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Abstract

New lanthanide complexes of 2-hydroxynicotinic acid (H2nicO) [Ln(HnicO)2(l-HnicO)(H2O)] � nH2O (Ln¼Eu, Gd, Tb, Er, Tm)

were prepared. The crystal structures of the [Tb(HnicO)2(l-HnicO)(H2O)] � 1.75H2O (1) and [Eu(HnicO)2(l-HnicO)(H2O)] � 1.25H2O

(2) complexes were determined by X-ray diffraction. The 2-hydroxynicotinate ligand coordinates through O,O-chelation to the

lanthanide(III) ions as shown by X-ray diffraction and the infrared, Raman and NMR spectroscopy results. Photoluminescence

measurements were performed for the Eu(III) and Tb(III) complexes. Lifetimes of 0.592� 0.007 and 0.113� 0.002 ms were deter-

mined for the Eu3þ and Tb3þ emitting states, 5D0 and 5D4, respectively. A value around 30% was found for the 5D0 quantum ef-

ficiency. The energy transfer mechanisms between the lanthanide ions and the ligands are discussed and compared with those

observed in similar complexes involving the 3-hydroxypicolinate ligand based on the luminescence of the respective Gd3þ-based
complexes.

� 2003 Published by Elsevier Ltd.
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1. Introduction

In the last few years, there has been intense research

on the synthesis of photoactive lanthanide complexes [1–

3]. Although trivalent lanthanide ions have weak ab-

sorption coefficients, in some cases highly luminescent

lanthanide complexes have been prepared by chelating

strongly absorbing organic ligands to the lanthanide

ions [4,5]. In such cases a synergistic effect occurs be-

tween the ligand and the lanthanide ion. This is often
referred as the antenna-effect: the absorbed energy by

the ligand, which has a broad intense absorption band,

is transferred intra-molecularly to the lanthanide ion,
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emitting part of this energy within a narrow-wavelength

region [3]. The possibility of having ligands that func-
tion as light-harvesting units in lanthanide complexes

has been investigated [4,5]. We have been particularly

interested in the study of the photoluminescence be-

haviour of these type of lanthanide complexes associated

to the study of the coordination modes of aromatic N

and O donor ligands, such as 3-hydroxypicolinic acid

[6], picolinic acid [7] and 2,6-dihydroxybenzoic acid [8].

Other lanthanide complexes with aromatic ligands
containing nitrogen and oxygen donors have been re-

ported, such as with nicotinate [9,10], picolinate [11],

dipicolinates [12], 2,20-bipyridine-6,60-dicarboxylate [13]

and bis-pyridones [14].

The 2-hydroxynicotinic acid (H2nicO) ligand used in

the present work is a potential chelating ligand with

different chelating modes [15] including N,O-chelation
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(of the monodeprotonated ligand, HnicO�, through the

pyridine nitrogen and the deprotonated phenolate

oxygen, forming a four-membered chelate ring) or

O,O-chelation (through the carboxylate group and the

deprotonated phenolate oxygen, forming a six-mem-
bered chelate ring, salicylato type chelation [16,17],

either of the twice deprotonated ligand, nicO2�, or, as
found in this work, of the monodeprotonated HnicO�

ligand with a protonated pyridinic nitrogen). The ke-

tonic tautomer of H2nicO is stabilized by resonance

and exists predominantly in a zwitterionic form

(Scheme 1) in solutions at pH range 3–10.5 [18].

Few complexes of H2nicO have been isolated, in an
earlier study on second- and third-row transition metal

complexes we reported the synthesis and characteriza-

tion of solid Pd(II), Pt(II), Re(V), Mo(VI) and W(VI)

complexes [15]. The crystal structures of the com-

pounds trans-[PdCl(HnicO)(PPh3)2] � 0.75CH3CN and

cis-[PtCl(HnicO)(PPh3)2] � 0.75CH3OH � 0.5H2O show the

HnicO� ligand coordinated to palladium or platinum

through the nitrogen atom only [15]. Solution studies
were reported for gallium(III) complexes [19], in which

the 2-hydroxynicotinate ligand is bound by the de-

protonated phenolate and carboxylate oxygens, the

pyridine nitrogen being protonated. Other solution

studies include complexes of V(IV) [20], Al(III) [21,22],

Cu(II) [23,24] and Hg(II) [25].

Here the synthesis of the lanthanide(III) complexes

[Ln(HnicO)2(l-HnicO)(H2O)] � nH2O (Ln¼Eu, Gd, Tb,
Er, Tm) is reported together with their characterization

using vibrational and NMR spectroscopy. The chela-

tion modes of the ligand to the different lanthanides

are discussed on the basis of the X-ray crystal struc-

tures of [Tb(HnicO)2(l-HnicO)(H2O)] � 1.75H2O (1)

and [Eu(HnicO)2(l-HnicO)(H2O)] � 1.25H2O (2), and

spectroscopic results, and compared to our previous

published data for analogous compounds [6]. The
crystal structures of the Tb(III) and Eu(III) complexes,

prove conclusively that the 2-hydroxynicotinate func-

tions as a salicylato type ligand with O,O-chelation in

the solid metal complexes. Spectroscopic data are

consistent with the Gd(III), Er(III) and Tm(III) com-

plexes having the same type of coordination. The local

environment of the lanthanide ions in these compounds

is further discussed on the basis of their luminescence
properties.
Scheme 1.
2. Results and discussion

2.1. Preparation of lanthanide(III) 2-hydroxynicotinate

complexes

Aqueous solutions of Ln(III) (Ln¼Eu, Gd, Tb, Er,

Tm) ions and H2nicO were stirred over one hour to give a

series of lanthanide complexes with the 2-hydroxynicoti-

nate ligand. The lanthanide complexeswere characterized

based on the crystal structures, spectroscopic data and

elemental analysis. The crystal structures of 1 and 2 and

the elemental analysis results are in accordance with the

molecular formula [Ln(HnicO)2(l-HnicO)(H2O)] � nH2O
for all the complexes (Ln¼Eu, Gd, Tb, Er, Tm). The

gadolinium complex of 3-hydroxypicolinic acid (Hpi-

cOH), [Gd(picOH)2(l-HpicO)(H2O)] � 5H2O, was syn-

thesized by stirring an aqueous suspension of Gd(OH)3
and HpicOH, using our earlier reported method [6] for

other lanthanide complexes. The spectroscopic results

of the latter compound matched those obtained for

the previously reported lanthanide 3-hydroxypicolinate
complexes [6]. The Gd(III) complex of HpicOH was

prepared in order to compare energy transfermechanisms

between the lanthanide ions and theHnicO� andHpicO�

ligands, based on the luminescence of the respective

Gd3þ-based complexes.
2.2. Crystal structures

The X-ray single crystal diffractions show that com-

plexes 1 and 2 are isomorphous. In the crystal structure

of each complex HnicO� bridges [Ln(HnicO)3(H2O)]

(Ln¼Tb(III) 1 or Eu(III) 2) structural units into a 1D
chain. Furthermore the asymmetric unit consists of one

[Ln(HnicO)3(H2O)] structural moiety and water solvent

molecules with different crystallographic occupancy

factors, three in 1 (1.0, 0.25 and 0.50) and two in 2 (1.0

and 0.25), which were assigned in agreement with elec-

tronic density map in order to give reasonable temper-

ature factors for the oxygen atoms of the water

molecules. An ORTEP diagram [26] of the structure of
the building of the 1D polymeric chain together with

labelling scheme is presented in Fig. 1(a) for 1 while the

Fig. 1(b) presents the overall geometry of one chain with

the terbium(III) centres drawn in the polyhedra style

[27]. The structure of the Eu complex is equivalent and is

not shown. Selected bond lengths and angles in the

metal coordination sphere, listed in Table 1 for both

complexes, show that the Eu–O distances are slightly
longer than the Tb–O corresponding ones reflecting the

different stereoelectronic sizes of these two metals. Each

lanthanide centre is surrounded by eight oxygen atoms

in a distorted coordination environment of the type

triangulated dodecahedron (bisphenoid) [28]. Three

HnicO� ligands are coordinated via one oxygen atom of



Fig. 1. Crystal structure of [Tb(HnicO)2(l-HnicO)(H2O)] � 1.75H2O

(1). (a) An ORTEP view of the building unit of 1 showing the atomic

connectivities, labelling scheme adopted and the thermal ellipsoids

drawn at 30% of probability level. The labels of the carbon atoms are

omitted for clarity. (b) View of the polymeric [Tb(HnicO)2(l-
HnicO)(H2O)]n 1D chain with the Tb3þ centres drawn in the polyhedra

style.

Table 1

Selected bond distances (�AA) and angles (�) in the lanthanide coordi-

nation spheres

M¼Tb(III) (1) M¼Eu(III) (2)

Bond distances

M–O(121) 2.328(8) 2.353(7)

M–O(271) 2.343(8) 2.381(7)

M–O(372a) 2.358(8) 2.388(6)

M–O(321) 2.415(6) 2.441(5)

M–O(171) 2.326(8) 2.353(7)

M–O(221) 2.362(8) 2.397(6)

M–O(371) 2.385(9) 2.439(6)

M–O(101a) 2.480(9) 2.514(8)

Bond angles

C(32)–O(321)–M 123.6(5) 122.5(5)

C(37)–O(372)–Mb 155.5(7) 155.5(5)

C(37)–O(371)–M 134.7(6) 135.9(5)

Symmetry operations used to generate equivalent: ax� 1; y; z;
bxþ 1; y; z.
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the carboxylate group and the oxygen atom from the

phenolate group in a O,O-chelating fashion with M–

Ocarboxylate distances ranging from 2.328(8)–2.385(9) �AA
(Tb) and 2.381(7)–2.439(6) (Eu); M–Ophenolate distances

ranging from 2.328(8)–2.415(6) �AA (Tb) and 2.353(7)–
2.397(6) �AA (Eu), respectively. One water molecule (M–

OH2 2.480(9) �AA for Tb(III) and 2.514(8) �AA for Eu(III))

and one oxygen atom of a carboxylate group from a

second O,O-chelated HnicO� ligand belonging to a

neighbour structural unit (M–O is 2.358(8) �AA and

2.388(6) ÅA in 1 and 2, respectively) complete the metal
coordination sphere of each complex. In the Cambridge

Structural Data Base [29] there are 24 and 76 structures

with TbO8 and EuO8 coordination polyhedra, respec-

tively. The M–O distances are in wider ranges of dis-

tances of 2.15–2.57 and 2.15–2.80 �AA for terbium and

europium centres, respectively. The carboxylate group

of the bridging HnicO� ligand is rotated relatively to the

aromatic ring by 25.8(3)� (Tb) and 26.9(5)� (Eu) as
consequence of the steric constrain imposed by the O,O-

chelating mode adopted. By contrast the remaining two

HnicO� ligands make angles of only 5.6(2)� and 18.3(5)�
for 1 and 7.8(2)� and 18.9(6)� for 2.

The charge balance of the molecular formulae for

both complexes requires that the three ligands are

protonated. Unfortunately it was not possible to locate

the proton positions from the last difference Fourier
maps and then those protons were inserted in geo-

metric positions bonded to the pyridine nitrogen at-

oms, which is in agreement with spectroscopic data. In

the best of our knowledge only two X-ray single crystal

structures with the HnicO� molecule were determined,

the square planar complexes [MCl(HnicO)(PPh3)2] with

M equal to Pd(II) or Pt(II) [15]. In both cases the

HnicO� ligand displays a monodentate coordination
behaviour with the nitrogen donor atom bonded to the

metal centre and consequently the proton required by

the charge balance was to be found bonded to the

carboxylic oxygen atom rather than to the nitrogen

donor.

As described above in the crystal structure, theHnicO�

bridging units act as tridentate ligands being the struc-

tural motifs that organize the 1D polymeric chains and
disperse the lanthanide centres at long distances of

6.510(10) and 6.575(9) �AA for 1 and 2, respectively. These

chains display a crystallographically imposed centro-

symmetric structure. A comparable geometric arrange-

ment was found in the related complex [Eu(H2O)

(picOH)2(l-HpicO)] � 3H2O [6], in which the [Eu(H2O)

(picOH)2]
þ structural units are also covalently aggregated

thoroughHpicO� bridging ligands by three oxygen atoms
in 1D polymeric chains. The phenolic group of the

HnicO� ligand is adjacent to the nitrogen of the pyridine

ring rather than the carboxylate in the HpicO� and in the

[Eu(H2O)(picOH)2]
þ structural units the picOH� ligands

exhibit N,O-chelation mode.
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In both complexes 1 and 2 the intermolecular dis-

tances found, involving the oxygen atoms from the water

molecules and the oxygen and nitrogen atoms from

HnicO� ligands, suggest that in the crystal structure the

polymeric chains are assembled into a 3D network via an
extensive and complex system of hydrogen bonding in-

teractions involving these atoms as donor or acceptors.

However the crystal packing of these complexes is basi-

cally governed by self assembling of the 1D polymeric

chains. These chains are linked by hydrogen bonds be-

tween the N–H hydrogen of a HnicO� ligand and an

oxygen atom from a carboxylate group N(31)–

H(31) � � �O(321)[2� x; 2� y; 2� z] with H(31) � � �O(321)
distances of 2.07 �AA in 1 and 2.07 �AA in 2 (the angle N(31)–

H(31) � � �O(321) is 153� in 1 and 156� in 2) in a ladder

type disposition in such way that the pyridine rings of

adjacent chains adopt an almost parallel glide (displaced)

arrangement with an intermolecular distance between

them of ca. 3.20�AA in 1 and 3.30�AA in 2, indicating that the

crystal structure can also be stabilized by face-to-face p
stacking interactions (see Fig. 2).

2.3. Vibrational and MAS NMR spectra

Infrared and Raman spectroscopic data for 2-

hydroxynicotinic acid (H2nicO) and its lanthanide

complexes are shown in Table 2. Tentative assignments

are based on those found in the literature for H2nicO d-

transition metal complexes [15]. Only the bands more
sensitive to metal coordination [16,17] are reported.

The infrared spectrum of H2nicO shows a weak band

at 3229 cm�1 assigned to the m(N–H) stretch from the
Fig. 2. Crystal packing diagram of 1 showing the p–p stacking between

the polymeric chains.
protonated pyridinic nitrogen [15,30–33]; the in-plane

d(NH) bend at 1606 cm�1 and the out-of-plane c(NH)

bend at 539 cm�1 are also shown in the infrared and

Raman spectra of H2nicO. These features suggest that

the solid H2nicO is possibly in the ketone rather than the
enol form (Scheme 1); accordingly, a strong band at

1741 cm�1, assigned to the ketone m(C@O) stretch, is

also shown in the infrared and Raman spectra. A similar

behaviour was reported for 2-mercaptonicotinic acid

that in the solid state exists in the thione rather than the

thiol form [34].

The infrared and Raman spectra are very similar for

all the HnicO� lanthanide complexes, suggesting that
these compounds are isostructural, as shown by the

crystal structures for the europium and terbium com-

plexes. The spectroscopic data show that O,O-chelation

of HnicO� is present in all the complexes. The band

assigned to the ketone m(C@O) stretch in the ligand

(1741 cm�1) is not seen in the infrared and Raman

spectra of the lanthanide complexes, in agreement with

the coordination of the respective oxygen atom to the
lanthanide(III) ions. The asymmetric mode mas(CO2) of

the carboxylate group shows 10 cm�1 shifts to higher

wavenumber on coordination when compared to the

free ligand (at 1629 cm�1), showing that the carboxylate

oxygen is also bound to the lanthanide. In the infrared

and Raman spectra, the symmetric mode ms(CO2) shows

higher shifts (around 30 cm�1) to lower wavenumber on

coordination (Table 2). The in-plane d(NH) bend and
the out-of-plane c(NH) bend (at 1606 and 539 cm�1 in

the free ligand, respectively) are also shown in the in-

frared and Raman spectra of the lanthanide complexes

(at about 1600 and 538 cm�1, respectively), suggesting

that the pyridine nitrogen is also protonated in the

complexes; the m(N–H) stretch is obscured in the com-

plexes by the very strong and broad m(O–H) band

(around 3411 cm�1).
The 13C cross-polarization (CP) magic-angle spinning

(MAS) NMR spectrum of the europium complex 2 re-

corded with a spinning rate of 7 kHz (Fig. 3) displays a

broad signal in the range 100–140 ppm, with a relatively

large number of very intense spinning sidebands. This is

clearly due to the interaction of 13C nuclei with para-

magnetic Eu3þ ions, thus showing that the ligands are in

close spatial proximity of the lanthanide metal. A much
better quality spectrum may be obtained by spinning at

15 kHz. However, because fast MAS removes the 1H–
13C dipolar interaction, the cross-polarization efficiency

is very low. Thus, the 15 kHz 13C NMR spectrum was

recorded without CP and using high-power 1H decou-

pling. The optimized relaxation delay was only 5 s, in-

dicating a short spin-lattice relaxation time (T1) due to

interaction with the Eu3þ ions. In addition, because
(when not using CP) the 4 mm double-bearing MAS

probe used as a broad background in the range ca. 100–

180 ppm and echo pulse sequence was used to remove it.



Table 2

Spectroscopic data for 2-hydroxynicotinic acid and its lanthanide complexes

Compound Vibrational spectraa (cm�1)

mas(CO2) m(CC), m(CN) ms(CO2)

2-Hydroxynicotinic acid 1629vs 1550vs 1413vs

1628(1) 1554(10) 1422(1)

[Eu(HnicO)2(l-HnicO)(H2O)] � 1.25H2O 1639vs 1550vs 1387s

1553(10) 1384(2)

[Gd(HnicO)2(l-HnicO)(H2O)] � 6H2O 1639vs 1550vs 1386w

1553(10) 1371(4)

[Tb(HnicO)2(l-HnicO)(H2O)] � 1.75H2O 1639vs 1552vs 1388s

1553(10) 1384(2)

[Er(HnicO)2(l-HnicO)(H2O)] � 4H2O 1639vs 1552vs 1383s

1554(10) 1371(3)

[Tm(HnicO)2(l-HnicO)(H2O)] � 2H2O 1639vs 1549s 1381s

1552(10) 1376(3)
a Infrared and Raman (in italics) data; vs, very strong; s, strong; w, weak.

200 100 0 -100300
ppm from TMS

15 kHz

7
kHz 

(a)

(b)

Fig. 3. 13C MAS NMR spectra of [Eu(HnicO)2(l-HnicO)(H2O)] �
1.25H2O (2) recorded with (a) cross-polarization (1H 90� pulse 3.5 ls,
contact time 2 ms) and 7 kHz spinning rate; (b) 90�–s–180�–s-acqui-
sition echo pulse sequence (s ¼ 398 ls, 13C 90� pulse 1.5 ls,) high

power 1H decoupling during acquisition, and 15 kHz spinning rate.
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single exponential function (r > 0:99).
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The recorded spectrum (Fig. 3) displays a peak at ca.

108 ppm.

2.4. Photoluminescence spectra

Fig. 4(a) and (b) reproduce the room-temperature,

RT, photoluminescence, PL, spectra of the Eu(III) and

Tb(III) powder complexes excited at 395 and 344 nm,
respectively. These excitation wavelengths correspond to

the maximum intensity of the respective excitation

spectra, as we will present next. The spectra are com-

posed of a series of straight lines assigned to transitions

between the first excited state (5D0 and 5D4, for Eu3þ

and Tb3þ, respectively) and the ground multiplet (7F0–4

and 7F6–3, for Eu3þ and Tb3þ, respectively). For both

complexes no emission intensity from the ligands could
be detected. Comparing this latter result with the RT PL
features of a series of recently proposed lanthanide

based-complexes of 3-hydroxypicolinic acid, HpicOH

[6], we can readily state that the ligand-to-metal energy
transfer processes associated with the Tb3þ-based com-

plexes with H2nicO ligands are more efficient than those

ascribed to the HpicOH ones. This conclusion is based

on the fact that in the case of [Tb(picOH)2(l-HpicO)
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(H2O)] � 3H2O, a large broad band associated with

emission from the ligand levels was observed in the re-

spective PL spectrum [6]. The [Er(HnicO)2(l-HnicO)

(H2O)] � 4H2O complex displays a weak RT emission

around 1.54 lm assigned to the intra-4f11 transition
between the 4I13=2 and 4I15=2 levels of the Er3þ ground

multiplet (not shown).

Fig. 5 illustrates the RT excitation spectra, PLE, for

the Eu(III) and Tb(III) complexes monitored around the

more intense cation emission line. The spectra are

composed of a large broad band centred around 350 and

344 nm, for the Eu(III) and Tb(III) complexes, respec-

tively, which is overlapped by a series of straight lines
corresponding to the Eu3þ intra-4f6 transitions, 7F0 ! 5

GJ,
5L6,

5D3–1, and Tb3þ intra-4f8, 7F6 ! 5G6,
5D4. The

large broad band is also observed in the PLE spectrum

of the H2nicO ligand, peaking around 360 nm (see inset

of Fig. 5). The incorporation of the lanthanide ions

produce a blue-shift of the ligands energy levels (�794

cm�1, Eu3þ, �1291 cm�1, Tb3þ), indicating an effective

interaction between the two lanthanide ions and the
H2nicO ligand. Moreover, the intensity of the metal-

centred transitions is strong, relatively to that of the

broad ligand band, which actually implies that direct

metal excitation is comparable with the sensitized pro-

cess, as the extinction coefficients of the metal emission

are much lower than that of the ligands. On the con-

trary, the ligand-to-metal energy transfer seems to be
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Fig. 5. RT PLE spectra of the (a) [Eu(HnicO)2(l-HnicO)(H2O)] �
1.25H2O and (b) [Tb(HnicO)2(l-HnicO)(H2O)] � 1.75H2O monitored

around 611.5 and 544.0 nm, respectively. The inset shows the RT PLE

spectrum of the H2nicO ligand monitored around 420 nm.
more efficient in the [Eu(picOH)2(l-HpicO)(H2O)] �
3H2O complex, as the integrated intensity of the broad

band is much larger than that of the f–f lines (the sen-

sitized process is clearly much more important than the

direct metal excitation), inset of Fig. 3(b) of [6].
The diffuse reflectance spectra of the H2nicO ligand

and the Eu(III) and Tb(III) complexes are shown in

Fig. 6. The spectra are very similar, consisting of a large

broad absorption bands in the UV region at approxi-

mately 220–380 nm. The maximum of this band shifts

towards lower wavelengths in the complexes, relative to

the ligand, in accordance with the PLE spectra.

The RT lifetime of the Eu3þ and Tb3þ first excited
state was monitored around the more intense transition

of the cation (see insets of Fig. 4(a) and (b), respec-

tively). The decay curve is well described by a single

exponential, indicating a single and homogeneous local

coordination site for the lanthanide ions. The fit of the

experimental data revealed lifetimes of 0.592� 0.007

and 0.113� 0.002 ms for the Eu3þ and Tb3þ emitting

state, 5D0 and 5D4, respectively.
Due to the particular characteristics of the Eu3þ en-

ergy levels, we are able to estimate the efficiency, q, of
the emission arising from the 5D0 level [6,35,36]. As-

suming that only non-radiative and radiative processes

are essentially involved in the depopulation of the 5D0

state, q can be defined as q ¼ kr=ðkr þ knrÞ, where kr and
knr are the radiative and non-radiative probabilities,
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Fig. 6. RT diffuse reflectance spectra of (a) [Eu(HnicO)2(l-HnicO)

(H2O)] � 1.25H2O, (b) [Tb(HnicO)2(l-HnicO)(H2O)] � 1.75H2O and (c)

H2nicO ligand.
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respectively. The emission intensity, I , taken as the in-

tegrated intensity of the 5D0 ! 7F0–4 emission lines, can

be expressed by

Ii!j ¼ �hwi!jAi!jNi; ð1Þ

where i and j represent the initial (5D0) and final levels

(7F0–4), respectively, �hwi!j is the transition energy, Ai!j

corresponds to Einstein�s coefficient of spontaneous

emission and Ni is the population of the 5D0 emitting
level [6,37,38]. The radiative contribution, kr, may be

calculated from the relative intensities of the 5D0 ! 7F0–4.

Since the 5D0 ! 7F1 transition can be considered as a

reference, due to its dipolar magnetic nature, kr, can be

calculated as [6,35,36]

kr ¼
A0–1E0–1

S0–1

X4

J¼0

S0–J
E0–J

; ð2Þ

where A0–1 is Einstein�s coefficient of spontaneous
emission between the 5D0 and the 7F1 levels, which is

usually referenced as equal to 50 s�1 [6,19,20], E0–J and

S0–J are the energy and the integrated intensity of the
5D0 ! 7FJ transition, respectively. The parameter knr can
be calculated from the 5D0 experimental decay time, s,
considering that kexp ¼ s�1 ¼ krad þ knrad. We obtained a

q value of � 29.2% for the Eu3þ emission in the HnicO�

complex, with corresponding kr and knr values of �0.494
and �1.195 ms�1, respectively. These values are different

from those calculated for the Eu3þ complex involving

the HpicOH ligand, while the quantum efficiency value

and the radiative transition probability are higher than

the values observed for the Eu3þ complex involving

the HpicOH ligand (q � 13:5% and kr � 0:281 ms�1) the

non-radiative transition probability is smaller (knr �
1:785 ms�1) [6].

The luminescence quenching of rare earth ions is

usually associated with the presence of water molecules

coordinated to the ion. Assuming the presence of OH

oscillators as responsible for the non-radiative compo-

nent of the experimental transition probability, we can

infer the number of coordinated water molecules, nw,
though the empirical formula suggested by Horrocks

and co-workers [39], nw ¼ 1:05� ðkexp � krÞ. We found
that the number of water molecules, which belong to the

Eu3þ first coordination shell is 1.3� 0.5. This result is

consistent with the single crystal X-ray diffraction results

discussed in the previous section.

In the next paragraphs we will interpret the observed

differences between the HpicOH ligand and the H2nicO

ligand, namely, the more efficient ligand-to-metal energy

transfer mechanisms performed by the latter ligand for
the Tb3þ ions and the greater q value found for the

[Eu(HnicO)2(l-HnicO)(H2O)] � 1.25H2O complex, in

spite of the less efficient ligand-to-metal energy transfer,

relatively to the Eu3þ complex with HpicOH ligand.
In the PLE spectra monitored around the Eu3þ and

Tb3þ emission lines the band ascribed to the HpicOH

ligands is centred at ca. 26660 cm�1 (375 nm), which

corresponds to the same energy found in the PLE

spectrum of the non-coordinated HpicOH ligand [6].
However, in the case of the H2nicO complex there is a

blue-shift of the energy of the band that corresponds to

the excitation of the ligands levels in the spectra moni-

tored around the ions emission lines, when compared

with the energy found in the PLE spectra of the non-

coordinated ligand, being around 28 571 cm�1 (350 nm)

and 29 070 cm�1 (344 nm) for the Eu3þ and Tb3þ-based
complexes, respectively. These results suggest a more
effective interaction between the lanthanide ions and the

ligands in the case of the H2nicO-based complexes.

The energy of the ligands, HpicOH and H2nicO, levels

in the presence of the Eu3þ and Tb3þ ions can be esti-

mated by analysing the luminescence of the respective

Gd3þ-based complexes. This experimental procedure is

based on the fact that the Gd3þ excited levels have en-

ergies much higher than those typical of ligand singlet
and triplet states, disabling, thus, any ligand-to-metal

energy transfer process. In this way, the luminescence

spectra will be composed by transitions arising from the

singlet and triplet ligands levels. Fig. 7 shows the emis-

sion spectra arising from the Gd3þ-based complexes

involving H2nicO and HpicOH ligands, excited at 340

and 355 nm, respectively. These spectra were measured

at low-temperature, 10 K, in order to achieve greater
intensity and resolution in the energy levels assignment.

The emission spectrum of [Gd(HnicO)2(l-HnicO)

(H2O)] � 6H2O displays two peaks, centred around

475 nm (21 053 cm�1), 507 nm (19 724 cm�1) ascribed to

a resolvable vibrational fine structure originating from a

single triplet state or to the lowest three triplet states of

each one of the three H2nicO ligands. The fact that the

two peaks separation in energy is ca. 1329 cm�1, which
approximately corresponds to a vibrational progression

typical of the np� emission of aromatic molecules

[40,41], supports the former suggestion. In the emission

spectrum of [Gd(picOH)2(l-HpicO)(H2O)] � 5H2O, red-

shifted regarding that of the Gd H2nicO complex, only

one peak is unequivocally distinguished, centred at ca.

519 nm (19 268 cm�1). However, the shape of the

emission curve is clearly associated with more than one
Gaussian curve in accordance with a vibrational fine

structure.

Fig. 8 shows the excitation PLE spectra for both

Gd3þ-based complexes monitored around the more in-

tense emission peak. The spectra reveal a large broad

band centred around 340 and 355 nm for the complexes

with H2nicO and HpicOH, respectively. The RT diffuse

reflectance spectrum (see inset of Fig. 8) of each complex
also indicates that the maximum absorption occurs

around the same excitation wavelengths extracted from

the low-temperature PLE spectra.
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The energetic position of the singlet (S) and triplet (T)

states relative to each ligand were extracted from the

previous analyses of the excitation and emission spectra

measured at 10 K for Gd3þ-based complexes. The en-

ergy of the triplet state was estimated from the shortest-
wavelength peak of the PL emission spectra, whereas the

energy of the singlet was extracted from the absorption

edges in the diffuse reflectance spectra (assuming that it

corresponds 0 (S0)! 0 (S1) transition). This energy can

be also determined from the PLE spectra of the Gd3þ-
based complexes. Fig. 9 shows the energetic position of

the singlet and triplet states relative to the H2nicO and

HpicOH ligands and the Eu3þ and Tb3þ intra-4f levels.
The singlet and triplet energy of HpicOH are red-

shifted with respect to the H2nicO levels. Focussing first

on the Tb3þ-based complexes, there is a higher reso-

nance between the HpicOH singlet and the 5L10 and
5D3

levels. Although it might contribute to a greater energy

transfer to the lanthanide ion, it also increases the

probability of back transfer from the lanthanide levels.

Moreover, the HpicOH energy of the triplet state lies
below the Tb3þ emitting state (5D4), so that the energy

transfer mechanisms from the ligands to the Tb3þ ions

are not favoured and radiative emission from the ligands

triplet levels occurs. In the complexes with H2nicO, the

ligands triplet state is almost resonant with the 5D4 level,
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so that efficient energy transfer occurs from the triplet to

that level, disabling the ligands emission.

In the Eu3þ-based complexes both ligands provide

energy transfer to the lanthanide emitting level. In both

cases the greater overlap occurs between the triplet state
and the 5D1 level. Malta et al. [42] reported that the

most efficiency energy transfer occurs between the triplet

states and the 5D1 level, through the so-called ex-

changing mechanism. As the triplet states are more

resonance with the 5D1 level in the complex with Hpi-

cOH, relatively to the complex with H2nicO (Fig. 9), the

ligand-to-metal energy transfer should be more efficient

in the former complex, which is exactly the conclusion
inferred from the excitation spectra discussed previ-

ously. In any case, this resonance induces the observed

absence of the ligands contribution in the emission

spectra of both complexes. However, a greater q value

was obtained for the complexes with H2nicO (29.2%)

than that calculated for [Eu(picOH)2(l-HpicO)(H2O)] �
3H2O (13.5%) [6]. This may also be interpreted through

the analysis of the relative position between the triplet
states and the 5D0 emitting level. The greater overlap

between this level and the triplet level occurs for the

complex with HpicOH, increasing the probability of

phonon-assisted energy back-transfer from the 5D0 level

to the triplet state. This will disregard the population of

the 5D0 level and contribute to decrease its quantum

efficiency. Moreover, water molecules belonging to the

first coordination shell contribute for that phonon-
assisted back-transfer mechanism. Despite the same

number of water molecules in the first coordination shell

for both complexes (one), in [Eu(HnicO)2(l-HnicO)

(H2O)] � 1.25H2O the water molecule is more far away

from the central ion than in [Eu(picOH)2(l-HpicO)

(H2O)] � 3H2O (2.514 and 2.389 �AA, respectively). This is

an additional argument supporting the relative minor

importance of the phonon-assisted back-transfer mech-

anism in the Eu3þ-HnicO complex.
3. Experimental

All chemicals were supplied by Aldrich and used as

received.

3.1. Preparation of [Ln(HnicO)2(l-HnicO)(H2O)] �
nH2O (Ln¼Eu, Gd, Tb, Er, Tm)

The lanthanide complexes were prepared by adding

aqueous solutions (5 ml) of the respective lanthanide salt
(0.5 mmol), LnX3 � nH2O (Ln¼Eu, Gd, Er, Tm and

X¼Cl; Ln¼Tb and X¼NO3), to an aqueous solution

(15 ml, pH 6.0) of 2-hydroxynicotinic acid (2 mmol) and

KOH (2 mmol). After stirring the mixture over one

hour, the solid formed was collected by filtering and

then washed thoroughly with distilled water. Crystals of
1 and 2 were obtained by recrystallization from aqueous

solutions of the respective powders, after slow evapo-

ration over two months. Anal. Calc. for [Eu(HnicO)2(l-
HnicO)(H2O)] � 1.25H2O: C 35.63; N 6.92; H 2.74.

Found: C 32.81; N 6.69; H 3.54%. Calc. for
[Gd(HnicO)2(l-HnicO)(H2O)] � 6H2O: C 30.99; N 6.03;

H 3.73. Found: C 30.62; N 5.90; H 3.14%. Calc. for

[Tb(HnicO)2(l-HnicO)(H2O)] � 1.75H2O: C 34.71; N

6.75; H 2.83. Found: C 33.12; N 6.83; H 2.87%. Calc. for

[Er(HnicO)2(l-HnicO)(H2O)] � 4H2O: C 32.19; N 6.26;

H 3.28. Found C 32.15; N 6.43; H 3.25%. Calc. for

[Tm(HnicO)2(l-HnicO)(H2O)] � 2H2O: C 33.91; N 6.59;

H 2.83. Found C 33.75; N 7.84; H 2.27%.
3.2. Preparation of [Gd(picOH)2(l-HpicO)(H2O)]

� 5H2O

The gadolinium 3-hydroxypicolinate complex

[Gd(picOH)2(l-HpicO)(H2O)] � 5H2O was synthesized

using our earlier reported method [6] for other lantha-

nide complexes. Gd(OH)3 was prepared by adding
aqueous solutions (5 ml) of KOH (3 mmol) to an equal

volume of aqueous solutions containing the gadolinium

chloride salt (1 mmol). The solid formed was stirred over

90 min, filtered and washed thoroughly with distilled

water. The 3-hydroxypicolinate gadolinium complex

was prepared by adding 1 mmol of Gd(OH)3 to an

aqueous solution (25 ml) containing 3-hydroxypicolinic

acid (4 mmol). This mixture was stirred during 1 h, then
heated for 30 min at 80 �C, and further stirred over eight

hours at room temperature. The solid obtained was fil-

tered, washed thoroughly with distilled water and dried

over silica gel. Anal. Calc. for [Gd(picOH)2(l-
HpicO)(H2O)] � 5H2O: C 31.81; N 6.18; H 3.56. Found C

31.29; N 6.01; H 2.41%. Selected bands from infrared

(solid, KBr pellet, m/cm�1)/Raman (solid, m/cm�1, in

italics) spectra and tentative assignments [6]: 3424 [m(O–
H)]; 1625/1626 [mas(CO2)]; 1592/1591 [m(C–N)]; 1343/

1322 [ms(CO2)]; 1261/1261 [m(C–O)h].
3.3. Crystallography

The pertinent crystallographic data for complexes 1

and 2 are summarized in Table 3.

X-ray data were collected at room temperature on a

MAR research plate system using graphite monocro-

matized Mo Ka radiation (k ¼ 0:71073 �AA) at Reading

University. The crystals were positioned at 70 mm from

the image plate. 95 frames were taken at 2� intervals
using a counting time of 5 min. Data analysis was per-

formed with XDS program [43]. Intensities were cor-

rected empirically for absorption effects, using a DIFABSDIFABS

version modified for image plate geometry [44].

The structure was solved by direct methods and by

subsequent difference Fourier syntheses and refined by



Table 3

Crystal data and pertinent refinement details for complexes 1 and 2

Compound 1 2

Empirical formula C18H17:50N3O11:75Tb C18H16:50N3O11:25Eu

Formula weight 622.77 606.80

Crystal system triclinic triclinic

Space group P�11 P�11
Unit cell dimensions

a (�AA) 6.510(9) 6.575(9)

b (�AA) 13.076(15) 12.897(15)

c (�AA) 14.554(16) 14.645(17)

a (�) 82.22(1) 82.89(1)

b (�) 80.86(1) 80.79(1)

c (�) 82.70(1) 83.77(1)

Volume (�AA3) 1205 1211(3)

Z 2 2

Calculated density (Mg m�3) 1.729 1.696

Absorption coefficient (mm�1) 2.999 2.652

Reflections collected 5994 7318

Unique reflections [Rint] 4071 [0.0589] 4197 [0.0732]

Data/restraints/parameters 4071/0/316 4197/0/307

Final R indices ½I > 2rðIÞ�R1 and wR2 0.0674, 0.1858 0.0577, 0.1516

R indices (all data) R1 and wR2 0.0710, 0.1883 0.0641, 0.1553

Largest difference peak and hole (e�AA�3) )1.588 to 2.090 )1.013 to 1.503
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full matrix least squares on F 2 using the SHELXSHELX-97

system programs [45].

The hydrogen atoms on the parent carbon atoms and

pyridine nitrogen atoms were included in calculated

positions and given thermal parameters equivalent 1.2

times those of the atom to which were attached. The

hydrogen atoms of the water molecules were not re-

vealed by the successive Fourier maps and their posi-
tions were not introduced in the refinement. The last

difference Fourier maps calculated showed residual

electronic densities in the range )1.59 to 2.10 e�AA�3 for 1

and )1.01 to 1.50 for 2, with the highest positive peak

within the corresponding metal coordination sphere.
3.4. Instrumentation

All the lanthanide complexes were characterized by

infrared, Raman, NMR, diffuse reflectance and photo-

luminescence spectroscopies, and elemental analysis.

Infrared spectra were measured as KBr disks using a

Mattson 7000 FT instrument. Raman spectra were re-

corded using a Br€uuker RFS100/S FT-Raman spec-

trometer (Nd:YAG laser, 1064 nm excitation). Diffuse

reflectance spectra were measured on a JASCO V-560
instrument. 13C NMR spectra have been recorded on a

Bruker Avance 400 at 100.6 MHz, details are given in

the text and in the caption of Fig. 3. Microanalyses (C,

H and N) were measured in the Department of Chem-

istry, University of Aveiro.

The emission, PL, and excitation, PLE, spectra (10–

300 K) of the Eu3þ and Tb3þ powder complexes were

recorded on a Jobin Yvon-Spex spectrometer (HR 460)
coupled to aR928Hamamatsu photomultiplier. A 150W
Xe arc lamp coupled to an excitation monochromator

Jobin Yvon-Spex (TRIAX 180) was used as excitation

source. The RT infrared emission of the Er(III) com-

pound was detected on a Bruker IFS 66v Fourier trans-

form infrared (FTIR) coupled to aGeNorth-West-Coast

EO-817 photodiode cooled to 77 K. The 514.5 nm line of

an Ar ion-laser was used as excitation source. The RT

lifetime measurements were carried out using a pulsed Xe
arc lamp (5 mJ/pulse, 3 ls bandwidth) coupled to a

Kratos GM-252 monochromator and a Spex 1934 C

phosphorimeter.
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