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Introduction

Metal–organic frameworks (MOFs) based on rare-earth
metal elements are attracting increasing attention due to
their ability to form multifunctional materials that combine
desirable structural features with the interesting magnetic,
optical, and catalytic properties of the lanthanide ions.[1–5]

Notably, because of their interesting photophysical proper-
ties (characteristic sharp emission, long lifetime, large

Stokes shift),[6] lanthanide-based coordination polymers are
excellent candidates for the development of light-emitting
diodes[7] and sensors.[8] Recently, several lanthanide coordi-
nation polymers with interesting photophysical properties, a
few of which couple luminescence and porosity, have been
reported.[9–16] However, lanthanide systems remain far less
studied than frameworks based on d-block transition-metal
elements[17–20] because the typically unspecific coordination
properties of the lanthanide ions render the design of lan-
thanide-based coordination frameworks with specific prop-
erties very challenging. By contrast, the coordination flexi-
bility of lanthanide ions can lead to unusual structural topol-
ogies and new framework families.[3] The majority of the re-
ported lanthanide frameworks are formed by using low-den-
ticity rigid organic building blocks. Because of the lack of a
preferred coordination number or geometry of the lantha-
nide ions, the final structure remains difficult to predict in
such a synthetic approach, thus preventing a systematic in-
vestigation of structure–property relations. Moreover, low-
denticity linkers often result in the presence of solvent mol-
ecules coordinated to the metal ion that lead to lumines-
cence quenching and low thermal stability.
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The coordination chemistry of lanthanides with multiden-
tate linkers has been investigated in depth to selectively in-
troduce lanthanide ions into monometallic or discrete poly-
metallic architectures for the development of water-stable
luminescent probes.[21–24] Significantly enhanced lumines-
cence emission can be achieved by incorporating lanthanide
ions into a multidentate linker that contains a suitable build-
ing block that can efficiently absorb energy and transfer it
to the metal ion (often referred to as the “antenna effect”).
Such high-denticity linkers also allow good protection of the
metal center from O�H oscillators of coordinated or closely
diffusing solvent molecules that would lead to nonradiative
deactivation of the lanthanide excited states. Predisposed
flexible multidentate ligands in which an anchor ensures
that the geometry and orientation of dangling chelating
units have been successfully used to carefully control the co-
ordination properties of lanthanide ions in the rational
design of monometallic complexes.[25–29] Particularly relevant
is the recent thermodynamic study of Piguet and co-workers
that introduces a new tool (the effective concentration) for
the quantitative estimation of the preorganization of multi-
dentate linkers, which could be useful in any multicompo-
nent assembly process.[30] However, flexible multidentate
linkers have been rarely used in the construction of lantha-
nide-based coordination polymers[31–36] in spite of their ex-
pected increased thermal stability, ability to provide insight
into supramolecular isomerism or polymorphism, and poten-
tial to support structural dynamism in a functional porous
framework. This aspect is underdeveloped but crucial in the
development of new materials with specificity for molecular
recognition.[17, 35–38] Taking advantage of the knowledge ac-
quired with monometallic systems, we have used a new
topological approach in which suitable building blocks are
implemented into a multidentate linker with a flexible
spacer to direct the geometry and dimensionality of lantha-
nide frameworks (Scheme 1).

Picolinates were chosen as suitable building blocks for the
construction of a potential decadentate linker because of

their efficient sensitization of lanthanide ions[29,40] and their
versatile chemistry. Previously, we found that 10�2

m solu-
tions of the decadentate tetrapodal ligand tpaen4�

(H4tpaen= N,N,N’N’-tetrakis[(6-carboxypyridin-2-yl)meth-ACHTUNGTRENNUNGyl]ethylenediamine), in which four picolinate building
blocks are connected by an ethylendiamine spacer, in water
react with lanthanide ions to afford only mononuclear ten-
coordinate complexes, even in the presence of excess metal
(Scheme 2).[29] Mononuclear complexes can still be obtained
when low-denticity binding units (e.g., bidentate[29, 41] or tri-
dentate[30,41]) are connected to a spacer by highly flexible
arms to yield a strain-free multidentate linker (Scheme 2),
but the preorganization remains small in some of these sys-
tems and polymetallic complexes can form depending on
the conditions.[30]

In this study, a long flexible four-carbon-atom aliphatic
spacer was chosen to connect four picolinate building blocks
into the potentially decadentate linker tpabn4� (H4tpabn=

N,N,N’,N’-tetrakis[(6-carboxypyridin-2-yl)methyl]butylenedi-
amine). The introduction of flexibility at the spacer level
rather than in the arms leads to considerably decreased sta-
bility of lanthanide monometallic complexes with respect to
polymetallic complexes (at least in similar concentrations)
by lowering the chelate effect of the multidentate ligands.
Moreover, the presence of two distinct potentially pentaden-
tate dianionic dipodal chelating units favors the formation
of 1D polymers rather than higher dimensionality networks.
In a preliminary study, a highly luminescent 1D polymer of
terbium was isolated and structurally characterized. Herein,
we describe a complete study of the influence of the linker
preorganization and lanthanide size on the structure and di-
mensionality of the final framework together with a quanti-
tative study of the photophysical properties of the resulting
polymers and their dynamic solid-state behavior. We show
that the perfect matching of ligand denticity with the re-
quirements of the lanthanide ion leads to a predictable and
unique structure that confirms the validity of the chosen
topological approach, whereas a lack of ligand predisposi-
tion can result in supramolecular isomers that depend on
the ion size and synthetic conditions.

Experimental Section

General : The solvents and starting materials were obtained from Aldrich,
Fluka, and Acros, and used without further purification unless otherwise
stated. Elemental analyses were performed by the Service Central
d’Analyses (Vernaison, France) or under a controlled atmosphere of
argon by the Pr. Malissa and Reuteur Laboratory (Lindlar, Germany).
Thermogravimetric analysis (TGA) experiments were carried out on a
Setaram TGA92 analyzer under an argon flow in the range 30–800 8C at
a heating rate of 10 8C min�1. The 1H NMR spectra were recorded on
Varian UNITY 400 MHz spectrometer. The NMR chemical shifts are re-
ported in ppm with the solvent as an internal reference.

N,N,N’,N’-Tetrakis[(6-carboxypyridin-2-yl)methyl]butylenediamine
(H4tpabn): 1,4-Diaminobutane dihydrochloride (0.497 g, 3.09 mmol),
K2CO3 (2.90 g, 21.0 mmol), and KI (2.08 g, 12.5 mmol) were successively
added to a solution of ethyl 6-chloromethylpyridine-2-carboxylate
(2.50 g, 12.5 mmol) in anhydrous acetonitrile (50 mL) under an argon at-Scheme 1. Ligand design for the assembly of 1D coordination polymers.
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mosphere. The reaction mixture was filtered after heating to reflux for
18 h. The solvent was evaporated to afford a yellow oil, which was dis-
solved in dichloromethane (60 mL). The resulting solution was washed
with a saturated NaHCO3 solution (2 � 60 mL), dried over anhydrous
Na2SO4, filtered, and evaporated to dryness to give a yellow oil that was
purified by flash chromatography on neutral aluminum oxide (230 mL,
CH2Cl2/EtOH gradient from 99.5:0.5 to 98:2). The product (1.26 g,
1.70 mmol) was heated to reflux overnight in a 6m HCl solution (50 mL).
After concentration of the solvent to approximately 5 mL, the solution
was stored at 5 8C. The obtained white solid was filtered, washed with
cold water, and dried under vacuum to yield H4tpabn·2HCl·H2O (0.85 g,
39%). 1H NMR (D2O, 400 MHz, 298 K, pD=6.3): d=1.91 (s, 4H;
-CH2CH2-), 3.32 (s, 4H; NCH2), 4.46 (s, 8 H; NCH2py), 7.27 (m, 4 H; H4),
7.65 ppm (m, 8 H; H3,H5); 13C NMR (D2O, 400 MHz, 298 K, pD=6.3):
d=22.2 (CH2), 56.4 (CH2), 59.6 (CH2), 124.1 (CHpy), 126.2 (CHpy),
138.4 (CHpy), 149.8 (Cpy), 153.1 (Cpy), 172.3 ppm (COOH); elemental
analysis (%) calcd for C32H36O9Cl2: C 53.41, H 5.04, N 11.63; found: C
53.20, H 4.98, N 11.55.

Coordination polymer synthesis

{[Ln ACHTUNGTRENNUNG(Htpabn)]·xH2O}1: A solution of LnCl3·6 H2O (Ln=Tb, Er;
0.05 mmol) in EtOH/water (4:1; 5 mL) was allowed to slowly diffuse into
a solution of LnCl3·6H2O (0.05 mmol) and H4tpabn (0.10 mmol) in water
(9.0 mL) at pH 6.5 (adjusted by the addition of Et3N). The formation of
small crystals of {[Ln ACHTUNGTRENNUNG(Htpabn)]·14 H2O}1, (Ln=TbIII (1); ErIII (2)) suita-
ble for X-ray diffraction studies was observed within a few days. The
crystals were filtered, washed with water, and dried under vacuum for a

few minutes to yield the TbIII- and ErIII-containing polymers {[Tb-ACHTUNGTRENNUNG(Htpabn)]·5.5 H2O}1 (3) and {[Er ACHTUNGTRENNUNG(Htpabn)]·5.5 H2O}1 (4) as white and
pale-pink crystalline powders, respectively (58–60 % yield). 3 : Elemental
analysis (%) calcd for C32H40N6O13.5Tb: C 43.50, H 4.56, N 9.51; found: C
43.10, H 4.52; N 9.49. 4 : Elemental analysis (%) calcd for
C32H40N6O13.5Er: C 43.09, H 4.52, N 9.42; found: C 43.02, H 4.37, N 9.31.
Both 3 and 4 display the same powder X-ray diffraction (PXRD) pat-
terns consistent with the calculated patterns, thus confirming the identity
and phase purity of the two polymers.

Slow evaporation of a small portion of the solution containing the crys-
tals of ErIII complex 2 resulted in the isolation of crystals of the partially
hydrated compound {[Er ACHTUNGTRENNUNG(Htpabn)]·5.5 H2O}1 (4) suitable for X-ray dif-
fraction studies.

The TGA of complex {[Tb ACHTUNGTRENNUNG(Htpabn)]·5.5 H2O}1 displayed a first weight
loss of 12.16 % between 30 and 110 8C, which corresponds to the loss of
5.5 guest water molecules (calcd: 12.10 %). Decomposition of the com-
plex started above 250 8C (see Figure S1 in the Supporting Information).

All the guest water molecules can be removed by drying the polymers
under vacuum at 130 8C for six days to obtain the dry ErIII- and TbIII-con-
taining polymers [TbACHTUNGTRENNUNG(Htpabn)]1 (5) and [ErACHTUNGTRENNUNG(Htpabn)]1 (6). 5 : Elemental
analysis (%) calcd for C32H29N6O8Tb: C 48.99, H 3.73, N 10.71; found: C
48.90, H 3.81, N 10.73. 6 : Elemental analysis (%) calcd for
C32H29N6O8Er: C 48.48, H 3.69, N 10.60; found: C 48.23, H 3.59, N 10.38.

Synthesis of {[Eu ACHTUNGTRENNUNG(Htpabn)]·xH2O}1: A solution of EuCl3·6H2O
(0.069 mmol) in water (5 mL) was allowed to slowly diffuse into a solu-

Scheme 2. Flexible ligands that yield monometallic lanthanide complexes at a) any M/L ratio[29] or b, c) M/L=1:1.[30, 44]
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tion of EuCl3·6 H2O (0.069 mmol) and H4tpabn (0.138 mmol) in water
(9.0 mL) at pH 6.5 (adjusted by the addition of a 0.1 m solution of KOH).
Some small crystals suitable for X-ray diffraction studies appeared after
two weeks. X-ray diffraction analysis performed on the crystals trans-
ferred directly from the mother liquor to paraton oil showed the pres-
ence of {[Eu ACHTUNGTRENNUNG(Htpabn)]·10 H2O}1 (7). The remaining crystals were filtered,
washed with water, and dried under vacuum for a few minutes to yield
the dehydrated EuIII-containing polymer {[Eu ACHTUNGTRENNUNG(Htpabn)]·8.5 H2O}1 (8) as
a white crystalline powder (66 %). Elemental analysis (%) calcd for
C32H46N6O16.5Eu: C 41.30, H 4.98, N 9.03; found: C, 41.33, H 4.54; N
9.10.

The synthesis of the Eu-containing polymer was also performed in the
presence of triethylamine as a base. The powder obtained displayed a
very different PXRD pattern. An automatic indexing was attempted by
DicVol04. Five monoclinic solutions were found, but it was not possible
to determine this new structure.

The TGA of 8 showed the first weight loss of 6.50 % between 30 and
110 8C, which corresponds to the loss of 3.5 water molecules (calcd:
6.77 %). No further loss was observed until the decomposition of the
complex, which started above 250 8C (see Figure S2 in the Supporting In-
formation).

The guest water molecules could be partially removed by drying the crys-
tals under vacuum at 130 8C for six days to obtain the partially hydrated
EuIII-containing polymer {[Eu ACHTUNGTRENNUNG(Htpabn)]·5H2O}1 (9). Elemental analysis
(%) calcd for C32H39N6O13Eu: C 44.30, H 4.53, N 9.69; found: C 44.42, H
4.73, N 10.04.

Crystals of the 2D polymer {[TbACHTUNGTRENNUNG(Htpabn)]·10 H2O}1 (10) were isolated
when a solution of TbCl3·6H2O (7.0 mmol) in water (0.5 mL) was allowed
to slowly diffuse into a solution of TbCl3·6 H2O (7.0 mmol) and H4tpabn
(0.14 mmol) in water (1 mL) at pH 6.5 (adjusted by the addition of a
0.1m solution of KOH). However, a large-scale synthesis of the Tb-con-
taining polymer in the same base (KOH) and under the same concentra-
tion conditions led to the isolation of crystals of the 1D polymer {[Tb-ACHTUNGTRENNUNG(Htpabn)]·8H2O}1 (11). The PXRD data on the bulk isolated material
indicated that the 1D polymer was the only detectable compound.

Synthesis of {[Nd ACHTUNGTRENNUNG(Tpabn)]H3O·6 H2O}1: A solution of NdCl3·6H2O
(0.050 mmol) in EtOH/water (4:1, 5 mL) was allowed to slowly diffuse
into a solution of NdCl3·6 H2O (0.050 mmol) and H4tpabn (0.10 mmol) in
water (9.0 mL) at pH 6.5 (adjusted by the addition of Et3N). Small crys-
tals suitable for X-ray diffraction studies appeared after three days. The
crystals were filtered, washed with water, and dried under vacuum for a
few minutes to yield the Nd-containing polymer {[Nd-ACHTUNGTRENNUNG(tpabn)]H3O·6 H2O}1 (12) as a white crystalline powder (55 % yield). El-
emental analysis (%) calcd for C32H43N6O15Nd: C 42.90, H 4.84, N 9.38;
found: C 43.03, H 4.88, N 9.17.

When the synthesis of the Nd-containing polymer was performed in the
presence of KOH as the base, the same polymer {[Nd-ACHTUNGTRENNUNG(tpabn)]H3O·6 H2O}1 (12) was obtained. Elemental analysis (%) calcd
for C32H43N6O15Nd: C 42.90, H 4.84, N 9.38; found: C 42.63, H 4.71, N
9.21.

The PXRD patterns of the crystalline solids prepared under different
basic conditions were consistent with the calculated patterns, thus con-
firming the identity and phase purity of these polymers. The TGA of 12
displayed a first weight loss of 11.8 % between 30 and 110 8C, which cor-
responds to the loss of the six solvated water molecules (calcd: 12.06 %).
Decomposition of the complex was observed from 250 8C (see Figure S3
in the Supporting Information).

The six guest water molecules could be removed by drying the solid
under vacuum at 130 8C for six days, thus yielding the dehydrated com-
pound {[Nd ACHTUNGTRENNUNG(tpabn)]H3O}1 (13). Elemental analysis (%) calcd for
C32H31N6O9Nd: C 48.78, H 3.97, N 10.67; found: C 48.50, H 3.96, N 10.47.

Single-crystal X-ray diffraction studies : Because of the weak diffracting
power and small size of the crystals, determination of their crystal struc-
tures required the use of synchrotron radiation. To avoid the loss of sol-
vent, the crystals were handled in the mother liquid, transferred to the
diffraction oil (Hampton research) without exposure to air, and frozen
instantly at 100 K. Synchrotron radiation with calibrated wavelengths of

approximately l=0.70 �, area detectors MAR345 (image plate IP), or
KUMA Onyx (CCD) were used for data collection at the Swiss–Norwe-
gian Beam Lines at the ESRF. The structures were solved by direct meth-
ods and refined by a full-matrix least-squares technique on F2 using the
SHELX97 program package.[39a] The experimental details of the X-ray
data collection for all the complexes are given in Table 1.[39b]

Powder X-ray diffraction studies : The PXRD data for isolated solid sam-
ples were recorded on a Panalytical X’Pert MPD diffractometer at 40 kV
and 40 mA with CoKa radiation (l=1.789 �) with a scan speed of
0.058min�1 and a step size of 0.018 in 2q. The PXRD data for crystalline
samples in their mother liquor were recorded in sealed capillary tubes at
the ESRF on a MAR354 image plate detector at a wavelength of l=

0.711 �. The cell parameters of the polymers were determined by auto-
matic indexing by using DicVol04. Only one solution was found, which is
closely related to the single-crystal model. The cell parameters were re-
fined by using the Rietveld method.

Spectroscopic measurements : The luminescence measurements were car-
ried out on powder samples inside capillary tubes. Low-resolution lumi-
nescence measurements (spectra and lifetimes) were recorded on a Fluo-
rolog FL 3-22 spectrometer from Spex-Jobin-Yvon-Horiba with double-
grating emission, excitation monochromators, and a R928P photomulti-
plier. For measurements in the near-IR (NIR) spectral range, the spec-
trometer was fitted with a second measuring channel equipped with a
FL-1004 single-grating monochromator and light intensity was measured
by two Jobin–Yvon solid-state InGaAs detectors: 1) DSS-IGA020L,
cooled to 77 K (range: 800–1600 nm) and 2) S-IGA020A (range: 800–
1700 nm) working at room temperature and inserted into a LN2 housing
including an elliptical mirror (beam path: 908) and coupled to a Jobin–
Yvon SpectrAcq2 data acquisition system. The equipment and experi-
mental procedures for luminescence measurements in the visible and
NIR range have been reported previously.[41] All the spectra were cor-
rected for the instrumental functions. Lifetimes were measured in the
time-resolved mode and are averages of three independent measure-
ments, which were made by monitoring the decay at the maxima of the
emission spectra. The monoexponential decays were analyzed with
Origin 7.0. Quantum yields of the polymers in the solid state and at
room temperature were determined by using an absolute method with a
home-modified integrating sphere from Oriel and the previously de-
scribed procedure.[42] The spectra were corrected for the instrumental
function.

Results and Discussion

Ligand synthesis : The decadentate ligand N,N,N’,N’-tetra-
kis[(6-carboxypyridin-2-yl)methyl]butylenediamine
(H4tpabn) was readily obtained in five steps from commer-
cially available 2,6-dipicolinic acid and 1,4-diaminobutane
dihydrochloride in a global yield of 27 % (Scheme 3). Four
deprotonation constants (pKa,1 =3.2(3), pKa,2 =3.7(2),
pKa,3 = 6.99(4), pKa,4 =8.08(3)) were determined for the
[H6tpabn]2+ ion by potentiometric titration. The two highest
pKa values were assigned to the aliphatic amine nitrogen
atoms.

Synthesis and characterization of the coordination polymers :
The 1:1 reaction of LnCl3·6 H2O (Ln=Nd, Eu, Tb, Er) with
the ligand H4tpabn in water at pH 6–7 leads to the immedi-
ate formation of a precipitate that is highly insoluble in
water or common organic solvents, thus rendering the prep-
aration of crystals suitable for characterization by X-ray dif-
fraction studies difficult. Conversely, the reaction of
LnCl3·6 H2O (Ln= Nd, Eu, Tb, Er) with the ligand H4tpabn
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in water at pH 6–7 in a metal/ligand (M/L) ratio of 0.5:1
leads to a solution. Slow diffusion of an additional 0.5 equiv-
alents of the metal into this solution allowed the desired 1:1
complexes in a crystalline form suitable for single-crystal X-
ray diffraction studies to be obtained. PXRD experiments
indicated that the same compound was obtained by using
direct synthesis and slow diffusion as preparation methods,
although the diffraction quality was lower in the first case.

Structure of the [Ln ACHTUNGTRENNUNG(Htpabn)] polymers : The slow diffusion
of a solution of one equivalent of LnCl3·6 H2O (Ln =Tb, Er)
in a EtOH/H2O solvent mixture into a solution of two
equivalents of the H4tpabn ligand and one equivalent of
LnCl3·6 H2O in water at pH 6.5 (adjusted by the addition of
Et3N) led to the isolation of the analytically pure complexes

[Ln ACHTUNGTRENNUNG(Htpabn)]·5.5 H2O (Ln=Tb,
Er) in 58–60 % yield. X-ray
quality crystals were obtained
for TbIII and ErIII complexes by
using a similar procedure. Suit-
able single crystals were select-
ed in the mother liquor and
quickly transferred to paraton
oil to avoid undesired solvent
loss. The X-ray diffraction

study performed on these crystals revealed the presence of
1D lanthanide coordination polymers with the general for-
mula {[Ln ACHTUNGTRENNUNG(Htpabn)]·14 H2O}1 (Ln=Tb (1); Ln= Er (2)).
The two polymeric chains are isostructural, and accordingly
only the crystal packing of the ErIII-coordinated chain is
shown in Figure 1. Selected distances are shown in Table 2
and selected angles in Table 3. Slow evaporation of the solu-
tion that contained crystals of the Er-containing polymer 2
led to the isolation of a second type of crystal containing a
decreased number of guest water molecules. Single-crystal
X-ray diffraction studies of these crystals revealed a very
similar 1D chain in {[Er ACHTUNGTRENNUNG(Htpabn)]·5.5 H2O}1 (4). The struc-
tural differences that arose from the different solvation
methods are described later.

Scheme 3. Synthesis of H4tpabn and its numbering for NMR spectral assignment.

Table 1. Crystal data and structure refinements for 2, 4, 7, and 10–12.[a]

2 4 7 10 11 12

formula {[Er ACHTUNGTRENNUNG(Htpabn)]·14 H2O}1 {[Er ACHTUNGTRENNUNG(Htpabn)]·5.5 H2O}1 {[Eu ACHTUNGTRENNUNG(Htpabn)]·10 H2O}1 {[Tb ACHTUNGTRENNUNG(Htpabn)]·10 H2O}1 {[Tb ACHTUNGTRENNUNG(Htpabn)]·8H2O}1 {[Nd ACHTUNGTRENNUNG(tpabn)]H3O·6 H2O}1
empirical
formula

C32H57N6O22Er C32H40N6O13.5Er C32H49N6O18Eu C32H49N6O18Tb C32H45N6O16Tb C32H43N6O15Nd

Mw 1045.09 891.96 957.74 964.69 3694.48 895.96
T [K] 100 293 100 100 100 100
crystal
system

monoclinic monoclinic monoclinic monoclinic monoclinic triclinic

space group P21/n P21/n C2/c C2/c P21/n P1̄
a [�] 16.1573(2) 17.1057(7) 20.3149(2) 20.4044(2) 18.5314(5) 10.7533(10)
b [�] 14.2632(2) 14.2608(5) 14.3423(1) 14.2459(1) 13.9969(4) 12.7831(11)
c [�] 18.6231(3) 14.8950(6) 28.1227(2) 27.9874(3) 15.0320(4) 13.8556(16)
a [8] 90 90 90 90 90 81.976(8)
b [8] 94.194(1) 100.431(4) 105.2833(8) 104.754(1) 104.977(3) 78.009(9)
g [8] 90 90 90 90 90 84.563(7)
V [�3] 4280.28(10) 3573.5(2) 7904.11(10) 7867.10(12) 3766.6 (2) 1840.5(3)
Z 4 4 8 8 4 2
1 [gcm�3] 1.622 1.658 1.611 1.629 1.629 1.617
m [mm�1] 2.050 2.423 1.670 1.881 1.957 1.489
instrument KUMA CCD MAR345 IP MAR345 IP MAR345 IP KUMA CCD MAR345 IP
q [8] 1.81–27.50 2.78–23.50 1.79–27.40 2.70–25.00 3.83–30.00 1.94–22.50
reflections
collected

32166 29310 36 470 23 862 15560 7381

independent
reflections

9408, Rint =0.0821 5280, Rint = 0.0795 8536, Rint =0.0386 6249, Rint =0.0373 9806, Rint =0.0972 4487, Rint =0.0289

parameters 554 475 521 520 501 544
GOF on
F2[b]

1.151 1.098 1.035 1.082 0.998 1.046

R1, R2

[I>2s(I)]
0.0919, 0.2177 0.0741, 0.1775 0.0478, 0.1176 0.0493, 0.1248 0.0828, 0.1559 0.0407, 0.0926

R1, R2 (all
data)

0.1039, 0.2270 0.0944, 0.1937 0.0599, 0.1252 0.0557, 0.1294 0.1701, 0.1984 0.0450, 0.0961

[a] See reference [39]. [b] Structure was refined on F0
2 using all data: wR2 = [S[w ACHTUNGTRENNUNG(F0

2�Fc
2)2]/Sw ACHTUNGTRENNUNG(F0

2)2]1/2, where w�1 = [S ACHTUNGTRENNUNG(F0
2)+(aP)2+(bP)] and P=

[max(F0
2, 0)+2Fc

2]/3.

Chem. Eur. J. 2009, 15, 5273 – 5288 � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org 5277

FULL PAPERSelective Formation of Luminescent Lanthanide-Based Polymers

www.chemeurj.org


Notably, under the chosen synthetic conditions the ligand
remains monoprotonated (i.e., Htpabn3�) in the terbium
and erbium complexes as a result of the high pKa values of
the amine nitrogen atoms. Even in the presence of the lan-
thanide ion, deprotonation of the amine nitrogen atom does
not occur and only eight-coordinate complexes are obtained
in the presence of erbium and terbium. Attempts were
made to isolate a TbIII complex that contained a completely
deprotonated ligand by performing the synthesis at a higher
pH value (pH 9) to favor the complete deprotonation of the
H4tpabn ligand. However, elemental analysis of the isolated
product suggested the presence of a mixture of protonated
and deprotonated complexes.

PXRD patterns were measured on bulk crystalline pow-
ders from the large-scale synthesis of the terbium complex
suspended in their mother liquor. The cell parameters for
the {[Tb ACHTUNGTRENNUNG(Htpabn)]·x H2O}1 complex suspended in the
mother liquor are a=18.535(4), b=14.083(3), c=

15.167(3) �; a= 90, b= 105.70(2), g=908 ; V= 3811.3(15) �3.
These cell parameters are in agreement with the presence of
the octahydrated 1D coordination polymer {[Tb-ACHTUNGTRENNUNG(Htpabn)]·8 H2O}1. These results indicated that the number
of lattice water molecules can vary even in solution with
water depending on the concentration and/or crystal size.
The PXRD patterns measured for the powders obtained
from the filtration of crystals of the erbium- and terbium-
containing polymers also show phase purity (Figure 2). The

refinement of the cell parameters indicated the presence of
the {[Ln ACHTUNGTRENNUNG(Htpabn)]·5.5 H2O}1 complexes, in agreement with
the formula obtained from elemental analysis ({[Ln-ACHTUNGTRENNUNG(Htpabn)]·5.5 H2O}1 (Ln=Tb and Er). Both X-ray diffrac-
tion experiments (single crystal and powder) show that the
TbIII- and ErIII-based polymers contain a large amount of
lattice water molecules that are readily lost by simply re-
moving the polymer from the mother liquor. The removal of
water results in a significant modification of the cell parame-
ters.

The single-crystal X-ray structure of 1 and 2 shows the
presence of the monoprotonated Htpabn3� ligand, which

Figure 1. Directional polymeric chains and crystal packing of 2. Hydrogen
atoms that protonate aliphatic nitrogen atoms are shown as spheres.
Other hydrogen atoms and water molecules are omitted for clarity.

Table 2. Selected bond lengths [�] for 1, 2, 4, and 11.

M =Tb (1) M =Er (2) M =Er (4) M =Tb (11)

M�O5’ 2.290(3) 2.276(7) 2.230(9) 2.298(7)
M�O7’ 2.293(3) 2.268(7) 2.249(10) 2.273(7)
M�O1 2.329(3) 2.316(6) 2.296(8) 2.324(7)
M�O3 2.342(3) 2.336(6) 2.293(9) 2.372(7)
M�N3 2.475(3) 2.469(8) 2.441(10) 2.505(8)
M�N2 2.495(3) 2.477(8) 2.494(9) 2.531(8)
M�N1 2.672(3) 2.671(7) 2.710(8) 2.733(8)
M�N5’ 2.691(3) 2.679(8) 2.759(10) 2.692(9)
M�N6 3.796(3) 3.801(7) 3.545(9) 3.806(9)
M�N4 4.206(3) 4.234(7) 4.185(9) 4.321(9)

Table 3. Selected angles [8] for 1, 2, 4, and 11.

M=Tb (1) M=Er (2) M=Er (4) M =Tb (11)

O5’-M-O7’ 81.9(1) 81.8(3) 83.2(4) 83.1(2)
O5’-M-O1 114.8(1) 116.5(3) 111.8(3) 107.0(3)
O7’-M-O1 149.0(1) 147.7(2) 152.0(3) 150.0(2)
O5’-M-O3 145.9(1) 145.2(2) 144.8(4) 146.8(2)
O7’-M-O3 77.6(1) 77.1(2) 79.8(3) 79.4(2)
O1-M-O3 74.6(1) 73.4(2) 74.6(3) 77.2(2)
O5’-M -N3 136.7(1) 136.5(2) 139.5(3) 138.3(3)
O7’-M-N3 81.2(1) 81.9(3) 80.3(4) 78.8(2)
O1-M-N3 99.5(1) 98.1(2) 99.6(3) 107.3(3)
O3-M-N3 66.3(1) 67.1(2) 66.9(3) 64.8(2)
O5’-M-N2 79.7(1) 79.4(3) 77.0(3) 74.9(2)
O7’-M-N2 145.7(1) 145.8(2) 142.6(3) 143.4(2)
O1-M-N2 65.2(1) 66.4(2). 65.4(3) 66.0(3)
O3-M-N2 130.6(1) 131.5(2) 132.3(3) 132.9(2)
N3-M-N2 92.7(1) 92.1(2) 94.6(3) 98.6(3)
O5’-M-N1 73.7(1) 72.7(2) 76.2(3) 76.3(2)
O7’-M-N1 84.3(1) 84.2(2) 82.1(3) 84.1(2)
O1-M-N1 124.4(1) 125.4(2) 123.6(3) 125.5(2)
O3-M-N1 130.1(1) 131.1(2) 130.8(3) 129.0(2)
N3-M-N1 65.2(1) 65.7(2) 65.1(3) 64.8(3)
N2-M-N1 62.8(1) 63.0(2) 62.7(3) 62.7(2)
O5’-M-N5’ 64.49(9) 64.9(2) 63.1(3) 65.0(2)
O7’-M-N5’ 88.7(1) 88.8(2) 97.4(3) 86.4(2)
O1-M-N5’ 77.04(9) 77.2(2) 71.1(3) 73.5(2)
O3-M-N5’ 87.88(9) 87.1(2) 88.8(3) 85.8(2)
N3-M-N5’ 153.70(10) 154.0(2) 155.7(3) 148.9(3)
N2-M-N5’ 108.73(10) 108.4(2) 101.3(3) 109.3(2)
N1-M-N5’ 138.17(9) 137.6(2) 138.9(3) 140.9(2)

Figure 2. PXRD patterns for the isolated complexes {[Ln-ACHTUNGTRENNUNG(Htpabn)]·5.5 H2O}1 (Ln=Tb, Er).
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acts as an octadentate ligand that binds two symmetry-relat-
ed (by the n glide plane) lanthanide ions (Figure 3 a), thus
leading to the formation of 1D zigzag chains that run along
the (a+c)/2 diagonal of the unit cell.

The structures of 1 and 2 consist of eight-coordinate lan-
thanide ions with a distorted bicapped trigonal-prism geom-
etry. The metal atom is coordinated by two carboxylate
oxygen atoms, two pyridine (pyr) nitrogen atoms, and one
aliphatic nitrogen atom from one ligand molecule and two
carboxylate oxygen atoms and one pyridine nitrogen atom
from another ligand molecule (Figure 3 b). The difference
between the mean Ln–donor atom bond lengths (0.001–
0.014 �) in 1 and 2 is significantly smaller than the differ-
ence between the ionic radii of Tb and Er for the coordina-
tion number eight (0.036 �). This aspect suggests that the
ligand does not adapt very well to lanthanide ions with dif-
ferent ionic radii. One pyridine nitrogen atom and the pro-
tonated aliphatic (aliph) nitrogen atom remain non-coordi-
nated with Ln···Npyr = 3.8 � and Ln···Naliph = 4.2 � for both
ions. Water molecules do not coordinate the metal atom.
The protonation of one aliphatic nitrogen (N4) atom breaks
the ligand symmetry, thus yielding two different coordina-
tion sites. This process results in the formation of a direc-
tional chain. However, the centrosymmetric packing of the
1D chains in the crystalline phase results in a nonpolar solid
(Figure 1). The stacking interactions of C�H···p and p···p
between the pyridine rings connect the 1D coordination
polymers to yield a 3D network. The water molecules locat-
ed between 1D chains form an extended network of hydro-
gen bonds between themselves and with the carboxylate
oxygen atoms of different chains. The shortest distance be-

tween the lanthanide ions in the polymeric chain is 12.27
and 12.19 � for Er and Tb, respectively, with an angle Ln-
Ln-Ln of 150.1 and 149.48 for Er and Tb, respectively. The
shortest Ln···Ln interchain distance is 8.18 and 8.13 � for Er
and Tb, respectively.

These results show that the proposed topological ap-
proach that uses a flexible high-denticity linker is efficient
in promoting the supramolecular assembly of 1D polymers,
even when the denticity does not perfectly match the lantha-
nide requirements.

However, attempts to obtain single crystals of the europi-
um-containing 1D polymer with the Htpabn3� ion by using
the procedure used for polymers 1 and 2 failed to give crys-
tals suitable for X-ray diffraction studies. Indexing of the
PXRD pattern yielded five possible solutions in the space
group P21/n but none corresponded to the isolated crystallo-
graphic structures. Crystals suitable for X-ray diffraction
studies were obtained by diffusion of one equivalent of
EuCl3·6 H2O into a 2:1 ligand/metal solution with KOH in-
stead of Et3N as the base. Single-crystal X-ray diffraction
studies revealed the presence of a nine-coordinate europium
center included in a 2D coordination polymer {[Eu-ACHTUNGTRENNUNG(Htpabn)]·10 H2O}1 (7; Figure 4). By using the same proce-

dure, {[Eu ACHTUNGTRENNUNG(Htpabn)]·8.5 H2O}1 (8) was isolated in 66 % yield
after filtration of the final product. PXRD studies on the
crystalline sample suspended in the mother liquor confirmed
the presence of only one phase that corresponded to the 2D
network {[Eu ACHTUNGTRENNUNG(Htpabn)]·10 H2O}1 (7; see Figure S4 in the
Supporting Information).

We also prepared the terbium-containing polymer with
KOH as the base to investigate the potential effect of the
base on the formation of the 1D and 2D polymeric phases.
Two different types of single crystals were isolated from this
reaction that correspond to two different polymorphic
forms: a 2D polymeric network {[TbACHTUNGTRENNUNG(Htpabn)]·10 H2O}1

Figure 3. Ortep views of 2. a) Ligand-coordination mode and b) coordina-
tion environment of the lanthanide ion. The ellipsoids are shown at the
50% probability level.

Figure 4. Diagram of the 2D network formed by 7 and 10 (view along the
c axis). Hydrogen atoms and water molecules are omitted for clarity.
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(10) and a 1D polymer {[Tb ACHTUNGTRENNUNG(Htpabn)]·8 H2O}1 (11). Howev-
er, PXRD studies carried out on the isolated powder ob-
tained from a large-scale synthesis with KOH shows only
the presence of the 1D network {[Tb ACHTUNGTRENNUNG(Htpabn)]·5.5 H2O}1
(see Figure S5 in the Supporting Information). Similarly, the
PXRD studies carried out on the erbium-containing poly-
mers prepared with KOH shows only the presence of the
1D network {[Er ACHTUNGTRENNUNG(Htpabn)]·5.5 H2O}1 (4). This result con-
firms that the type of base used in the synthesis of the lan-
thanide complexes plays a role only for ions with intermedi-
ate ionic radii, for which nine- and eight-coordinate struc-
tures have similar stabilities.

The single-crystal X-ray structure of the 2D coordination
EuIII- and TbIII-containing polymers 7 and 10 shows the
presence of the monoprotonated Htpabn3� ion, which acts
as a nonadentate ligand that binds three lanthanide ions re-
lated by the symmetry axes 2 into a 2D network (Figure 5).

The structure contains nine-coordinate lanthanide ions with
irregular coordination geometries. Each metal atom binds
two pyridine nitrogen atoms, one amine nitrogen atom, and
two carboxylate oxygen atoms
from one ligand; one pyridine
nitrogen atom and one carbox-
ylate oxygen atom from one pi-
colinate unit of an adjacent
ligand; and two carboxylate
oxygen atoms from a picolinate
unit of another adjacent ligand
(Figure 6). Water molecules do
not coordinate the metal atom
but form an extended network
of hydrogen bonds. The water
molecules are located in chan-
nels 8 � 6 �2 in width. Selected
angles and distances for com-
plexes 7 and 10 are shown in
Tables 4 and 5, respectively. In
both 2D networks, the shortest
Ln···Ln distance is 10.40 �.

The ligand remains monoprotonated in complexes 7 and
10. Attempts to isolate the deprotonated europium complex
at higher pH values only resulted in mixtures of protonated
and unprotonated complexes. The presence of a protonated
nitrogen atom in the ethylendiamine spacer significantly de-
creases the preorganization of the multidentate linker. Nota-
bly, when the aliphatic nitrogen atom of the diamine spacer
is protonated, the directing effect of the linker is lost at
least on one side. The two picolinate units bound to the pro-
tonated amine nitrogen atom are no longer connected into a
pentadentate ligand, and therefore the decreased chelate
effect is not sufficient to favor the coordination of only one
metal ion (1D polymer) relative to two different lanthanide
ions (2D polymer). In the absence of sufficient ligand preor-
ganization, the favored coordination number of the metal
becomes the discriminating factor between possible isomor-
phic structures. As a result, the formation of 1D coordina-
tion polymers is favored with small lanthanide ions inde-

Figure 5. Mercury diagram showing the coordination mode of the
Htpabn3� ligand in 7 and 10.

Figure 6. Ortep view of {[Eu ACHTUNGTRENNUNG(Htpabn)]·10 H2O}1 (7). Ellipsoids are
shown at the 50 % probability level.

Table 4. Selected angles [8] for 7 and 10.

M =Eu (7) M =Tb (10) M= Eu (7) M =Tb (10)

O7’-M-N6’ 64.82(12) 65.28(15) O5’’-M-N3 135.71 (12) 136.22 (15)
O1-M-N6’ 99.73(13) 98.91(16) O6’’-M-N3 154.74(12) 154.43(14)
O3-M-N6’ 76.17(12) 74.85(15) O7’-M-O1 148.83(13) 148.36(16)
O5-M-N6’ 71.81(12) 72.08(16) O7’-M-O3 78.40(12) 77.91(15)
O6’’-M-N6’ 68.70(11) 68.88(15) O7’-M-O5’’ 77.70(11) 77.94(14)
O7’-M-N1 82.30(12) 81.92(15) O7’-M-O6’’ 118.88(11) 119.56(14)
O1-M-N1 122.12(12) 122.80(15) O5’’-M-O1 125.06(12) 125.09(15)
O3-M-N1 126.42(12) 126.99(16) O5’’-M-O3 145.92(12) 144.92(14)
O5’’-M-N1 73.53(12) 73.70(16) O5’’-M-O6’’ 51.11(10) 51.51(14)
O6’’-M-N1 107.77(11) 108.22(15) O3-M-O1 71.44(12) 71.33(15)
O7’-M-N2 143.88(13) 143.64(16) O3-M-O6’’ 125.37(11) 124.42(15)
O1-M-N2 65.42(13) 66.24(16) O1-M-O6’’ 74.82(12) 74.35(15)
O3-M-N2 127.12(13) 128.57(15) N2-M-N3 85.23(12) 85.98(16)
O5’’-M-N2 85.74(12) 85.05(15) N2-M-N6’ 138.88(12) 138.32(17)
O6’’-M-N2 70.37(12) 69.60(16) N2-M-N1 62.17(12) 62.42(16)
O7’-M-N3 84.71(12) 84.58(15) N3-M-N6’ 134.63(12) 134.33(16)
O1-M-N3 89.40(12) 89.24(15) N3-M-N1 63.95(12) 64.22(16)
O3-M-N3 64.85(12) 65.45(15) N6’-M-N1 136.16(12) 136.45(15)
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pendent of the basic conditions used, whereas the nine-coor-
dinate 2D network is clearly favored with europium (which
favors a larger coordination number) and can be obtained in
a pure form by an appropriate choice of base (Scheme 4).

For ions of intermediate size, such as terbium, the formation
of the polymorphic 2D isomer is possible.

For the terbium ion, the formation of eight-coordinate 1D
chains is favored but the 2D isomer can also form as a
minor product under favorable conditions (i.e., base and
concentration). These results show that the flexible multi-
dentate ligand Htpabn3� ion can lead to the formation of
supramolecular isomers for lanthanide ions for which the
eight- and nine-coordinate geometries have similar stabili-
ties. It seems that the nature of the base can influence the
final geometry, with KOH favoring the 2D arrangement. A
possible explanation of the effect of the base in favoring
one isomer could be the presence of potassium-coordinated
intermediates.[29]

Structure of the [Nd ACHTUNGTRENNUNG(tpabn)]� polymer : The residual proton
on the Htpabn3� ligand significantly decreases the preorga-
nization of the multidentate linker, which leads to poly-
morphism in some cases and therefore does not allow vali-
dation of the topological approach to the preparation of 1D
polymers. However, in the case of the neodymium ion full
ligand deprotonation occurs and the effect of the preorgani-
zation of the multidentate linker becomes evident. The reac-
tion of NdCl3·6 H2O with the H4tpabn ligand (the pH value

was adjusted by the addition of Et3N or KOH) led to the
isolation of the analytically pure complex [Nd-ACHTUNGTRENNUNG(tpabn)]H3O·6H2O1 (12) in 55 % yield. The X-ray diffrac-
tion study revealed the presence of a 1D lanthanide-coordi-
nation polymer with a zigzag structure and a general formu-
la of {[Nd ACHTUNGTRENNUNG(tpabn)]H3O·6 H2O}1 (12 ; Figure 7). Selected

angles and bond distances are presented in Table 6. The
PXRD studies were carried out on crystalline samples ob-
tained in the presence of different bases (KOH or Et3N)
and suspended in the mother liquor (Figure 8). The PXRD

Table 5. Selected bond lengths [�] for 7 and 10.

M =Eu (7) M =Tb (10)

M�O7’ 2.345(3) 2.314(4)
M�O1 2.379(4) 2.360(4)
M�O3 2.388(3) 2.374(4)
M�O5’’ 2.505(3) 2.492(4)
M�O6’’ 2.609(4) 2.572(5)
M�N2 2.507(4) 2.483(5)
M�N3 2.541(4) 2.508(5)
M�N6’ 2.676(4) 2.647(5)
M�N1 2.715(4) 2.702(5)

Scheme 4. The formation of 1D and 2D networks for the Er and Eu ion-
s,respectively.

Figure 7. Zigzag chain structure and crystal packing of 12. Hydrogen
atoms and water molecules are omitted for clarity.

Table 6. Selected bond lengths [�] and angles [8] for 12.

Nd�O7’ 2.495(4) O1-Nd-N4’ 70.21(12)
Nd�O1 2.491(4) O3-Nd-N4’ 72.88(13)
Nd�O3 2.411(4) O5’-Nd-N4’ 117.90(13)
Nd�O5’ 2.430(4) O7’-Nd-N1 62.84(13)
Nd�N5’ 2.708(5) O1-Nd-N1 108.03(13)
Nd�N2 2.699(5) O3-Nd-N1 122.13(13)
Nd�N3 2.701(5) O5’-Nd-N1 72.26(12)
Nd�N6’ 2.675(5) O3-Nd-O5’ 81.98(14)
Nd�N4’ 2.969(5) O3-Nd-O1 71.33(13)
Nd�N1 3.056(5) O5’-Nd-O1 148.54(13)
O7’-Nd-N6’ 60.67(13) O3-Nd-O7’ 158.17(13)
O1-Nd-N6’ 78.99(13) O5’-Nd-O7’ 79.50(13)
O3-Nd-N6’ 127.93(14) O1-Nd-O7’ 129.57(13)
O5’-Nd-N6’ 131.87(13) N2-Nd-N3 85.73(14)
O7’-Nd-N2 76.41(14) N2-Nd-N6’ 69.95(14)
O1-Nd-N2 61.34(14) N2-Nd-N4’ 112.75(14)
O3-Nd-N2 124.67(14) N2-Nd-N5’ 149.60(15)
O5’-Nd-N2 128.06(14) N2-Nd-N1 55.81(14)
O7’-Nd-N3 119.82(14) N2-Nd-N5’ 149.60(15)
O1-Nd-N3 84.80(13) N2-Nd-N1 55.81(14)
O3-Nd-N3 62.20(14) N3-Nd-N6’ 155.10(14)
O5’-Nd-N3 67.82(13) N3-Nd-N4’ 133.69(14)
O3-Nd-N3 62.20(14) N3-Nd-N5’ 121.84(14)
O5’-Nd-N3 67.82(13) N3-Nd-N1 60.18(13)
O7’-Nd-N5’ 78.33(13) N4’-Nd-N5’ 59.09(13)
O1-Nd-N5’ 127.93(13) N4’-Nd-N6’ 56.96(13)
O3-Nd-N5’ 82.86(14) N4’-Nd-N1 164.14(13)
O5’-Nd-N5’ 62.14(14) N5’-Nd-N6’ 83.05(14)
O7’-Nd-N4’ 105.99(13) N5’-Nd-N1 123.96(14)
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data of the suspended {[Nd ACHTUNGTRENNUNG(tpabn)]H3O·nH2O}1 polymer
were indexed in the triclinic space group with the cell pa-
rameters close to the single-crystal structure of {[Nd-ACHTUNGTRENNUNG(tpabn)]H3O·6H2O}1 (12). The refined data (i.e., a=

10.595(3), b= 13.028(5), c=15.683(5) �; a =83.11(2), b=

72.92(2), g= 83.23(2)8 ; V=2046.5(12) �3) suggest that the
1D polymer suspended in the solution contains more water
molecules of crystallization, and its composition estimated
from the cell volume is {[Nd ACHTUNGTRENNUNG(tpabn)]H3O·8.5 H2O}1. The
single-crystal X-ray structure of 12 shows the presence of a
fully deprotonated tpabn4� ligand, which acts as a decaden-
tate ligand and binds two neodymium ions related by the in-
version center (Figure 7). This outcome leads to the forma-
tion of a 1D zigzag chain that runs along the (b+c) direction
of the unit cell. The structure contains ten-coordinate neo-
dymium ions with a slightly distorted bicapped square anti-
prismatic geometry (Figure 9). The neodymium atom is co-
ordinated by four carboxylate oxygen atoms, four pyridine
nitrogen atoms, and two aliphatic nitrogen atoms. The Nd�
O and Nd�Npyr lengths are in the range of reported values,
whereas longer lengths were found for the aliphatic amine
nitrogen atoms (2.969(5) and 3.056(5) � for Nd�N4 and
Nd�N1, respectively). Similar Ln�N lengths were observed

in the ten-coordinate mononuclear [LnACHTUNGTRENNUNG(tpaen)]K] complexes
(mean M�Namine: 2.91(1) and 2.91(4) � for Eu and Ce, re-
spectively).[29]

Water molecules do not coordinate the metal atoms, but
are only present as guest molecules. Instead of the expected
Et3NH+ counterion, a protonated water molecule located
between the 1D chains provides the required charge bal-
ance, thus resulting in strong hydrogen bonds between Ow4
and Ow7. A network of hydrogen bonds connects the lattice
water molecules to the carboxylate groups of the 1D chains
to yield a 3D network. The stacking interactions C�H···p
and p···p are also observed between the pyridine rings of
different chains. The shortest distance between the lantha-
nide ions in the polymeric chain is 9.57 �, whereas the
shortest distance between neodymium ions in two different
chains is 10.75 �. The flexible spacer makes the chain undu-
lated, with an angle Nd-Nd-Nd of 143.28. A comparison of
the structural parameters of the neodymium and erbium
complexes 12 and 4, which contain a similar number of
guest water molecules, shows that the difference in coordi-
nation number and overall charge does not lead to dramatic
structural changes. The two 1D chains show very similar in-
termetallic distances, whereas the Ln-Ln-Ln angle is smaller
for the Nd complex (1438) than the angles for the Tb and Er
(149–1508).

The TGA of the complex {[Nd ACHTUNGTRENNUNG(tpabn)]H3O·6H2O}1
showed that six guest water molecules can be removed be-
tween 30 and 110 8C (weight loss: 11.8 %, calculated:
12.06 %). The decomposition of the complex started above
250 8C. The hydrated Nd complex does not display a detect-
able luminescence in the NIR region, but the dehydrated
polymer is luminescent. This behavior suggests the absence
of disruption of the network after removal of all the guest
water molecules.

Despite the high pKa value of the Htpabn3� ion, deproto-
nation of the ligands occurs in the presence of the neodymi-
um ion, which favors high coordination numbers because of
its large size, therefore competing more effectively with the
proton in binding to the nitrogen atom. Although high coor-
dination numbers can be observed for the smaller lantha-
nide ions in the presence of suitably designed predisposed[45]

or preorganized multidentate ligands, their preferred coordi-
nation number is usually lower than the one of early lantha-
nides in the absence of a strong chelate effect. The change
in coordination number with a given set of ligands usually
occurs at the gadolinium ion.

It should be noted that the full deprotonation of the
spacer leads to the formation of the anticipated 1D polymer
as the only product in the presence of the nine-coordinate
neodymium ions. The higher preorganization of the depro-
tonated linker tpban4� ion with respect to the protonated
linker Htpban3� ion allows the preparation of the desired
1D coordination polymer, even in the presence of a large
ion. Conversely, the 2D coordination polymers are favored
for nine-coordinate lanthanides in the presence of the
Htpban3� ion. These results show that a rational approach
to the synthesis of lanthanide-coordination polymers is pos-

Figure 8. PXRD pattern of the [Nd ACHTUNGTRENNUNG(tpabn)]H3O·8.5 H2O complex (sus-
pended in the mother liquor) synthesized with KOH (top) and Et3N
(middle) as the bases. The calculated pattern that used a single-crystal
model of 12 and Rietveld-refined cell parameters is given (bottom).

Figure 9. Ortep view of the coordination environment of the Nd center in
{[Nd ACHTUNGTRENNUNG(tpabn)]H3O·6 H2O}1 (12). Ellipsoids are shown at the 50% proba-
bility level.
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sible by using appropriate ligand design. Future work will
be directed to extend this approach to the design of net-
works of higher dimensionality.

Stability of the polymers to the removal of the molecules of
water of crystallization : The stability of the [Ln ACHTUNGTRENNUNG(Htpabn)]
frameworks and their ability to undergo reversible structural
transformations were investigated by TGA and PXRD. In
the 2D Eu framework {[Eu ACHTUNGTRENNUNG(Htpabn)]·10 H2O}1 (7), the
guest water molecules can be partially removed by drying
the crystals under vacuum at 130 8C for 6 days, thus yielding
{[Eu ACHTUNGTRENNUNG(Htpabn)]·5 H2O}1 (9). The PXRD data of the resulting
partially dehydrated complex (shown in Figure 10) could not

be fit by using the crystal data of the hydrated complex 7
probably because of the important effect of water removal
on the structure. Complete removal of the guest water mole-
cules from the 2D europium-containing polymer was impos-
sible, and the use of high temperatures resulted in the poly-
mer decomposition. These results are in agreement with the
TGA performed on the isolated complex {[Eu-ACHTUNGTRENNUNG(Htpabn)]·8.5 H2O}1 (8), which showed the loss of 6.50 %,
which corresponds to only 3.5 water molecules (calcd:
6.77 %), between 30 and 110 8C. The decomposition of the
complex started above 250 8C.

The absorption of different guest molecules by the {[Eu-ACHTUNGTRENNUNG(Htpabn)]·5 H2O}1 complex was investigated by PXRD
studies. The crystalline phase of the {[Eu ACHTUNGTRENNUNG(Htpabn)]·5 H2O}1
complex did not change when exposed to acetonitrile and
only changed slightly after absorption of water (Figure 10).
However, a new crystalline phase formed after absorption
of methanol (Figure 10). We were unable to assign the new
structure on the basis of the previously isolated crystal
forms.

These results indicate that the removal of solvate water
molecules is not reversible for the 2D europium-containing
polymer. This behavior is probably because of a significant
irreversible modification of the crystal structure. Conversely,
the new structure can selectively absorb methanol, which
leads to significant structural changes. Luminescence meas-

urements were performed on the europium complex before
and after the absorption of methanol to study the influence
of this solvent on the luminescence properties of the com-
plex. A significant decrease in the luminescence lifetime and
quantum yield is associated with the absorption of methanol
and with the formation of the new structural phase (see
below).

The TGA of the 1D polymers 1 and 2 showed that all the
solvate water molecules can be removed from 1 and 2 ({[Ln-ACHTUNGTRENNUNG(Htpabn)]·14 H2O}1) between 30 and 110 8C without decom-
position of the complex, which only started above 250 8C.
As mentioned in the previous section, isolation of com-
plexes 1 and 2 by filtration results in the partial loss of guest
water molecules with respect to the single crystals, which
were directly analyzed in the mother liquor and afforded
the [Ln ACHTUNGTRENNUNG(Htpabn)]·5.5 H2O complexes. These complexes were
heated at 130 8C under reduced pressure for six days. Ele-
mental analyses performed in an argon atmosphere on the
resulting compound were in agreement with the removal of
all the water molecules. The luminescence quantum yield
measured on the isolated {[Tb ACHTUNGTRENNUNG(Htpabn)]·5.5 H2O}1 complex
remained unchanged after removal of all the solvate water
molecules, thus indicating the absence of a significant struc-
tural modification of the network. The PXRD patterns con-
firmed that the 1D chain is flexible and does not collapse
when some or all the solvate water molecules are removed
(Figure 11). The process of water reabsorption into the an-

hydrous compounds was followed by PXRD. These studies
showed that the anhydrous TbIII complex can reversibly re-
absorb some water molecules to yield the {[Tb-ACHTUNGTRENNUNG(Htpabn)]·5.5 H2O}1 complex (Figure 11), thus regaining the
original structure. Furthermore, the complete suspension of
the {[Tb ACHTUNGTRENNUNG(Htpabn)]·5.5 H2O}1 complex in water yielded a
PXRD pattern identical to that of {[TbACHTUNGTRENNUNG(Htpabn)]·8 H2O}1
(11), which confirms that the removal and absorption of
water molecules can be reversible (Figure 12).

Figure 10. PXRD studies of the absorption of solvent molecules in the
{[Eu ACHTUNGTRENNUNG(Htpabn)]·5H2O}1 (9) complex.

Figure 11. PXRD studies of the absorption of water in the anhydrous
[Tb ACHTUNGTRENNUNG(Htpabn)] (5) complex and the calculated pattern of {[Tb-ACHTUNGTRENNUNG(Htpabn)]·5.5 H2O}1.
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These results indicate that polymers 1 and 2 present a dy-
namic behavior with a solvent-induced reversible structural
transition. A comparative analysis of the structures of the
crystals of the terbium and erbium complexes containing a
different number of solvating water molecules ({[Ln-ACHTUNGTRENNUNG(Htpabn)]·14 H2O}1 (Ln = Tb (1), Er (2)), {[Er-ACHTUNGTRENNUNG(Htpabn)]·5.5 H2O}1 (4), and Tb ACHTUNGTRENNUNG(Htpabn)]·8 H2O (11)) al-
lowed clear assessment of the structural effects of guest mol-

ecules on the 3D packing of these zigzag chains (Figure 13).
The structure of the coordination polymer 2 is very similar
to polymer 4. The main differences between the structures
of 2 and 4 are highlighted in Figure 13. Although the angle
Er-Er-Er remains unchanged, the distances between two
metal ions within the chain are significantly shorter in 4
than in 2 (10.63 and 12.27 �, respectively).

Because of a cooperative effect, the inclusion of addition-
al water molecules in the network results in additional hy-
drogen bonding between the guest water molecules, which
are also hydrogen bound to the carboxylate oxygen atoms
of the chains. The flexible aliphatic chains unfold to accom-
modate additional water molecules between the chains with-
out disruption of the 3D network that results from inter-
chain C�H···p and p···p interactions and hydrogen-bonding
interactions of the guest water molecules with the carboxyl-
ate chains (Figure 14).

The X-ray analyses of 2 and 4 (representing different hy-
dration states) indicate that the observed dynamism is based
on the reversible shrinking and expanding of the chains sup-
ported by the flexibility of the butylamine spacer in the mul-
tidentate Htpabn3� linker. Although dynamic porous coordi-
nation frameworks that show elastic guest accommodation
based on hydrogen-bonding interactions are very attractive
for the design of highly selective functional materials, they
have received less attention than rigid 3D porous materi-
als.[46] Notably only few examples of dynamic behavior have
been previously reported for 1D chains,[34,47,48] and com-
pounds 2 and 4 are to our knowledge the first that involve

lanthanide ions.
Furthermore, the reversible

solvent inclusion of water mole-
cules is also associated in the
case of erbium and neodymium
to significant differences in the
luminescence efficiency as a
result of the important deacti-
vation of the NIR emission by
the O�H oscillators.

Preliminary absorption stud-
ies of other solvent molecules
carried out for the anhydrous
complex [Tb ACHTUNGTRENNUNG(Htpabn)] show
that neither methanol nor ace-
tonitrile are absorbed, but the
absorption process seems to be
selective for water. Further
studies will investigate other
possible guests and their influ-
ence on the luminescent prop-
erties.

Photophysical studies : Al-
though luminescent lanthanide-
based coordination polymers
offer great opportunities for the
development of probes and sen-

Figure 12. PXRD patterns of the hydration of 1D polymer {[Ln-ACHTUNGTRENNUNG(Htpabn)]·5.5 H2O}1 (suspended in water) into the 1D polymer {[Tb-ACHTUNGTRENNUNG(Htpabn)]·8H2O}1.

Figure 13. Top: Reversible effect of the increase of guest water molecules (dark gray spheres) on the crystal
packing of the [Er ACHTUNGTRENNUNG(Htpabn)] polymer (left: {[Er ACHTUNGTRENNUNG(Htpabn)]·14 H2O}1 (2); right: {[Er ACHTUNGTRENNUNG(Htpabn)]·5.5 H2O}1 (4)).
Bottom: detailed view of the effect of the hydration/dehydration on structural parameters.
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sors, quantitative accurate luminescence studies are very
limited.[10,14, 49] The structure of the coordination polymers
prepared in this study shows that the multidentate linker
used maintains the distance between the lanthanide centers
in the range 8–12 � for all the isolated networks. According-
ly, this distance prevents luminescence deactivation through
intercenter energy transfer. Moreover, because of the high
denticity of the multidentate linker, the lanthanide centers
do not bind water molecules in the isolated networks. The
absence of coordinated water molecules prevents the nonra-
diative deactivation of the lanthanide excited states by O�H
oscillators and results in high-luminescence quantum yields.

Relevant photophysical data for the neodymium, europi-
um, terbium, and erbium complexes are presented in
Table 7. These measurements were performed on crystalline

samples of the polymers. The excitation spectrum of the par-
tially hydrated 2D polymer {[Eu ACHTUNGTRENNUNG(Htpabn)]·5 H2O}1 complex
(kept at 130 8C under vacuum for six days) in the solid state,
monitored on the Eu ACHTUNGTRENNUNG(5D0!7F2) transition (Figure 15), dis-
played two broad bands with maxima at l= 32 440 and
36 200 cm�1. In addition, it displayed several features that
arise from direct excitation onto the EuIII excited levels 5L6

and the excitation bands that arise from the 5D1�2 level. The
excitation spectrum of the dry 1D polymer [Tb ACHTUNGTRENNUNG(Htpabn)]1
recorded at room temperature that monitored the Tb ACHTUNGTRENNUNG(5D4!
7F5) transition produced two bands similar to those obtained
for the EuIII ion. The luminescence of the ligand 1pp* and

3pp* states disappeared completely for the complexes that
emit in the visible range (i.e., EuIII and TbIII complexes),
thus indicating good sensitization processes of the metal ion
through a 3pp*-to-metal energy transfer (Figure 15).

In the visible range and upon excitation in the ligand
1pp* state at room temperature, the emission spectrum of
{[Eu ACHTUNGTRENNUNG(Htpabn)]·5 H2O}1 displayed the characteristic Eu-ACHTUNGTRENNUNG(5D0!7FJ) transitions. The integrated and corrected relative
intensities of the 5D0!7FJ transitions are 0.064, 1.0, 2.329,
0.036, and 0.51 for J= 0, 1, 2, 3, and 4, respectively. The
5D0!7F0 transition, which is quite intense and reminiscent
of a site with a Cn (or Cnv) symmetry, occurs at l=

17 328 cm�1, and the transition to 7F1 (three components) are
consistent with the X-ray structure symmetry. The lumines-
cence decays of the 5D0(Eu) excited state measured at room
temperature are monoexponential and lie in the range 1.45–
1.81 ms, depending upon the excitation and analyzing ener-
gies and the level of hydration. As the excitation was per-
formed through the ligand levels, it is indicative of a fast
energy transfer from the ligand to the 4f states and of the
absence of a temperature-dependent quenching mechanism,
such as mixing with ligand vibrational modes, photoinduced
electron-transfer processes, or back transfer to the 3pp*
state of the ligand. These data point to the absence of O�H
oscillators in the inner coordination sphere of the well-pro-
tected metal ion. Similar to that found in the crystal struc-

Figure 14. Schematic representation of the hydration/dehydration cycle.

Table 7. Metal-ion-centered lifetimes t [ms] and absolute quantum yields
[%] for NdACHTUNGTRENNUNG(4F3/2), EuACHTUNGTRENNUNG(5D0), Tb ACHTUNGTRENNUNG(5D4), and Er ACHTUNGTRENNUNG(4I13/2) in the coordination
polymers at room temperature.

Compound lexACHTUNGTRENNUNG[cm�1]
lanACHTUNGTRENNUNG[cm�1]

t

[ms]
QLn

tot

[%]

[Tb ACHTUNGTRENNUNG(Htpabn)]·5.5 H2O 31250 18 484 1.869(6) 38(1)
[Tb ACHTUNGTRENNUNG(Htpabn)] 31250 18 484 1.89(2) 39(3)
[Eu ACHTUNGTRENNUNG(Htpabn)]·8.5 H2O 31743 16 260 1.45(6) 7.5(3)
[Eu ACHTUNGTRENNUNG(Htpabn)]·5H2O 31745 16 260 1.81(6) 18.3(3)
[Eu ACHTUNGTRENNUNG(Htpabn)]·5H2O

[a] 31746 16 340 1.66(3) 13.3(14)
[Er ACHTUNGTRENNUNG(Htpabn)]·5.5 H2O 29850 – – [b]
[Er ACHTUNGTRENNUNG(Htpabn)] 29850 6451 1.187(7) � 10�3 3 � 10�3

1.379(3) � 10�3[c]

[Nd ACHTUNGTRENNUNG(Htpabn)]H3O·6 H2O 29850 – – [b]
[Nd ACHTUNGTRENNUNG(Htpabn)]H3O 29850 9389 0.790(2) � 10�3 0.036

[a] After the absorption of methanol. [b] Not measureable. [c] T =10 K.

Figure 15. Spectra of the [Ln ACHTUNGTRENNUNG(Htpabn)]1 polymers emitting in the visible
range at room temperature. Left: normalized excitation (lan = 31250–
31746 cm�1); right: emission spectra.
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ture of the hydrated polymers, the water molecules do not
coordinate the metal ion in the partially hydrated complexes
and are only present as guest molecules in the lattice. The
lifetimes of the Tb ACHTUNGTRENNUNG(5D4) level (i.e., 1.87–1.89 ms) point to an
inefficient energy back-transfer process and to the absence
of water in the inner coordination sphere.

The absorption, excitation, and emission spectra obtained
for the hydrated polymers {[LnACHTUNGTRENNUNG(Htpabn)]·nH2O}1 (n= 5.5
and 8.5 for the 1D TbIII- and 2D EuIII-containing polymers,
respectively) were almost identical to those of the dehydrat-
ed complexes recorded in the solid state. These results sug-
gest that the coordination geometry of the metal center is
not significantly altered by the structural modifications in-
volved in the hydration/dehydration process, even in the
case of the 2D EuIII-containing polymer, for which the modi-
fication is not reversible. The absolute quantum yields of
the EuIII- and TbIII-based hydrated polymers (QEu

tot = 18.3 and
QTb

tot =38) measured at room temperature are high, and these
values can be compared with those previously reported for
the analogous monometallic [TbACHTUNGTRENNUNG(tpaen)] complex (QTb

tot =

45)[29]). At first sight, the quantum yield (QTb
tot =39) remains

unchanged for the dehydrated 1D [TbACHTUNGTRENNUNG(Htpabn)] polymer,
thus suggesting that the loss of the lattice of water does not
disrupt the structure of the TbIII-based polymer and leaves
its photophysical properties unchanged. In contrast, the irre-
versible dehydration process that transforms {[Eu-ACHTUNGTRENNUNG(Htpabn)]·8.5 H2O}1 into {[Eu ACHTUNGTRENNUNG(Htpabn)]·5 H2O}1 leads to a
significant increase in the luminescence decays (1.45 to
1.81 ms) and quantum yield (7.3 to 18.3 %). Moreover, after
exposure of {[Eu ACHTUNGTRENNUNG(Htpabn)]·5 H2O}1 to methanol, the lumi-
nescence decays decrease slightly from 1.81 to 1.66 ms with
an associated quantum yield of 13.3 %. These data could be
explained by an increase of O�H oscillators in the outer co-
ordination sphere probably associated with the presence of
additional ligand vibrational modes quenching mechanisms
because of a change in the lattice of the modified extended
2D network.

We also examined the luminescence properties of the
NdIII- and ErIII-based 1D polymers. They displayed a metal-
centered NIR luminescence, and the ligand emission
through fluorescence from the singlet state was not detecta-
ble, thus indicating an efficient energy-transfer process to
the acceptor levels of the metal ions.

In the NdIII ion, the energy gap DE(4F3/2!4I15/2)=

5400 cm�1 is quite small and is easily matched by C�H, O�
H, or N�H vibrations. However, the luminescence spectrum
of the dehydrated NdIII-containing polymer recorded
through the absorption levels of the ligand (l=29 850 cm�1)
consists of a strong structured emission band assigned to the
4F3/2!4I9/2 transition with several components in the range
of l=11 800–7000 cm�1, thus indicating that the ligand pro-
tects the NdIII ion from quenching or back-transfer processes
(Figure 16). The dehydrated and hydrated polymers are
almost identical and display three bands: the main band
occurs between l= 9830 and 8830 cm�1 (4F3/2!4I9/2), with a
maximum at l= 9380 cm�1, and the two other bands are visi-
ble between l=11 800 and 10 580 (4F3/2!4I11/2) and l=

11 800 and 10 580 cm�1 (4F3/2!4I13/2). Finally, the {[Er-ACHTUNGTRENNUNG(Htpabn)]·5.5 H2O}1 polymer emits a band centered at l=

6480 cm�1 and is assigned to the 4I13/2!4I15/2 transition. The
corresponding lifetimes of the NdACHTUNGTRENNUNG(4F3/2) and Er ACHTUNGTRENNUNG(4I13/2) excited
states are 0.790(2) and 1.187(7) ms for dehydrated NdIII and
ErIII complexes, respectively (Table 7), thus reaching values
comparable to those reported for polyaminocarboxylate
complexes derived from diethylenetriaminepentaacetate
(dtpa; i.e., 0.58 and 1.46 ms, respectively).[50] The absolute
quantum yields of the dehydrated polymers amount to 0.036
and 0.003 % for the NdIII and ErIII ions, respectively. In the
case of the hydrated polymers, the NIR luminescence is de-
tectable but not sufficiently intense at room temperature to
allow the calculation of the quantum yield. This is most
likely because of the higher quenching effect of the O�H os-
cillators from the lattice water molecules on the NIR emis-
sion.[51–53]

Conclusions

The results presented herein show that flexible multidentate
linkers can be used to assemble flexible frameworks of a
predetermined geometry and provide several important pa-
rameters for a rational approach to the design of lantha-
nide-based coordination polymers. In our topological ap-
proach, suitable building blocks were implemented into a
multidentate linker with a flexible spacer, which directs the
geometry and dimensionality of the self-assembled network.
The perfect matching between the coordination require-
ments of the lanthanide ion and the geometry and denticity
of the multidentate linker tpabn4� leads to the assembly of
the desired 1D neodymium polymer. The importance of the
spacer in directing the geometry of the final assembly is
highlighted by the different results obtained in the presence
of the partially deprotonated Htpabn3� ligand. Notably,
Htpabn3� leads to the formation of different supramolecular
isomers (1D or 2D) depending on the ionic radius of the
lanthanide ion and synthetic conditions. Besides the spacer,

Figure 16. Spectra of the dehydrated NdIII-containing polymer (13) at
room temperature. Left: normalized excitation (lan =9389 cm�1); right:
emission spectra (lex =29850 cm�1).
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the type of the donors atoms included in the linkers is also
very important to direct the structure. Notably, the inclusion
of hard donors (such as aliphatic amine or carboxylate
groups) that can satisfy the electrostatic requirements of lan-
thanide ions at well-chosen positions in a linker alternating
soft (pyridine) and hard donors can be used to decrease sol-
vent coordination. Furthermore, ligand design can be used
to tune the dimensionality of the framework by favoring or
disfavoring high connectivity in binding groups with differ-
ent possible binding modes, such as carboxylate groups.
Future studies will further investigate these effects.

The high flexibility of the polymer chains assembled by
the multidentate linker results in a solvent-induced dynamic
behavior. Notably, cooperative hydrogen-bond networks
allow the crystals to breathe when solvent molecules are ad-
sorbed without inducing a structural collapse. The determi-
nation of the structural parameters for networks with differ-
ent degrees of hydration further highlights the importance
of the flexible spacer in determining this dynamic behavior.
Complete removal of guest water molecules occurs for 1D
polymers and is completely reversible. The quantitative
study of the photophysical properties revealed the presence
of high-luminescence emission quantum yield for the terbi-
um, which remains unchanged in presence of lattice water
molecules. An important increase of the luminescence effi-
ciency was observed after the removal of water from the lat-
tice for the neodymium and erbium polymers, which are
highly sensitive to deactivation by O�H oscillators. This
result anticipates the potential application of lanthanide-
based flexible dynamic systems in the development of lumi-
nescent sensors.
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