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By wusing multidentate ligand 2-hydroxynicotinic acid
(Hpnica), six new lanthanide coordination polymers
[Sm(Hnica)(H;,0);S04], (1),  {[Sms(Hnica)s(H,0)s(OH)]-
3H20-SO4}, (2), [Eu(Hnica)(H,0)2504], (3), {[Eus(Hnica)e-
(H20)6(OH)|-6H,0-S04},, (4), {[Tb(Hnica),(H,0),]Cl0,-H,0},,
(5), and {|[Dy(Hnica),(H,0),]Cl04-H,0}, (6) were synthesized
and characterized by elemental analysis, IR spectra, and X-
ray single-crystal diffraction. Compounds 1 and 3 exhibit a

1D Ln-O-Ln chain structure. Compounds 2 and 4 show a 2D
Kagomé lattice structure, whereas 5 and 6 display a 2D
rhombic grid structure. The luminescent properties of 1-6 at
room temperature were studied. Direct-current (dc) magnetic
susceptibility studies reveal antiferromagnetic interactions
between Ln'! ions in 1-6, and alternating-current (ac) mag-
netic susceptibility data of 6 suggests frequency-dependent
out-of-phase signals below 5 K.

Introduction

The design and synthesis of new lanthanide coordination
polymers has received much attention not only for their fas-
cinating structures but also their potential applications as
luminescent materials, magnetic materials, catalysts, and so
on.['211 Coordination polymers that contain lanthanide
ions such as Sm™, Eu™, Tb™ and Dy are noteworthy
for their sharp transitions in the visible range, so that they
are one of the most important components in the pursuit
of new luminescent materials.?? In addition, the nature of
the f electron shell of trivalent lanthanides has led to unique
magnetic properties. For instance slow relaxation of the
magnetization has recently been observed not only in het-
eronuclear complexes that combine lanthanide ions and
other spin centers,?>21 but also in low-dimensional purely
lanthanide-based complexes.’°3%1 Therefore lanthanide-
based systems are new and important avenues for the explo-
ration of the magnet-like behavior mainly caused by the an-
isotropy of lanthanide ions. Thus, lanthanide coordination
polymers may achieve desired functionality with potential
use in a wide range of applications. However, the large ionic
radius of lanthanide ions results in high and variable coor-
dination numbers, which make the rational design and syn-
thesis of polymeric lanthanide complexes more difficult
than transition-metal ones.[' 3! To some extent, use of rigid
multidentate ligands, which help to form steady chelate
rings, may overcome this difficulty.[#-411
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2-Hydroxynicotinic acid (H,nica) contains both carboxyl
and hydroxy functional groups that might form six-mem-
bered chelate rings with metal ions. By utilizing H,nica and
template agent (CH3);CCOONa, we have obtained Pr, Nd,
and Gd coordination polymers with structural variations
from a 1D chain to 2D layers that show interesting ferro-/
antiferromagnetic interactions.*?! Taking into account the
intriguing luminescent and/or magnetic properties of Sm'!,
Eu™, Tb™ and Dy ions, further studies on H,nica-based
coordination polymers including these Ln'" ions are ex-
pected. In this contribution, six new coordination polymers,
namely, [Sm(Hnica)(H,0),SOy,4], (1), {[Sm;(Hnica)s(H,O)s-
(OH)]'3H,0-804},  (2), [Eu(Hnica)(H,0),504],  (3),
{[Eus(Hnica)s(H,0)s(OH)]-6H,0-SO4},, (4), {[Tb(Hnica),-
(H20),]CI04-H,0},, (5), and {[Dy(Hnica)>(H,0),]CIO,
H,0}, (6) were solvothermally synthesized and charac-
terized by means of single-crystal X-ray diffraction analysis.
The magnetic studies of 1-6 suggested that there were anti-
ferromagnetic interactions in all the complexes; slow relax-
ation of the magnetization was observed in 6. The lumines-
cent properties of the six coordination polymers were also
studied.

Results and Discussion

The crystal structures of 1 and 3 are isomorphous and
exhibit a 1D chain structure. They both crystallize in the
monoclinic space group P2;/c. The coordination geometry
around the Ln'™ ion is a slightly distorted monocapped
square antiprism, which comprises nine O atoms: Ol from
a hydroxy group; 02, O2A, O3A, and O3B from the carb-
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oxylic groups of three Hnica  anions; O6 and O8A from
SO,% anions; and O4 and OS5 from coordinated water mo-
lecules (Figure 1, a). Each Hnica™ anion has the same coor-
dination mode, chelates one Ln"! ion in the 7, ; mode, and
links to other two adjacent Ln'"" ions. Thus, every Ln'" ion
is linked to its neighboring Ln'! ions by two monatomic
oxygen bridges from the carboxylic groups (Figure 1, b). In
the meantime, p1,-SO4> groups alternately link two adjacent
Ln'™ jons. In summary, Hnica™ anions and sulfate groups
both bridge the Ln'" ions to form an infinite chain, which
results in an organic-inorganic hybrid coordination poly-
mer.

Figure 1. (a) ORTEP plot of [Sm(Hnica)(H,0),SO,], (1). Thermal
ellipsoids are shown at 30% probability. (b) The 1D chain structure
of 1. All hydrogen atoms and H,O molecules have been omitted
for clarity.

Complexes 2 and 4 both crystallize in trigonal space
group R3¢ and display similar 2D layer structures. The Ln™
ion lies in a slightly distorted monocapped square-antiprism
coordination geometry. O3B and O3C from the hydroxy
groups; O1, OlA, O2B, and O2C from the carboxylic
groups; and 04, O4A, and OS5 (half-occupied) from coordi-
nated H,O molecules form the coordination sphere (Fig-
ure 2, a). The adjacent Ln' jons are linked by p; 5-COO
bridges of the carboxylic groups of Hnica™ and form hexag-
onal and trigonal metallic rings. Furthermore, the Lng and
Lnj; rings share their edges to form interesting Kagomé 2D
lattices (Figure 2, b).
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Figure 2. (a) ORTEP plot of {[Sms(Hnica)s(H,O)s(OH)]:3H,0-"
S04}, (2). Thermal ellipsoids are shown at 30% probability. (b) 2D
Kagomé lattice structure exhibited by 2. All hydrogen atoms, guest
H,O0 molecules, and uncoordinated SO,> anions have been omitted
for clarity.

We tried to synthesize 2D Kagomé Ln"" coordination

polymers under different reaction conditions. The pH value
is an important factor in the synthesis of lanthanide coordi-
nation polymers, but its effect is minor here. Comparison
experiments were carried out by using NaOH aqueous solu-
tion to take the place of (CH;3);CCOONa to adjust the pH
to the same values as the synthetic system of 2D Kagomé
coordination polymers (2 or 4), but 1D coordination poly-
mers (1 or 3) were still obtained. This might confirm the
template effect of the (CH3);C— group in the synthesis of
lanthanide coordination polymers with H,nica.#?!

Complexes 5 and 6 are isomorphous. They both crys-
tallize in the monoclinic space group P2/c and exhibit a 2D
lamella structure. There are two kinds of crystallographi-
cally independent Ln™ ions, both of which lie in a slightly
distorted square-antiprism coordination environment (Fig-
ure 3, a). Out of the eight oxygen atoms in the coordination
sphere of Lnl, four are provided by carboxylic groups (O2,
02A, 05, O5A); and the others are from hydroxy groups
(01, O1A, 04, O4A). For Ln2, the coordination sphere is
made of O3, O3B, O6B, and O6C from the carboxylic
groups; and O7, O7A, 08, and O8A from coordinated H,O
molecules. Lnl and Ln2 are linked by 1, ; carboxylic groups
in an alternating way, which results in each Lnl being re-
lated to four Ln2, whereas each Ln2 is related to four Lnl.
Thus, Lnl and Ln2 are linked by carboxylic groups to con-
struct a 2D layer structure composed of rhombic grids (Fig-
ure 3, b).
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Figure 3. (a) ORTEP plot of {[Dy(Hnica),(H,0),]Cl04-H,0}, (6).
Thermal ellipsoids are shown at 30% probability. (b) Rhombic grid
structure of 6. All hydrogen atoms, uncoordinated H,O molecules,
ClO4 anions, and parts of aromatic rings have been omitted for
clarity.
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The luminescent properties of 1-6 were studied in the
solid state at room temperature. The results show that 1-6
all exhibit clear characteristic emission spectra of corre-
sponding Sm', Eu™, Tb™, and Dy"™ ions as shown in
Figure 4. For complexes 1 and 2, the bands at approxi-
mately 562, 598, and 645 nm correspond to the *Gs;,— °Hs)s,
4Gs;,—°Hy), and *Gs— Hy), transitions of Sm'!, respec-
tively. For 3 and 4, the bands at approximately 593, 615,
and 699 nm correspond to the *Dy— "F,, >Dy— "F,, and
’Dy— "F, transitions of Eu'™!, respectively. For 5, the bands
at 490, 545, 585, and 622 nm correspond to the *Dy— F,
’D,—Fs, ’Dy—'F,4, and °D,— ’F5 transitions of Tb!,
respectively. For 6, the bands at 481 and 576 nm correspond
to the *Fg/,— °H,s/» and *Fo/,— °H, 5, transitions of Dy,
respectively.[+343]

Magnetic susceptibility measurements of 1-6 were per-
formed in a direct-current (dc) field of 1 kOe in the 2-300 K
range. They are shown in Figure 5. The y\7 values of 0.29
(1), 0.31 (2), 1.42 (3), and 1.49 cm*Kmol! (4) are much
higher than the theoretical values of 0.088 and
0 cm*Kmol! for one isolated Sm™ (°Hsj, g = 2/7) and
Eu™ ions (Fy) in the ground state, respectively, because
not just the ground state of these two metal ions but also
the first [°H’,, for Sm'! and “F, for Eu"'] and even higher
exited states can be populated at room temperature.[*¢]
However, the T values of 11.58 (5) and 13.75 cm? K mol !
(6) at 300 K are slightly lower than the theoretical values of
11.81 and 14.13 cm®* K mol™! for one isolated Tb™ ("Fg, g =
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Figure 4. Emission spectra of 1-6 in the solid state under the same conditions (excited at 310 nm).
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Figure 5. Temperature dependence of y\7 for (a) 1, (b) 2, (c) 3, (d) 4, (¢) 5, and (f) 6 at 1 kOe. The solid lines represent the theoretical
values based on the corresponding equations.

3/2) and Dy™ ions (°H;s, g = 4/3) in the ground state, into account both the ground state (°Hs;,) and the exited
respectively. states (*H, J = 7/,, °/5, /5, 1315, 13/5) generated by the inter-

For 1 and 2, the rapid decrease in the y\7 values upon electronic repulsion and spin—orbit coupling. But Equa-
lowering the temperature is mainly attributed to the thermal tion (1) is not suitable for the fit in the lower temperature
depopulation of the excited levels. The molar magnetic due to the ligand-field effect. For 3 and 4, upon lowering
susceptibility can be expressed by Equation (1), which takes
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Figure 6. M versus H/T plots at different temperatures below 5.0 K Figure 7. Temperature dependence of the in-phase (top) and out-
for 6. of-phase (bottom) ac susceptibility for 6 under zero dc field.
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the temperature, the yy7T values decrease to nearly zero.
The molar magnetic susceptibility of 3 and 4 can be repro-
duced by Equation (2), which also takes into account the
contribution both from the ground state ("F,) and the
exited states ("F, J =0, 1, 2 ... 6).471 In these expressions,
x = MkT, the zJ' parameter based on the molecular-field
approximation in Equation (3) is introduced to simulate the
magnetic interaction between the Ln'" ions;*%1 all the other
parameters have their usual meanings.

Asm = (NFPBKTx)2.143x + 7.347 + (42.92x + 1.641)e > +
(283.7x — 0.6571)e 5% + (620.6x — 1.94)e 27¥2 + (1122x — 2.835)e 20*
+ (1813x — 3.556)e SS¥2[3 + de T2 + 5 8% + 6 22 4 e 20% +
8e55+/2] )

o0 = (NBIBKTORA + (13.5x — 1.5)e  + (67.5x— 2.5)e 3 + (189x —
3.5)e 6% + (405x — 4.5)e 1% + (742.5x — 5.5)e 5% + (1228.5x — 6.5)
e2IN/[1 + 3e* + 5S¢ + Te O + 9e10v + [1e 5% + 13214 (2)

Jtotal = ;{Ln/[l - (ZZJ//Ngzﬁz)ZLn] (3)

The best fit gives ¢ = 0.27, A = 268cm™!, zJ' =
-1.54 Cmila and R = z“()CTobsd. - )f’Tcalcd.)2/2()(Tobsd.)2 =
1.28 X 10 for 1 in the range of 70-300 K. For compound
2, the parameters are g = 0.26, 1 = 259 cm™!, zJ' =
—0.77cm™!, and R = 3.47 X 10* in the range of 70-300 K.
For 3, the parameters are g = 1.95, 2 = 336cm ™!, zJ' =
-0.01 cm™!, R = 4.28 X 10* in the range of 2-300 K. And
for 4, they are g = 2.80, A = 305cm™!, zJ' = -0.02cm™!,
and R = 8.35Xx 107 in the range of 2-300 K (Figure 5). All
the above spin—orbit coupling parameters were in accord-
ance with other Sm"/Eu"' complexes.*”**! The negative
zJ' values are indicative of the antiferromagnetic interac-
tion between the Ln"" ions in these complexes.

For 5 and 6, the y\T values steadily decrease as T is
lowered and reach 6.86 (5) and 8.82 cm®K mol™! (6) at 2 K.
To obtain a rough quantitative estimation of the magnetic
interaction between Tb™ (or Dy™) ions, the Ln"" ion could
be assumed to exhibit a splitting of the m; energy levels (H
= AJ?) in an axial crystal field.[*>59-54 The best-fit param-
eters are A = 0.050 cm™!, zJ’ = —0.051 cm™!, g = 1.49, and
R = 6.02X 10 for 5 in the range of 2-300 K. For 6, the
parameters are A = 0.060 cm™!, zJ' = -0.040 cm ™!, g = 1.32,
and R = 5.07 X 10 in the range of 10-300 K. These results
indicate weak antiferromagnetic interactions in 5 and 6.

Taking into account the intriguing magnetic behavior of
the Dy complex due to the ligand field, which splits the
SH!5,, free ion ground state into eight half-integral Kramers
doublets, the magnetic properties for 6 were studied further.
As shown in Figure 6, the M versus H/T data below 5.0 K
for 6 show a rapid increase of the magnetization at low
magnetic field. At higher field, M reaches the value of
5.61 N at 2.0 K and 50 kOe without any sign of saturation
of 10 NB for one Dy ion, which is most likely due to the
crystal-field effect on the Dy'! ions. Furthermore, the non-
superposition on the M versus H/T curve at different tem-
peratures implies the presence of low-lying excited states
and a significant magnetic anisotropy.l>>
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To explore the dynamics of magnetization, ac magnetic
measurements of 6 were performed. The zero-field ac
susceptibility measurements indicate frequency-dependent
out-of-phase signals below 5 K (Figure 7), thus suggesting
the onset of slow magnetization relaxation. The ac suscep-
tibility measurements were also performed under 1 kOe ap-
plied magnetic field, which led to a shift in the out-of-phase
signal to higher temperature (Figure S1 in the Supporting
Information) due to fast quantum tunneling suppressed by
applying the magnetic field.[>>) Unfortunately, the peak of
the out-of-phase signal was not detected due to the tem-
perature limitations of the low-temperature apparatus. The
origin of slow relaxation of the magnetization is still under
question, but the large anisotropy provided by the Dy
ions might play an important role in the phenomenon.

Conclusion

In summary, six lanthanide (Sm, Eu, Tb, and Dy) coordi-
nation polymers with 2-hydroxynicotinic acid as ligand have
been synthesized under hydrothermal conditions. Com-
pounds 1 and 3 exhibit a Ln—-O-Ln 1D chain structure, 2
and 4 show a 2D Kagomé lattice structure, and 5 and 6
display a 2D rhombic grid structure. They all possess good
performance in luminescent properties. Weak antiferromag-
netic coupling between Ln'! centers appears in 1-6. It is
worth noting that Dy complex 6 exhibits frequency-de-
pendent out-of-phase ac signals below 5 K, which suggests
the onset of slow magnetization relaxation.

Experimental Section

Materials and Characterization Techniques: All reagents and sol-
vents employed were commercially available and used as received
without further purification. Elemental analyses for C, H, and N
were performed with a Perkin—Elmer 240 elemental analyzer. The
FTIR spectra were measured with a Bruker Tensor 27 spectrometer
on KBr disks. The fluorescent spectra were measured with a Varian
Cary Eclipse Fluorescence spectrophotometer. Magnetic suscep-
tibilities were measured with a Quantum Design SQUID MPMS
XL-7 magnetometer. Diamagnetic corrections were made with Pas-
cal’s constants for all the constituent atoms.

[Sm(Hnica)(H,0),SO4], (1): A mixture of Hynica (0.0834 g,
0.6 mmol), Sm(NO3);*6H,O (0.1778 g, 0.4 mmol), MnSO4H,O
(0.0676 g, 0.4 mmol), and H>O (12 mL) was placed in a 25 mL acid
digestion bomb and heated at 180 °C for 3 d. Yellow crystals were
collected and washed with water (2X5mL) and diethyl ether
(2X5mL); yield 0.0807 g, 48% (based on Sm). CsHgNOoSSm
(420.54): caled. C 17.14, H 1.92, N 3.33; found C 16.96, H 1.73, N
3.59. IR (KBr ): ¥ = 3271 (br), 1633 (vs), 1556 (s), 1519 (s), 1473
(s), 1428 (m), 1392 (m), 1323 (w), 1235 (w), 1120 (s), 911 (w), 784
(w), 608 (m) cm™'.

{ISmz(Hnica)s(H,0)s(OH)]-3H,0-SO4}, (2): A mixture of H,nica
(0.0834 g, 0.6 mmol), Sm(ClO3);:6H,O (0.1782 g, 0.32 mmol),
MnSO,H,O (0.0676 g, 0.4 mmol), (CH3);CCOONa (0.0496 g,
0.4 mmol), and H,O (12 mL) was placed in a 25 mL acid digestion
bomb and heated at 180 °C for 3 d. After a small quantity of pre-
cipitates was filtered off, yellow crystals were obtained by slow
evaporation of the filtrate at room temperature. The product was
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washed with water (2 X5 mL) and diethyl ether (2 X5 mL); yield
0.0550 g, 31% (based on Sm). C36H43N¢03,SSm3+(H,0)4 (1662.98):
caled. C 26.00, H 3.33, N 5.05; found C 26.05, H 3.24, N 5.19. IR
(KBr): v = 3082 (br), 1638 (vs), 1558 (s), 1463 (m), 1427 (m), 1382
(s), 1324 (w), 1236 (w), 1110 (s), 787 (m), 662 (w), 572 (w) cm™!.

[Eu(Hnica)(H,0),SO04l,, (3): Colorless crystals were obtained fol-
lowing a procedure similar to 1 except that Sm(NO3);*6H,O was
replaced by Eu(NO3);*6H,0; yield 0.0777 g, 46% (based on Eu).
C¢HgEuNO,S (422.15): caled. C 17.07, H 1.91, N 3.32; found C
16.77, H 1.70, N 3.62. IR (KBr): ¥ = 3273 (br), 1634 (vs), 1557 (s),
1520 (s), 1473 (s), 1428 (m), 1392 (m), 1323 (w), 1235 (w), 1119 (s),
911 (w), 783 (w), 609 (m) cm ™.

{{Euz(Hnica)(H,0)s(OH)]-6H,0-SO4},, (4): Colorless crystals were
obtained following a procedure similar to 2 except that
Sm(ClO3)5-6H,0 was replaced by Eu(ClO3);:6H,0; yield 0.0534 g,
30% (based on Eu). C3sH49Eu3NgO35S(H,0)5 (1667.80): C 25.93,
H 3.32, N 5.04; found C 26.05, H 3.25, N 5.19. IR (KBr): ¥ = 3081
(br), 1638 (vs), 1558 (s), 1463 (m), 1427 (m), 1382 (s), 1324 (w),
1236 (w), 1110 (s), 788 (m), 662 (w), 572 (w) cm™ .

{ITb(Hnica),(H,0),]Cl04H,0}, (5): Colorless crystals were ob-
tained following a procedure similar to 2 except that Sm(ClOj3);
6H,0 was replaced by Tb(ClO3);-6H,0; yield 0.0848 g, 45% (based
on Tb). C;,H4CIN,O3Tb (588.62): calcd. C 24.49, H 2.40, N 4.76;
found C 24.24, H 2.77, N 4.99. IR (KBr): v = 3483 (br), 1638 (vs),
1558 (s), 1475 (m), 1427 (m), 1397 (s), 1326 (w), 1237 (w), 1088 (s),
778 (m), 664 (w), 579 (w) cm™.

{IDy(Hnica),(H,0),|Cl104H,0}, (6): Yellow crystals were obtained
following a procedure similar to 2 except that Sm(ClO5);:6H,O was
replaced by Dy(ClO,);-6H,0; yield 0.0815 g, 43% (based on Dy).
C,H4CIDYN,Oy5 (592.20): caled. C 24.34, H 2.38, N 4.73; found
C 2441, H 2.41, N 4.55. IR (KBr): ¥ = 3284 (br), 1654 (vs), 1558
(s), 1476 (m), 1428 (m), 1398 (s), 1326 (w), 1238 (w), 1088 (s), 778
(m), 665 (w), 579 (w) cm .

Crystal Structure Determination: Crystals of 1-6 were mounted on
glass fibers. Determination of the unit cell and data collection were
performed with Mo-K,, radiation (1 = 0.71073 A) with a Rigaku
Saturn 007 diffractometer equipped with a CCD camera. The w, ¢
scan technique was employed. The structures were solved primarily
by direct methods followed by Fourier difference techniques and
refined by the full-matrix least-squares method. The computations
were performed with the SHELXL-97 program.*®) Non-hydrogen
atoms were refined anisotropically. The hydrogen atoms were set in
calculated positions and refined as riding atoms with a common
fixed isotropic thermal parameter. Crystal data and structure re-
finements for 1-6 are given in Table S1 in the Supporting Infor-
mation, and the selected bond lengths and angles are listed in
Table S2.

CCDC-812605 (for 1), -812606 (for 2), -812607 (for 3), -812608 (for
4), -812609 (for 5), and -812610 (for 6) contain the supplementary
crystallographic data for this paper. These data can be obtained
free of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.

Supporting Information (see footnote on the first page of this arti-
cle): Temperature dependence of the out-of-phase susceptibility for
6 measured in the frequency of 1000 Hz under zero and 1 kOe dc
field and general information on the X-ray crystallography of 1-6
are presented.
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