2 are  shown  in Table  1.
CCDC  2191867  contains  supplementary  crystallographic  data.
These  data  can  be  obtained  free  of  charge  via  www.ccdc.cam.
ac.uk/data_request/cif.  The  crystal  cell  parameters  and  PXRD
spectra for complexes 1 and 3 are shown in Table S1 and Fig. S3 in
the ESM, respectively.

 3    Results and discussion
Single  crystal  X-ray  diffraction  analyses  revealed  that  complexes
1–3 are  isostructural,  differing  only  in  the  number  of  guest
molecules  in  the lattice.  Thus,  only  the detailed description of 2 is
given  below.  Compound 2 crystallized  in  the  monoclinic  space
group C2/c with Z =  4.  As  represented  in Fig.  1,  the  wheel-like
{Gd15(μ3-OH)20}  core  consisted  of  five  {Gd4(μ3-OH)4}  cubane-like
subunits by sharing five Gd(III) corners around a μ5-chloride anion.
Ten deprotonated tricine ligands adopting 3.21111 bridging modes
(Harris  notation)  provided  the  key  linkages  between  the  adjacent
{Gd4(μ3-OH)4} building blocks [34–36]. The deprotonated forms of
the  tricine  ligand  are  shown  in  Fig.  S4  in  the  ESM  [35].  All  the
Gd(III) ions in the {Gd15} core were nona-coordinated. For the ten
peripheral ones, the coordination spheres featured one coordinated
water,  three μ3-OH− groups,  one N atom,  and four  O atoms from
the  tricine  ligand,  respectively.  Meanwhile,  the  five  inner  shared
Gd(III) ions were each coordinated by one chloride ion, six μ3-OH−

groups,  and two O atoms from the carboxyl  groups of  two tricine
ligands.  The Gd∙∙∙Gd separations  within the  Gd4(μ3-OH)4 subunits
were 3.65–4.05 Å, and the Gd–O, Gd–N, and Gd–Cl bond lengths
ranged  from  2.34  to  2.57,  2.57  to  2.60  and  3.21  to  3.26  Å,

 

Scheme 1    Tricine (H4L).
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respectively,  close  to  the  distances  reported  for  other  polymetallic
lanthanide clusters [36–38]. The selected bond lengths (Å) for 2 are
shown in Table S2 in the ESM. Continuous shape measure analyses
using the SHAPE program were performed to determine the degree
of deviation from the ideal polyhedron to gain further insight into
the  coordination  geometry  of  metal  centers  in  complex 2.  The

coordination  geometries  and  the  SHAPE  calculation  results  are
shown in Table S3 in the ESM.

Because of the unique and intriguing optical properties of Eu(III)
and  Tb(III)  ions,  the  solid-state  photoluminescence  spectra  for 1
and 3 were  recorded  at  room  temperature  to  explore  their
luminescence  behaviors  (Fig.  2).  As  shown  in Fig.  2(a),  when
monitoring the Eu(III) emission at 594 nm, the excitation spectrum
of 1 showed a band maximum at around 395 nm, corresponding to
the 7F0→5L6 transition of the Eu(III) ion. Under 395-nm excitation, 1
exhibited  the  characteristic  transitions  of  the  Eu(III)  ion  at  582
(5D0→7F0),  594  (5D0→7F1),  619  (5D0→7F2),  654  (5D0→7F3),  and  698
(5D0→7F4) nm, respectively, corresponding to 4f–4f transitions from
the resonating level 5D0 to the ground state multiplet 7FJ (J = 0, 1, 2,
3,  and  4)  of  the  Eu(III)  ion  [39].  For  compound 3,  four
characteristic  peaks  of  the  Tb(III)  ion  were  observed  at  491
(5D4→7F6),  548  (5D4→7F5),  587  (5D4→7F4),  and  623  (5D4→7F3)  nm,
respectively.  Then,  the  decay  lifetimes  of  complexes 1 and 3 were
investigated to better understand their luminescence properties. As
shown in Fig.  3(a),  the decay curves for 1 and 3 were found to be
well  fitted  with  the  exponential  equation It = I0 + Ae−t/τ (I0,  the
maximum luminescence intensity; It,  the luminescence intensity at
t; A,  the  constant; τ,  the  decay  lifetime)  [40, 41]  and  revealed  the
lifetimes of  890 and 250 μs,  respectively.  Meanwhile,  the quantum
yields of 11.18% for 1 and 22.36% for 3 were also measured.

The  images  of  polycrystalline  samples  for 1 and 3 under
ultraviolet  light  are  shown  in Fig.  3(b).  Complexes 1 and 3
displayed red and green emissions, respectively, which clearly show
the  effect  of  different  lanthanide  ions  on  luminescence  properties.
The  Commission  Internationale  de  L'Eclairage  (CIE)  chromaticity
was  also  determined  according  to  their  corresponding
photoluminescence  spectra  (Fig.  3(b)),  and  complexes 1 and 3

 

Figure 1    Ball-and-stick  views  of 2 with  H  atoms  removed  for  clarity.  (b)
Arrangement of metal centers in the [Gd15] core. Symmetry codes: 1−x, y, 1.5−z.
(c) Coordination mode of the tricine ligand. Color code: Gd, purple; Cl, green; O,
yellow; N, blue; C, gray.

 

Figure 2    Excitation and emission spectra for complexes 1 (a) and 3 (b).

 

Table 1    Crystal data and structure refinements for complex {Gd15} 2a

Empirical formula C63H214N19Cl4Gd15O132

Formula weight 5851.0

Crystal system Monoclinic

Space group C2/c

a (Å) 40.213(6)

b (Å) 21.621(3)

c (Å) 27.359(4)

α (°) 90

β (°) 131.3520(10)

γ (°) 90

Volume (Å3) 17,855(5)

Z 4

F(000) 1.787

Crystal size (mm) 0.09 × 0.21 × 0.23

2θ range (°) 2.698 to 50

Reflections collected 84,340

Independent reflections 15,708 (Rint = 0.0650, Rsigma = 0.0485)

Data/restraints/parameters 15,708/520/893

Goodness-of-fit on F2 1.082

Final R indexes (I ≥ 2σ(I)) R1 = 0.0362, wR2 = 0.0904

Final R indexes (all data) R1 = 0.0560, wR2 = 0.1006

Largest diff. peak/hole (e/Å3) 1.55/−1.10
aR1 = Σ||Fo| − |Fc||/Σ|Fo|, wR2 = [Σw(Fo

2 – Fc2)2/Σw(Fo2)2]1/2.
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notably  can  emit  red  and  green  in  the  visible  region  with  the
chromaticity  coordinates  of  (0.561,  0.358)  and  (0.304,  0.546),
respectively.  Because  the  color  temperature  varied  from  red  to
white to blue, only the color temperature of compound 1 must be
calculated.  The  color  temperature  for 1 was  calculated  as  1457  K,
which corresponded with the CIE chromaticity.

The direct-current susceptibility data of complex 2 were collected
under an applied magnetic field of 1000 Oe between 2 and 300 K.
As  shown  in Fig.  4(a),  the χmT product  of  113.44  cm3·K·mol−1 at
room  temperature  was  slightly  lower  than  the  theoretical  value  of
118.1 cm3·K·mol−1 for 15 uncorrelated Gd(III) ions (S = 7/2, g = 2).
Upon cooling, the χmT value stayed practically constant at about 60
K  and  then  sharply  decreased  to  a  minimum  value  of  73.2
cm3·K·mol−1 at  2  K,  indicating  the  presence  of  antiferromagnetic
interactions between the Gd(III) centers.  The χm

−1 vs. T plot in the
range  of  50–300  K  can  be  nicely  fitted  into  the  Curie–Weiss
equation, producing the Curie constant C = 114.91 cm3·K·mol−1 and
the  Weiss  constant θ =  −1.27  K  (Fig.  4(a),  inset),  which  further
support the presence of weak antiferromagnetic interactions.

Magnetization measurements for 2 at  low temperatures (2.0–10
K) were conducted in the 0- to 7-T field range (Fig. 4(b)). The M vs.
H data  displayed  a  steady  increase  in  magnetization  to  reach  86.6
NμB at  2  K  and  7  T  without  achieving  saturation  (where N is  the
Avogadro  constant  and μB is  the  Bohr  magneton).  This  value  is
lower than the expected saturation value of 105 NμB, which can be

attributed to the presence of antiferromagnetic exchanges. Because
complex 2 is  a  possible  candidate  for  magnetic  refrigeration
materials, the magnetic entropy changes ΔSm of this complex were
evaluated  by  applying  the  Maxwell  relation  −ΔS(T)ΔB =
∫[∂M(T,B)/∂T]BdB based  on  the  above  magnetization  data.  The
resulting  maximum  value  at  3  K  and  7  T  for 2 is  29.9  J·kg−1·K−1

(Fig.  5),  which  is  comparable  with  those  of  other  reported
polymetallic  Gd  clusters  (Table  S4  in  the  ESM).  The  maximum
entropy  change  was  calculated  using  the  equation  −∆SM =
nRln(2S+1) = 31.2R.  The  large  discrepancy  could  be  attributed  to
the antiferromagnetic exchanges among the Gd(III) centers.

 

Figure 3    (a) Photoluminescence decay curves of 1 (λex = 395 nm and λem = 594
nm) and 3 (λex = 370 nm and λem = 548 nm). (b) CIE diagram for the emission
spectra of 1 and 3.  Inset:  fluorescent images for complexes 1 and 3 taken under
ultraviolet light.

 

Figure 4    (a) Temperature dependence plots of χmT for 2. Inset: plot of χm
−1 vs. T

for 2. (b) Plots of field-dependent magnetization for 2.

 

Figure 5    −ΔSm values calculated from the magnetization data of 2.
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 4    Conclusions
In summary, a series of wheel-like isostructural lanthanide clusters
[Ln15] (Ln = Eu (1), Gd (2), and Tb (3)) based on the tricine ligand
was  successfully  synthesized  via  the  hydrolysis  reaction.
Interestingly,  each  analog  showed  distinctive  functions  based  on
different  Ln  ions.  Complexes 1 and 3 displayed  red  and  green
emissions,  respectively,  whereas  gadolinium  analog 2 exhibited
potential application in magnetic cooling. Further work on tricine-
based clusters is under investigation.

 Electronic  Supplementary  Material:  Supplementary  material  (the
cif  file,  PXRD  spectra,  IR  spectra,  TG  curves  and  other  necessary
tables)  is  available  in  the  online  version  of  this  article  at
https://doi.org/10.26599/POM.2023.9140026.
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