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abstract

Four new lanthanide—carboxylate coordination polymers of the formula [Ln3L4(phen)s(H20)4](C104)-
2H20, (Ln = Dy (1), Tb (2), Ho (3) and Er (4), L = 2,3-naphthalenedicarboxylate and phen = 1,10-phenan-
throline) were solvothermally synthesized. Their structures as well as magnetic and photoluminescent
properties were completely investigated. Complexes 1—4 are isostructural and exhibit 1D ribbon-like
chains with envelope-like sixteen-membered rings. The Dy and Tb"™' complexes show the corresponding

I complex shows luminescence in the near-

characteristic luminescence in the visible region and the Er'
infrared region upon excitation with UV rays. Studies on the magnetic properties are reported. The Dy(III)
analog complex 1 exhibits slow magnetic relaxation and could be a new example of a Dy(I1II) SMM (single

molecule magnet).

Crystal structures
Luminescence

Magnetic properties

1. Introduction

The design and construction of lanthanide coordination
polymers (LCPs) is attracting increasing attention not only due to
their desirable structural features [1-2], but also due to their
exceptional optical [3] and magnetic properties [4] arising from
4f electrons. So far, many LCPs have been prepared and their use
in practical applications has been widely investigated [5].
However, designing a practical method for synthesizing LCPs with
predictable and controlled geometries still remains challenging,
due to the high and variable coordination numbers and the flexible
coordination environments of the lanthanide ions [6]. As is known,
rare earth ions have a high affinity for hard donor atoms and
ligands containing oxygen or hybrid oxygen—nitrogen atoms, espe-
cially multi-carboxylate ligands, which are usually employed in the
construction of LCPs with unique structures and useful properties
[7]. Among the versatile multi-carboxylate complexes, aromatic
benzene- and naphthalene-based derivatives, such as benzenedi-
carboxyl (1,4-[8],1,3-[9],0r 1,2-[10]), 1,3,5-benzenetricarboxyl
[11], 1,2,4,5-benzenetetracarboxyl [12], 1,2,3,4,5,6-benzenchex-
acarboxyl [13], naphthalenedicarboxyl (1,4- [14] or 2,6-[15]) and
1,4,5,8-naphthalenetetracarboxyl [ 16], have been extensively used
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in the preparation of a variety of lanthanide—carboxylate coordina-
tion polymers owing to their reliable and rich coordination modes.

Despite the remarkable achievements in this aspect [8—16],
however, to predict and further accurately control the framework
array of a given crystalline product still remain a considerable chal-
lenge at this stage. This mainly arises from the fact thatthe subtle

assembly progress may be influenced by many intrinsic and
external parameters, such as the auxiliary co-ligands[17], solvent
[18], counter-anion [19], temperature [20], pH value of the solution
[21] and so on, which determine the formation of different
thermodynamically favored crystalline products. For instance, the
introduction of 1,10-phenanthroline chelating reagents [22] as
auxiliary co-ligands into lanthanide-carboxyl reaction systems
leads to the formation of interesting coordination architectures.
In this context, 2,3-naphthalenedicarboxylate (L), with an
extended P-conjugated system as an analogous but bulky deriva-
tive of 1,2-benzenedicarboxylate (H,BDC), has virtually not been
noticed to fabricated LCPs to date. In our group, we have con-
structed a series of transition metal complexes (Zn(1I), Cd(1l), Ag
(I), Cu(1l) and Ni(1l)), which exhibit diverse structures from discrete
tetranuclear species to 3D networks with luminescent or magnetic
properties [17a,b,23].

As an extension of the work mentioned above, as well as to bet-
ter understand the nature of the luminescence in the structures of
lanthanide multi-carboxylates, we present herein the syntheses,
structures, photoluminescence and magnetic properties of four
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lanthanide—carboxylate coordination polymers based on H,L and
phen ligands. It was hoped that the combination of two types of
ligands would enhance the energy-transfer efficiency from the
ligand to the lanthanide ions. Meanwhile, utilization of heavy
lanthanide ions such as Dy(III) and Ho(III) has also become more
popular in the design and synthesis of SMMs due to their
larger angular moment and strong magnetic anisotropy in ground
multiple states [24].

2. Experimental
2.1. Materials and general methods

All reagents and solvents for the syntheses were commercially
available and used as received. Elemental analyses (C, H and N)
were performed on a Vario EL III Elementar analyzer. The IR spectra
were recorded in the range 4000—400 cm™! on a Tensor 27 OPUS
(Bruker) FT-IR spectrometer with KBr pellets. The emission spectra
in the visible region were tested on an F-7000 (HITACHI)
spectrophotometer and those in the near-infrared region were
measured on an FLS-980 fluorescence spectrophotometer.

2.2. Synthesis of complexes 1—4

All four complexes were prepared under similar methods. A

general synthetic procedure is described as follows, using Dy
complex 1 as an example. A solution of 2,3-naphthalenedicar-
boxylic acid (H,L) (10.8 mg, 0.05 mmol), 1,10-phenanthroline
(phen) monohydrate (9.0 mg, 0.05 mmol) and NaOH (4 mg,
0.1 mmol) in CH3;0H (10 mL) was carefully layered on top of a
H,O solution (15 mL) of Dy(ClO4)3 6H,O (56.9mg, 0.1 mmol)ina
testtube. Colorless block single crystals suitable for X-ray analysis
appeared at the tube wall after ca. three weeks at room
temperature.

[Dys;La(phen)s(H,0)4](C104)-2H,O (1): Yield: 0.017 g (60.5%
based on H,L). Elemental Anal. Calc. for CosHesCIDy3NgOq6: C,
50.74; H, 3.02; N, 4.93. Found: C, 50.31; H, 3.27; N, 4.79%. IR
(KBr, cm™!): 3443 br, 1615 vs 1558 s, 1464 m, 1405 vs 1348 m,
1094 s, 891 w, 864 w, 842 w, 824 m, 771 m, 725 m, 622 w, 583
m, 556 w, 481 w.

[TbsL4(phen)s(H,0)4](C104)-2H,O (2): Yield: 0.019 g (68.2%
based on H,L). Elemental Anal. Calc. for CosHgsCINsO26Tbs: C,
50.98; H, 3.03; N, 4.95. Found: C, 50.81; H, 3.20; N, 4.80%. IR
(KBr, cm™!): 3444 br, 1615 vs 1551 s, 1463 m, 1404 vs 1347 m,
1093 s, 890 w, 864 w, 842 w, 824 m, 771 m, 726 m, 623 w, 583
m, 557 w, 482 w.

[HosL4(phen)s(H,0)4](C104)-2H,O (3): Yield: 0.022 g (76.5%

based on H,L). Elemental 4nal. Calc. for CosHgsCIH0O3NgOs6: C,
50.58; H, 3.01; N, 491. Found: C, 50.31; H, 3.28; N, 4.69%. IR
(KBr, cm™!): 3443 br, 1614 s, 1551 s, 1464 m, 1405 s, 1348 m,
1095 s, 893 w, 864 w, 845 w, 823 m, 771 m, 726 m, 640 w, 585
w, 558 w, 481 w.

[Er;Ls(phen)s(H,0)4](C104)-2H,O (4): Yield: 0.023 g (80.6%
based on H,L). Elemental 4nal. Calc. for CosHgsCIEr;NgOs6: C,

50.42; H, 3.00; N, 4.90. Found: C, 50.21; H, 3.18; N, 4.84%. IR
(KBr, cm™!): 3445 br, 1615 s, 1551 s, 1464 m, 1404 s, 1347 m,
1095 5,892 w, 844 m, 823 w, 770 w, 725 m, 640 w, 584 w, 481 w.

Caution: Although no problem was encountered in this study,
perchlorate complexes are potentially explosive and should be
handled with the proper precautions!

2.3. X-ray crystallographic studies of complexes 1-4

X-ray single-crystal diffraction data for complexes 1-4 were
collected on an Agilent diffractometer at ambient temperature

with Mo Ka radiation (k = 0.71073 A). There was no evidence of
crystal decay during the data collection. The program gsamr [28]
was used for integration of the diffraction profiles and a semi-em-
pirical absorption correction was applied using the sapass program
[29]. All the structures were solved by direct methods using the

SHELXS program of the surixtr package and refined by full-matrix
least-squares methods with sppixi [30]. The final refinements were
performed by full-matrix least-squares methods with anisotropic
thermal parameters for all non-H atoms on /2. The C-bound hydro-
gen atoms were generated with the assigned isotropic thermal
parameters, and those of water molecules were first located in
the difference electron density map and then placed in their calcu-
lated positions with fixed thermal factors. The disordered ClOZz
anion was restrained in order to obtain reasonable thermal param-
eters. Crystallographic data and structural refinement details for
complexes 1-4 are summarized in Table 1, and selected bond
lengths and angles are shown in Tables S1-S4.

2.4. Magnetic measurements

Magnetic measurements were carried out at the Unitat de
Mesures Magnétiques (Universitat de Barcelona) on polycrystalline
samples (circa 30 mg) with a Quantum Design SQUID MPMS-XL
magnetometer equipped with a 5 T magnet. Diamagnetic correc-
tions were calculated using Pascal’s constants and an experimental
correction for the sample holder was applied.

3. Results and discussion
3.1. Descriptions of the crystal structures for complexes 1-4

Single crystal X-ray diffraction analyses revealed that com-
plexes 1-4 are isostructural and crystallize in the tetragonal
system, P4/ncc space group (see Tables 1 and S1-S4 in Supplemen-
tary material). Thus, complex 1, as a representative example, is
selected to describe the crystal structure in details. As depicted
in Fig. la, the asymmetric unit contains one and a half occupied
Dy cations, one deprotonated L ligand, one phen ligand and one
coordinated water molecule, as well as one free perchlorate anion
and half a free water molecule, exhibiting a butterfly-like configu-
ration. There are two categories of Dy ions in the unit and both
kinds of Dy ions are octa-coordinated, exhibiting a slightly dis-
torted square antiprismatic geometry, but with different coordina-
tion environments. The Dyl ion is coordinated by four carboxylate
oxygen atoms from four different L ligands and four oxygen atoms
from terminal water molecules to give a Dy;Os sphere. In contrast,
the Dy2 ion is surrounded by four carboxylate oxygen atoms from
two different L ligands and four pyridine nitrogen atoms from two
phen ligands to give a Dy,O4N4 sphere. The distances of the Dy—O
[Dy—Ocarvoxytate = 2.285(7)-2.323(6), Dy—Ohydroxyt = 2.430(5) A] and
Dy-N [Dy-N = 2.531(7)-2.542(9) A] bonds are comparable to the
reported Dy complexes [24c].

It is noteworthy that the carboxylic group of the L ligand adopts
two different coordination modes (see Fig. S1). The carboxylic
group [O1 and O2] of the L ligand is bound in the I,—g':g° mon-
odentate mode to coordinate the Dy2 ion. However, the other car-
boxylic groups [03 and 04] of the L ligand adopt the 1,—g':g"-syn,
anti-bis-(bridging) bidentate mode to bridge adjacent Dy1 and Dy2
ions and simultaneously to form a dinuclear unit with a Ds-Dy
separation of 5.9249(1) A. Every two dinuclear segments are fur-
ther grafted to form an envelope-like sixteen-membered ring,
which is defined by the atoms Dyl, O4, C2, O3, Dy2, O3A, C2A,
0O4A,Dyl1B, 04B, C2B, 03B, Dy2C, O3C, C2C, O4C and leads to intra-
chain Dy-- -Dy distances of 7.8757(3) A (see Fig. 1b) (Symmetry
code: A=—x+1, —y+1, —z+3/2; B=x—-1/2, y+1/2, —z+3/2;
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Table 1

Crystallographic data and structure refinement summary for complexes 1-4.%
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1 2 3 4
Chemical formula CosHesC1Dy3NgO26 Co6HesCINgO26Tbs CosHesCIH03NgO26 CocHesCIErsNgOae
Formula mass 2272.53 2261.79 2279.82 2286.81
Crystal system tetragonal tetragonal tetragonal tetragonal
Space group P4/ncec P4/ncc P4/ncec P4/ncc
a(A) 23.5008(5) 23.5008(5) 23.5076(7) 23.5008(5)
b (A) 23.5008(5) 23.5008(5) 23.5076(7) 23.5008(5)
c(A) 15.7514(7) 15.7514(7) 15.7312(6) 15.7514(7)
V(A% 8699.3(5) 8699.3(5) 8693.2(5) 8699.3(5)
T(K) 294(2) 294(2) 294(2) 294(2)
z 4 4 4 4
/ (mm™) 2.671 2.530 2.822 2.985
Rin 0.0576 0.0748 0.0544 0.0997
‘R (I>21(D) 0.0529 0.0954 0.1392 0.0993
"wR> (all data) 0.1154 0.2066 0.2648 0.2236
GOF 1.147 1.320 1.336 1.118
D@ maximum, minimum (€ A7 1.237, —0.743 1.292, —0.849 2.189, —0.971 1.303, —1.129

*Ri = R(||Fo| = |Fe|))/R|Fo|.
Y WRy = [Rw(Fol? = |Fe)YRwF2)?1"2.

C==x + 3/2, » + 1/2, z.). Two neighboring rings possessing two
different directions form a dihedral angle of 58.26° and such con-
nectivity is repeated periodically, forming 1D chain (see Fig. lc).

In this work, we selected 2,3-naphthalenedicarboxylate, an ana-
log of 1,2 BDC, as the main ligand and phen as an assistant ligand.
In all types of carboxylic acids, benzenedicarboxylates are widely
used in the construction of coordination polymers due to their
capability of acting as bridging ligands in various coordination
modes [31]. Owing to their larger radii, Ln(III) ions have higher
coordination numbers than transition metal ions, and thus the
BDC anions tend to adopt varied coordination modes to coordinate
with Ln(III) ions to saturate their coordination sites. The results
indicate that different substitution positions of the two carboxyl
groups on the benzene ring take an important role in the formation
of different structures. So, as expected, 1,2-BDC is not as good as
1,4-BDC and 1,3-BDC for constructing 3-D networks. To the best
of our knowledge, 3-D crystal structures containing 1,2-BDC asa
link are rarely reported [32], while 1-D chains and 2-D layer struc-
tures containing it are commonly encountered in the references.
On the other hand, one phen molecule occupies two coordination
sites by adopting the chelating mode, which may lead to lower
dimensionality of coordination polymers. However, phen can also
construct supramolecular architectures with higher dimensional
structures by forming C—H---O hydrogen bonds and P--- P aromatic
interactions. For example, as reported by Lu [33], 3-D networks of
[Yb,(1,2-BDC);3(phen)(H,0),],-3.5nH,O are formed via hydrogen
bonds and/or P-- -P interactions connecting 1-D chains. 2,3-Naph-
thalenedicarboxylate (L), with an extended P-conjugated system,
is an analogous but bulky derivative of 1,2-BDC and has a bigger
space resistance; thus it is difficult to construct high-dimensional
networks for lanthanides with this ligand. Thus four 1-D isostruc-
tural lanthanide—carboxylate complexes were constructed in this
work. Notably, neither hydrogen bonding nor P--pP interactions
can be found interchain or intrachain in complexes 1—4.

3.2. PXRD analysis and IR spectra for complexes 1—4

The purity and homogeneity of the bulk products of complexes
1-4 were determined by comparison of the simulated and experi-
mental X-ray powder diffraction patterns. The peak positions of
the experimental patterns for complexes 1-4 (see Fig. S2) nearly
match with the corresponding simulated ones generated from sin-
gle crystal X-ray diffraction data, although some minor Bragg peak
positions are shifted in comparison to the simulated ones. The IR
spectra of complexes 1-4 closely resemble each other (Fig. S3).

The peaks around 3444 cm™! are ascribed to the O—H stretching
vibration, suggesting the presence of water molecules. The strong
vibrations of carboxylate groups appeared at around 1615 cm™!
for asymmetric stretching and 1404 cm™! for symmetric stretch-
ing. The absence of a band at around 1650—1700 cm™! indicates
the deprotonation of COOH to generate the COO- anion coordina-
tion to the metal ions. The IR spectra shows a very strong band
around 1094 cm™!, indicating the presence of the ClO3 anion in
the resulting complexes.

3.3. Photoluminescent properties of complexes 1, 2 and 4

Because LCPs are used as functional probes in biological sys-
tems and have a range of applications in lasers, sensors, electrolu-
minescence displays and light emitting diodes, [34] the study of the
fluorescence of Ln complexes with aromatic ligands has attracted
great interest. The emission spectra of solid samples for complexes
1 and 2 were determined at an excitation wavelength of 305 nm
under ambient temperature. Fortunately, the two com- plexes both
displayed their characteristic emissions. The character- istic
emissions of the Dy(III) ion in complex 1 are shown in Fig. 2a. Two
peaks at 467 and 630 nm are assigned to the transitions *Fopp ?
SHis;, and *Fop ? °Hjsn [3b], respectively. Fig. 2b shows the
emitting spectrum of the Tb(III) ion in complex 2. The four peaks at
489, 545, 587 and 616 nm are assigned to the transitions Dy, to
"F;(J =6, 5,4, 3)[3a]. The most intense emission of the D, ? 7F;
transition at 545 nm is responsible for the green luminescence
observed in 2. The intensities of °D, ? 7F, J=6,4,3)are
lower than that of D4 ? 7Fs, as observed in many Tb'! containing
complexes [25a]. Furthermore, the intensities of the two complexes
based on the H,L ligand are very weak, possibly due to the
coordinated water molecules which reduce the luminescent
intensity of the rare earth ions [35], and the energy transfer from
the H,L ligand to the lan- thanide(IIl) ions is inefficient from the
theory of energy transfer [36]. The photoluminescence of the
complex with Er'"! ions in the near-infrared region was also tested
on excitation with UV rays. The Er(III) complex displays an
emission band at 1544 nm under the excitation at 300 nm (Fig. 2c¢),
and it should be attributed to the transition *Iy3,, ? *I;s5, [25].

3.4. Magnetic properties

Magnetic susceptibility data were collected at applied dc fields
0f 0.02 and 0.3 T on a crushed crystalline sample between 2 and
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Fig. 1. Crystal structure of complex 1. (a) View of the coordination environment of

the eight-coordinated Dy" ion. (b) The rings formed from carboxylate bridging

resulting in one intrachain Dy-- -Dy distances. (¢) The polyhedron view of the 1D
chain along the ¢ axis. Some of the hydrogen atoms are omitted for clarity.

300 K. The data are shown in Fig. 3a as a VI'vs T plot. The sus-
ceptibility is not field dependent. For complex 1, the VT product
has a value of 44 cm3 K mol™' at 300K, in agreement with the
expected value of 43 cm® Kmol™! for three non-interacting Dy
(III) ions (°Hisn, S=5/2, L=5,J=15/2 and g;= 4/3) [26]. In the case
of complex 2, the value at 300 K is 37.2 cm?® K mol™!, as expected
(35.43 cm3 K mol™! for three isolated Tb(IIl) ion; "Fs, S=3, L=3,
J=6 and gs;=3/2). At 300K the VT product has a value of
43.2 cm? K mol™! for complex 3, in agreement with the value for
three Ho(III) ions with strong spin orbit-coupling (14 cm3 K mol™!
is the expected value for one isolated Ho(IIl) ion with 5Is, S=2,
L=6,J=8 and g;= 10/8). With regard to complex 4, the VT product
has a value of 34.8cm?®Kmol™!, also in agreement with the
expected value of 35.43 cm?® K mol™! for three isolated Er(IIl) ions
(“Lisp, S=3/2, L =6,J=15/2 and g, = 6/5). In the 1D structure, the
lanthanide ions that form the repeating unit are very far away form
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Fig. 2. Emission spectra of complexes 1 (a), 2 (b) and 4 (¢).

each other, at about 6 A, only being connected by syn, anti-carboxy-
lato bridges, thus the magnetic coupling between them is negligi-
ble. As the temperature decreases, depopulation of the stark
sublevels of complexes 1-4 is observed. For example, for complex
1, when the temperature decreases so does the VT product, until
below 50 K where a sharp decrease to a VT value of 28 cm? K mol™!
is observed, indicating the depopulation of the excited Stark sub-
levels. The exchange interaction between the Dy(I1I) centers in
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Fig. 3. (a) V7' vs. T plots for complexes 1—4 at 0.02 and 0.3 T. (b) Magnetization vs.
field plots for complexes 1-4 at 2 K. (c) Out-of-phase ac magnetic susceptibility for
complex 1. The solid lines are only a guide for the eye.

complex 1 must be very weak, and the behavior of the coordination
polymer resembles that of isolated Dy(III) ions.

The magnetization vs field was studied at 2 K and the results
are shown in Fig. 3b. The magnetization shows a rapid increase
at low fields and eventually reaches 17 IB at 2 K and 5 T for com-
plex 1. This value is lower than the expected saturation value of
30 IB (for three Dy(IIl) ions), most likely due to anisotropy and
important crystal-field effects [27] at the Dy(III) ion that elimi-
nates the 16-fold degeneracy of the °H;s» ground state. Given
the importance of developing new multifunctional materials with
optical and magnetic properties [37-39], the lanthanides where
chosen because they can display SMM behavior in the right crystal
field and are luminescent. According to Rinehardt and Long [40],

for the Dy(III) ion the right environment for SMM behavior is a
‘sandwich’ type ligand environment, with ligands on top and
below the Dy(III) ion, and such is the coordination observed in
complex 1. In order to check the behavior as a SMM, ac magnetic
susceptibility data were collected at different frequencies for all
species, but only complex 1 showed an out-of-phase signal [41].
The ac magnetic susceptibility data of complex 1 were collected
and the out-of-phase signal is shown in Fig. 3c. Clearly, the tail
ofan out-of-phase peakis observed. The SMM behaviorisreflected
in frequency dependent peaks in the out-of-phase ac magnetic
susceptibility [42]. However, in the particular case of complex 1,
only the tail of the peak is observed. The appearance of ac out-
of-phase magnetic susceptibility peaks that are not frequency
dependent can also be attributed to long-range order, however the
weak magnetic interactions between the metallic centers expected
from the crystal structure and the dc magnetic data of the
complexes does not support this explanation. The ac magnetic sus-
ceptibility was collected at several frequencies between 1 and
1500 Hz. No maxima were observed down to 1.8 K. There is a
strong dependence on the intensity of the out-of-phase signal
and the frequency, suggesting that complex 1 can be a new exam-
ple of a Dy(1II) SMM.

4. Conclusions

In summary, we have successfully assembled four 1D lan-
thanide—carboxylate coordination polymers based on H,L and
phen ligands by using a solvothermal reaction method. The poly-
mers of Dy" and Tb" show strong luminescence in the visible
region on excitation and that of Er'"' displays its characteristic
luminescence in the near-infrared region. Studies of the magnetic
properties are reported. The Dy(I1I) analog complex 1 exhibits slow
magneticrelaxation and could be anew example ofa Dy(111) SMM.
The complexes reported here are thus new examples of multifunc-
tional materials, and in particular complex 1, a luminescent SMM.
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Appendix A. Supplementary data

CCDC 1060783—-1060786 contains the supplementary crystallo-
graphic data for complexes 1—4. 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 associated with this article can be found, in
theonlineversion,athttp://dx.doi.org/10.1016/j.poly.2015.08.030.
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