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Isostructural Lanthanide (Gd, Tb) Oxalatophosphonates with
2-Pyridylmethylamino)methyl Phosphonic Acid:
Syntheses, Structures, Magnetic and Fluorescent Properties
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Engineering, Nanjing University, Nanjing 210093, China)

Abstract: Two isostructural lanthanide oxalatophosphonates Ln,(pmampH)(C,0,),5(H,0);-4H,0 (Ln=Gd (1), Tb
(2)) have been obtained through hydrothermal reactions of (2-pyridylmethylamino)methyl phosphonic acid
(pmampH,), oxalate, and Gd/Th salts. Both compounds exhibit 3D open framework, in which the netlike
{Lny(C,0,),5}, layer containing Ln(Cy04), rings are connected through corner-sharing {LnOyg} polyhedra and
{POsC} tetrahedra, generating channels along b axis filled with the pendant 2-pyridylmethylamino groups and
lattice water molecules. The framework of 2 can be retained after partly or completely releasing coordination and
lattice water molecules. The magnetic studies show that the presence of paramagnetic behavior in 1, while dominant

ferromagnetic interactions in 2. The solid-state fluorescent measurements reveal that 2 and its dehydration products

can emit green light, exhibiting characteristic transitions of Th(ll). CCDC: 806907, 1; 806908, 2.
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Lanthanide coordination polymers (LCP) have structural diversity and interesting properties such as

been attracting considerable interest because of their fluorescence!", magnetism, catalysis”®, etc. Organo-
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Scheme 1

phosphonate is one kind of attractive ligand for
building LCP materials due to their versatile coordina-
tion modes, as well as the good thermal and chemical
stabilities of the Ln-O-P bonds that phosphonate
ligands made with lanthanide ions. However, lanth-
anide phosphonates are usually poor in crystallinity,
blocking the exploration of these materials. In order to
overcome this problem, and also to synthesize
multifunctional lanthanide phosphonates, two approa-
ches have been commonly employed. One is the
functional modification of phosphonate with organic
groups, such as crown ether™, carboxylate'®, amino!®”,
and pyridyl™®, etc. The other is the introduction of
second ligand such as oxalate. It is well known that
oxalate can not only mediate electronic effects
between paramagnetic metal ions but also act as a
linker between metal centers to yield open structures
with dimensionalities ranging from zero to three. So
far, some lanthanide oxalatophosphonates have been
reported, however, the number is still small™®!, Previ-
ously, we reported two chiral-layered compounds M "
{(2-CsH,N)CH,NHCH,PO;}(H,0) (M=Mn, Cd) based on
non-chiral  (2-pyridylmethylamino)methyl phosphonic
acid (pmampH,, (2-CsH,N)CH,NHCH,PO;H,) (Scheme
la)™. As an extension of our work, two isostructural
Gd () and Th () oxalatophosphonates incorporating
pmampH, have been obtained, namely Ln,(pmampH)
(C10.),5(H,0)5+4H,0  (Ln(=Gd (1), Tb (2)). Both
compounds shows 3D open framework with channels
filled with the pendant 2-pyridylmethylamino groups

and lattice water molecules. Their thermal stability,

magnetic and fluorescent properties have been studied.
1 Experimental

1.1 Materials and physical measurements
(2-Pyridylmethylamino)methyl  phosphonic acid

(pmampH,) was prepared according to the literature
method!™. All the other starting materials with reagent
quality were obtained from commercial sources
without further purification. Elemental analyses were
performed with a PE 240C elemental analyzer. The
infrared spectra were recorded with a VECTOR 22
spectrometer by using KBr pellets. Thermogravimetric
analyses were performed with a Mettler-Toloedo TGA/
DSC instrument in the temperature range 25~700 °C
under a nitrogen flow at a heating rate of 10 °C+min™.
Powder X-ray diffraction (XRD) data were collected
with a Shimadzu XRD-6000 X-ray diffractometer with
Cu Ka radiation (A=0.154 056 nm). The fluorescence
spectra were recorded on a Hitachi F-4500 spectro-
photometer at room temperature, under the same
measurement conditions for all samples. Magnetic
susceptibility data were obtained on microcrystalline
samples (2.74 mg for 1, and 6.64 mg for 2), using a
Quantum Design MPMS-XL7 SQUID magnetometer.
Diamagnetic corrections were made for both the
sample holder and the compound estimated from
Pascal’s constants!.

1.2 Syntheses of Lny(pmampH)(C,0,),s(H,0);-

4H,0 (LnD=Gd (1), Tb (2))

Compounds 1 and 2 were synthesized following
the same experimental procedure. In the typical
synthesis of 1, a mixture of pmampH, (0.10 mmol,
0.023 8 g), GA(CH;CO,);-6H,0 (0.10 mmol, 0.060 7 g),
Na,C,0, (0.15 mmol, 0.020 1 g), and 2,2"-bipy (0.10
mmol, 0.015 6 ¢) in 8 mL H,0 was kept in a Teflon-
lined autoclave at 120 °C for 7 d. After slow cooling
to room temperature, colorless rod-shaped crystals
were collected as a monophasic material based on the

powder XRD patterns. Yield: 15 mg (34.8% based on
Gd). Anal. found (caled.) for C;,H»,N,0,PGd, (%): C,
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16.74 (16.72); H, 2.81 (2.81); N, 3.37 (3.25). IR (KBr,
em™): 3580~3 039(w, br), 2 793(w), 2 360(w), 1 669(s),
1641(s), 1 618(m), 1 481(w), 1 437 (w), 1 421(m), 1 317
(w), 1277(w), 1 154(m), 1 130(s), 1 044(m), 1 019(w), 999
(m), 916(m), 792(m), 779(m), 635(w), 575(m), 492(m).

Compound 2 was obtained when Th(CH;CO,);*
6H,0 was used instead of Gd (CH;CO,);+6H,0. Yield:
27 mg (63.2% based on Tb). Anal. found (caled.) for
C,HuN,0PTh,(%): C, 16.74 (16.66); H, 2.31 (2.35);
N, 2.87 (2.80). IR (KBr, cm™): 3555~3290 (m, br),
3196~3 039(w, br), 2 793(w), 2 593(w), 1 670(s), 1 642
(s), 1 482(w), 1 437 (w), 1 317 (m), 1 278 (w), 1 155 (m),
1 131(s), 1 047(m), 1 000(w), 917 (m), 791 (m), 635(w),
575(m), 493(m), 416(m).
1.3 X-ray crystallographic studies

Single crystals with dimensions 0.50 mm x0.03
mmx0.03 mm for 1, and 0.60 mmx0.08 mmx0.06 mm
for 2 were selected for structural determinations on a
Bruker SMART APEX CCD diffractometer equipped
with graphite monochromatized Mo Ko radiation (A=

0.071 073 nm) at room temperature. The data were
collected in the 6 range of 2.02°~25.00° for 1, and

1.78°~25.00° for 2 by using a narrow-frame method
with scan widths of 0.308° in @ and an exposure time
of 10 s per frame. The numbers of the observed and
unique reflections are 6 180 and 4 262 (R;,=0.032) for
1, and 6 132 and 4 228 (R;,=0.018 4) for 2, respectively.
The data were integrated using the Siemens SAINT

B with the intensities corrected for Lorentz

program!
factor, polarization, air absorption, and absorption due
to variation in the path length through the detector
faceplate. Multi-scan absorption corrections were
applied. The structures were solved by direct methods
and refined on F? by full matrix least squares using
SHELXTL'". All the non-hydrogen atoms were located
from the Fourier maps, and were refined
anisotropically. All H atoms were put in calculated
positions using riding model, and were refined
isotropically, with the isotropic vibration parameters
related to the non-hydrogen atom to which they are
bonded. The crystallographic data for 1 and 2 are
listed in Table 1, and selected bond lengths are given
in Tables 2.
CCDC: 806907, 1; 806908, 2.

Table 1 Crystallographic data for 1 and 2

Compound 1 2

Empirical formula CpHuN,0xPGd, CoHyN;0xPTh,
Formular weight 861.8 865.14
Crystal system Triclinic Triclinic
Space group Pl Pl

a/nm 1.056 68(19) 1.054 23(16)
b/ nm 1.073 62(18) 1.072 33(16)
¢/ nm 1.180 5(2) 1.174 77(18)
al (%) 93.099(4) 92.925(3)
B/ 101.692(3) 101.766(3)
v /(9 109.006(3) 108.851(2)
V / nm® 1.229 5(4) 1.220 6(3)
A 2 2

D./ (g-cm?) 2328 2354
F(000) 826 830

R 0.032 8 0.018 4
Goodness-of-fit on F? 1.03 1.031

Ry, wR, (I=20(1))
R, wR, (All data)
(B)uess (Ap)uin / (e+nm”)

0.041 4, 0.078 5
0.059 7, 0.083 0
1222, -858

0.030 6, 0.079 5
0.037 3, 0.081 8
1112, -823
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Table 2 Selected bond lengths (nm) for 1 and 2

1
Gd1-01 0.224 7(5) Gd1-09B 0.241 0(6) Gd2-011D 0.242 0(5)
Gd1-04 0.246 9(6) Gd2-03C 0.220 4(5) Gd2-013E 0.243 9(5)
Gd1-06 0.241 4(6) Gd2-05 0.242 5(6) P1-01 0.150 8(6)
Gd1-08 0.248 1(5) Gd2-07 0.241 0(5) P1-02 0.150 4(6)

Gd1-01W 0.252 3(6) Gd2-010 0.243 1(6) P1-03 0.150 4(5)

Gd1-02W 0.247 4(6) Gd2-012 0.240 3(5)

Gd1-02A 0.223 4(6) Gd2-03W 0.241 3(6)

2
Th1-01 0.222 9(4) Th1-09B 0.240 8(4) Th2-011D 0.239 0(4)
Th1-04 0.245 3(4) Th2-05 0.242 3(4) Th2-013E 0.243 9(4)
Th1-06 0.239 8(4) Th2-07 0.239 5(4) P1-01 0.150 3(4)
Th1-08 0.246 7(4) Th2-010 0.242 0(4) P1-02 0.150 4(4)

Th1-02W 0.246 0(4) Th2-012 0.240 2(4) P1-03 0.150 4(4)

Th1-01W 0.250 7(4) Th2-03W 0.239 5(4)

Th1-02A 0.221 9(4) Th2-03C 0.219 0(4)

Symmetry codes: 1: A: —x+1, —y, —z+1; B: —x, =y, —z+1; C: —x+1, —=y+1, —z+1; D: —x, —=y+1, —z+1; E: —x, —y+1, —z;

2: A —x+1, -y, —z+1; B —x, —y, —z+1; C: —x+1, —y+1, —z+1; D: —x, —y+1, —z+1; E: —x, —y+1, —z.

2 Results and discussion

2.1 Syntheses

Compounds 1 and 2 were prepared through
hydrothermal reactions of pmampH,, Na,C,0,, and
corresponding metal acetate at 120 °C for 7 d. It was
found that the Ln/phosphonate/oxalate molar ratio
plays a key role in forming the pure phases of both
compounds. The starting materials with the Ln/
phosphonate/oxalate molar ratio as shown in molecular
formula (1:0.5:1.25) always result in a mixture of
single-crystal product and some powder impurities.
Finally, the pure phases of 1 and 2 could be prepared
using the ratio of 1:1:1.5. In addition, the yield of 1 is
far lower that of 2 under the same experimental
condition. However, the reason is not clear.
2.2 Crystal structures of 1 and 2

Compounds 1 crystallizes in triclinic space group
Pl. The building unit consists of two unique Gd
atoms, one pmampH?~ ligand, two and a half oxalate

anions, three coordination and four lattice water

molecules. As shown in Fig.1, both Gdl and Gd2

atoms are eight-coordinated. Around Gdl, eight

positions are occupied by two phosphonate oxygen

atoms (01, O2A ) from two equivalent pmampH -

(04, 06, 08, 09B) from

two coordination water

ligands, four oxygen atoms

two oxalate anions, and

molecules (O1W, O2W). The Gd2 atom is surrounded
(05, 07, 010, O11D, 012,
O13E) from three oxalate anions, one phosphonate
oxygen (0O3C) and one water molecule (O3W). The
Gd-O bond lengths and O-Gd-O bond angles fall in
the range of 0.220 4(5)~0.252 3(6) nm and 66.13(18)°

~150.6(2)°, respectively, comparable to those in Gd
l10u10]

by six oxygen atoms

oxalatophosphonate
In 1, each oxalate anion serves as a tetra-dentate

ligand using its two pairs of oxygen atoms to chelate

Lattice water molecules and all H atoms except those attached
to the N1 atom are omitted for clarity: Symmetry codes: A: —x+1,
-y, =+1; B: —x, =y, —z+1; C: —x+1, —y+1, —z+1; D: —x, —y+1,

—z+1; Er —x, —y+1, —2
Fig.1 Building unit of 1 with the atomic labeling scheme

with 50% probability
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and bridge Gd atoms into a netlike layer of {Gdy(C,0,),s},
containing 40-membered rings of Gd,o(C,0y),0 (Fig.2).
The similar layer was observed in compounds [Lny(ox)s
(2-pmpH),(H,0),] - 5H,0 (Ln(I)=Gd, Th) and [Ln,(ox)s
(2-pmpH),(H,0)q] - 6H,0 (Ln(l)=Ho, Yb) (2-pmpH,=2-
pyridylmethylphosphonicacid)'™. The pmampH~ ligand
acts as a tri-dentate lignad, using three phosphonate
oxygen atoms to bridge three Gd atoms, respectively
(Scheme 1b), different from the coordination mode
observed in compounds M "{(2-CsH,N)CH,NHCH,PO5}
(H,0) (M=Mn, Cd) (Scheme 1¢)!™. The {Gd,(C,0,),s},
layers are thus linked by -POj; groups into a 3D open
framework with channels along b axis, in which {GdOg}
polyhedra are corner-sharing connected through {PO;C}
tetrahedra (Fig.3). The similar framework was founded
in [Lny(ox)s(2-pmpH),(H,0)e] - 6H,0 (Ln(l=Ho, Yb)"™,
However, the channels in the former are filled with 2-

pyridylmethylamino groups, while pyridyl groups in

| DU TS
LD D DT
Q4 Q4 - L.

the latter.

Fig.2 Netlike {GdyC,0,),5}, layer containing Gd,o(C,04)10

rings in 1

Fig.3 3D open framework of 1 resulted from the
connections of {Gdy(C,0,),s}, layer and
phosphonate groups

Compound 2 is isostructural to 1. The Tb-O

distances and O-Th-O bond angles are in the range of
0.219 0(4)~0.250 7(4) nm and 66.45(14)°~149.74
(15)°, respectively. The cell volume of 2 is smaller
than that of 1 due to lanthanide contraction.
2.3 Thermal analyses

Compound 1 has a weight loss of 14.3% in the
range of 52~302 °C, corresponding to three coordina-
(caled. 14.6%).
The weight loss above 302 °C is attributed to the

tion and four lattice water molecules

decomposition of organic ligand and the collapse of
structure. The TG curve of 2 is slightly different from
that of 1, although both compounds are isostructural.
Compound 2 shows a weight loss of 12.2% in the
temperature range of 46~120 °C, corresponding to the
release of two coordination and four lattice water
molecules (caled. 12.5%). The weight loss (2.2%) in
the temperature range of 165~265 °C is due to the
release of the last coordination water molecule (caled.
2.1% ). Above 305 °C, compound 2 appears the
decomposition of organic ligand and the collapse of
structure. It should be noted that the TG curve of 2
show two clear plateaus in the temperature ranges of
ca. 120~165 °C and ca. 265~305 C, respectively.
Thus, compound 2 was heated under a nitrogen flow
at 120 and 265 °C, respectively, obtaining corresponding
dehydrated products, namely Thy(pmampH)(C,0,),sH,0
(2de-a) and Th,(pmampH)(C,0,),5 (2de-b), respectively.
The powder XRD patterens indicate that the
framework of 2 could be retained after dehydration
(Fig.4).

treatment by immersing samples in water at room

treatment Moreover, after a rehydration
temperature for one day, 2de-a and 2de-b can go back
to the phase before dehydration, which is confirmed
by powder XRD patterens (Fig.4).
2.4 Magnetic properties

The temperature-dependent magnetic susceptibi-
lities of 1 and 2 were investigated in the temperature
range of 2~300 K at the magnetic field of 1 000 Oe.
For 1, the yyT value at 300 K is 7.82 cm®+K -mol ',
close to the value of 7.88 cm® K mol ™' for one
uncoupled Gd(Il) ion (S=7/2). As shown in Fig.5, the
xul’ value almost remains a constant of 7.82 em’-K -

mol™ between 300 K and 90 K, and then decreases to
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Fig.4 XRD patterns for 2, dehydration products of 2 (at 120 °C and 265 °C) and rehydration products

7.30 K-cm®-mol™ at 1.8 K. This suggests the presence
of paramagnetic behavior in 1, which is further

confirmed by a small Weiss constant §=—0.097 K.
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Fig.5 xwand yyT vs T curves for 1

The magnetic behavior of 2 is quite from that of
1, although they are isostructural. As shown in Fig.6,
the yuI value at 300 K is 11.96 cm?:K-mol™, close to
11.82 c¢m?*-K-mol™ for one uncoupled Th(l) ion (/=6,
g=3/2)". Upon cooling, the yyI' value gradually
increases to 12.72 e¢m?®-K +mol™ at 60 K, and then
rapidly decreases to 9.17 e¢m’+K -mol™ at 1.8 K. The
increase in yyI above 60 K indicates the presence of
ferromagnetic interactions, which is further confirmed
by a positive Weiss constant (0=+8.61 K) determined
in the temperature range of 100~300 K. The decrease
in yyI' below 60 K should be mainly due to the
depopulation of the Stark levels™. The similar yyT vs
T curves were also observed in {|[Th,(Hpimda),( -
C,0,)2H,0] -4H,0}, (H;pimda=2-propyl-1H-imidazole-
4,5-dicarboxylic acid) and {[Tb, (dpa), (C,0.), (H,O),);
(H0)}, (dpa=2,2’'-(2-methylbenzimidazolium-1,3-diyl)
diacetate) where Tb () ions are bridged through

carboxylate and/or oxalate units, showing dominant
ferromagnetic interactions"”. The field-dependent mag-
netization measured at 1.8 K shows the magnetization
of 5.56NB at 70 kOe, less than expected value of
9.0 NB for one isolated Th(Il) ion (J=6, g=3/2).
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Fig.6 xwand yyT vs T curves for 2

2.5 Fluorescent properties
The solid-state fluorescent properties of 2 and its
(2de-a and 2de-b) were inve-

stigated at room temperature under the excitation of

dehydration products

372 nm. As shown in Fig.7, three compounds can emit
green light, showing characteristic Th(Ill) f-f transitions.
Compound 2 reveals four peaks located at 375, 545,
584, and 621 nm, assigned to D, —F,, D, —"Fj,
SD,—"F,, and

emissions, the intensity of the D,—7Fs transition is

SDy—7F;, respectively®. Among these

the strongest one, being sensitive to the nature of the
atoms that form the coordination environment™!. Both
2de-a and 2de-b exhibit the similar emissions to those
in 2. In general, water molecules are effective
nonradiative relaxers to quech fluorescence due to the

loss of excitedstate energy from the Ln(ll) ions through
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vibrational energy of the close proximity OH oscillator®,
Thus, comparing with 2, dehydration products 2de-a
and 2de-b shows higher fluorescent intensities (espe-
cially, for D,—7Fs transition), although the increase in

intensity is little.
12

104

2de-b

2defa

Intensity / a.u.

400 450 500 550 600 650
Wavelength / nm

Fig.7 Emission spectra of 2 and its dehydration products

upon excitation at 372 nm
3 Conclusions

This paper describes the syntheses and structures
of two isostructural lanthanide oxalatophosphonates
showing 3D open frameworks based on (2-pyridylme-
thylamino)methyl phosphonic acid (pmampH,), namely,
Lny(pmampH)(C,0,),5(H,0);-4H,0 (Ln=Gd (1), Th (2)).
Compound 2 shows good thermal stability, retaining
its framework after partial or complete release of
coordination and lattice water molecules. The parama-
gnetic behavior is found in 1, while dominant ferroma-
gnetic interactions in 2. In the solid-state fluorescent
measurements, 2 and its dehydration products exhibit
typical Th(ll) emission spectra, however, dehydration

phases reveal higher fluorescent intensity.
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