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a b s t r a c t

Europium and terbium complexes of ortho, meta and para substituted benzoate ligands including
nitrobenzoate (NBA), aminobenzoate (ABA), hydroxybenzoate (OHBA) and methoxybenzoate (MeOBA)
have been synthesised by metathesis reactions, carried out in aqueous media. The complexes were
characterised by elemental, compositional and structural investigations, including microanalysis, EDTA
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eywords:
uropium

titrations, differential thermal analysis, infra red spectroscopy, X-ray powder diffraction and single crys-
tal structural analyses. Besides this, strong emphasis was on the determination of the optoelectronic
properties of the compounds in the solid state. In this regard, reflectance, excitation and emission spec-
tra were recorded. From these, the emission and excitation efficiencies were determined. The relative

splitt 5 7

erbium
arboxylates
uminescence

intensities as well as the
are discussed.

. Introduction

As noted in the first part [1] of this series, lanthanoids are
idely used in various devices [2–12] due to their unique opto-

lectronic properties. Not only are they line emitters, the screened
nner 4f electrons interact negligibly with the surrounding crystal
eld, hence their emission energies, and therefore colours, are of

nvariable energy [13–20].
To overcome the poor absorption properties [13,16,17,20–22]

hich are a limiting factor regarding luminescence performance,
trongly absorbing ligands can be attached to the lanthanoid cen-
re. These chromophores act as photon collectors, transferring the
bsorbed energy to the lanthanoid, thus exciting it indirectly. The
etal can then relax to its electronic ground state accompanied by

anthanoid specific luminescence (antenna effect) [10,21]. Due to
hese properties, these compounds are also known as light convert-
ng molecular devices (LCMDs) [23].

Although the photophysical properties of many different classes

f lanthanoid complexes have been studied [5,6,24–32], the indi-
idual results are often somewhat meaningless, since the light
utput is dependent on the experimental conditions (excitation
avelength, correction procedure) as well as sample preparation

∗ Corresponding author. Tel.: +61 03 9905 4570; fax: +61 03 9905 4597.
E-mail address: peter.junk@monash.edu (P.C. Junk).

1 Present address: School of Chemistry, University of New South Wales, Sydney,
SW 2052, Australia.

010-6030/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jphotochem.2010.09.021
ing patterns of the D0→ FJ transitions in the europium emission spectra

© 2010 Elsevier B.V. All rights reserved.

(solution, concentration, temperature). It was therefore decided to
conduct a comprehensive study, characterising the complexes in
their solid state, following a well documented measuring protocol.

This study focuses on europium (emits red light due to
5D0→7 F2 transition), gadolinium and terbium (emits green light
due to 5 D4→ 7F5 transition) complexes of aromatic carboxylates.
The carboxylate group strongly coordinates the highly oxophilic
lanthanoids while the delocalised aromatic � electron system effi-
ciently absorbs photons due �*←� transitions. Gd compounds
do not emit visible light. However, the phosphorescence spec-
tra of the gadolinium complexes show signals resulting from
triplet→ singlet transitions and thus reflect the triplet state ener-
gies of the coordinated ligands.

The previous study [1] focussed on Eu3+ and Tb3+ complexes
involving aromatic carboxylate ligands which were functionalised
by hydrocarbon substituents. Therein we showed the effect con-
jugation had on the ligand to lanthanoid energy transfer efficiency
and the emission efficiency, which were improved by the introduc-
tion of alkyl groups. In this study we now focus on benzoate ligands
functionalised with polar substituents.

2. Results and discussion
2.1. Synthesis

The europium, gadolinium and terbium complexes were syn-
thesised by aqueous metathesis reactions involving EuCl3/GdCl3/

dx.doi.org/10.1016/j.jphotochem.2010.09.021
http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:peter.junk@monash.edu
dx.doi.org/10.1016/j.jphotochem.2010.09.021
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bCl3 and slightly acidic sodium carboxylate solutions (pH 5–6)
s reported previously [1] (see Eq. (1)). Following this proce-
ure, europium, gadolinium and terbium complexes of o-, m-,
-nitrobenzoic acid (o-, m-, p-HNBA), o-, m-, p-aminobenzoic acid
o-, m-, p-HABA), o-, m-, p-hydroxobenzoic acid (o-, m-, p-HOHBA)
nd o-, m-, p-methoxybenzoic acid (o-, m-, p-HMeOBA) were syn-
hesised. The ligands are presented in Fig. 1. In all reactions, a white
recipitate of the lanthanoid tris-carboxylate deposited, except in
he synthesis of europium o-hydroxobenzoate, a yellow precipi-
ate was obtained. In the latter, by lowering the pH to three a white
rystalline compound of different composition was formed. Both
odifications are included in this study. The reaction yields ranged

rom 29% to 93% but were generally in the vicinity of 80%. The
adolinium complexes were synthesised solely to determine the
riplet state energies of the ligands derived from phosphorescence

easurements (see below).

nCl3(aq)+3NaL(aq)→ 3NaCl(aq)+ LnL3(s) (1)

(L = o-, m-, p-NBA; o-, m-, p-ABA; o-, m-, p-HBA; o-, m-, p-MeOBA.
evels of hydration not shown, see Section 4 for details)

.2. Composition

The complexes were analysed using carbon microanalysis and
DTA complexometric methods. The compositions based on those
esults are presented in Table 1. The experimentally determined
alues are close to the experimentally expected ones (e.g. less than

% discrepancy). Some compounds such as the terbium nitroben-
oates, have slightly higher differences in the terbium contents
ut since these compounds were not photophysically active it was
ecided not to pursue the investigation of these complexes any
urther.

able 1
icroanalytical data for all complexes.

Europium complexes

Composition Found Calculated

Eu(o-NBA)3(H2O)2 Eu = 21.7% Eu = 21.7%
C = 37.3% C = 36.7%

Eu(m-NBA)3(H2O)2 Eu = 22.1% Eu = 21.7%
C = 36.5% C = 36.7%

Eu(p-NBA)3(H2O)2 Eu = 22.0% Eu = 21.7%
C = 37.1% C = 36.7%

Eu(o-ABA)3(H2O) Eu = 25.5% Eu = 26.3%
C = 44.4% C = 43.6%

Eu(m-ABA)3(H2O)6 Eu = 22.8% Eu = 22.7%
C = 38.6% C = 37.7%

Eu(p-ABA)3(H2O) Eu = 26.5% Eu = 26.3%
C = 43.4% C = 43.6%

Eu(o-OHA)3(H2O) Eu = 26.2% Eu = 26.1%
C = 43.3% C = 43.4%

Eu(o-OHA)3(H2O)6 Eu = 22.8% Eu = 22.6%
C = 38.3% C = 37.6%

Eu(m-OHBA)3(H2O)5 Eu = 23.3% Eu = 23.2%
C = 38.0% C = 38.4%

Eu(p-OHBA)3(H2O) Eu = 25.5% Eu = 26.0%
C = 42.3% C = 43.2%

Eu(o-MeOBA)3(H2O)4 Eu = 23.1% Eu = 22.4%
C = 43.2% C = 42.6%

Eu(m-MeOBA)3(H2O)2 Eu = 24.3% Eu = 23.7%
C = 45.3% C = 44.9%

Eu(p-MeOBA)3 Eu = 24.4% Eu = 25.1%
C = 48.5% C = 47.6%
O-CH
3

o-HMeOBA            m-HMeOBA        p-HMeOBA
Fig. 1. Ligands used in this work.

2.3. Thermogravimetric analysis

Differential thermal analysis (TG/DTA) was used to analyse
selected complexes. This investigation tool was applied only to

Terbium complexes

Composition Found Calculated

Tb(o-BA)3(H2O)2 Tb = 22.9% Tb = 21.9%
C = 36.3% C = 36.4%

Tb(m-NBA)3(H2O)2 Tb = 23.4% Tb = 21.9%
C = 36.8% C = 36.4%

Tb(p-NBA)3(H2O)2 Tb = 23.0% Tb = 21.9%
C = 36.4% C = 36.4%

Tb(o-ABA)3(H2O) Tb = 27.2% Tb = 27.3%
C = 43.4% C = 43.1%

Tb(m-ABA)3(H2O)6 Tb = 23.9% Tb = 23.5%
C = 38.1% C = 37.3%

Tb(p-ABA)3(H2O) Tb = 27.2% Tb = 27.3%
C = 43.9% C = 43.1%

Tb(o-OHBA)3(H2O)6 Tb = 24.3% Tb = 23.4%
C = 38.0% C = 37.2%

Tb(m-OHBA)3(H2O)5 Tb = 23.4%
C = 37.3.6% C = 38.2%

Tb(p-OHBA)3(H2O) Tb = 26.7% Tb = 27.0%
C = 43.0% C = 42.9%

Tb(o-MeOBA)3(H2O)4 Tb = 24.0% Tb = 23.2%
C = 43.0% C = 42.1%

Tb(m-MeOBA)3(H2O)2 Tb = 24.8% Tb = 24.5%
C = 44.7% C = 44.5%

Tb(p-MeOBA)3(H2O) Tb = 25.8% Tb = 26.0%
C = 46.9% C = 47.1%
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Table 2
Weight loss determined by DTA.

Complex Initial weight loss Expected wt loss for nH2O Total weight loss (%) Expected wt loss for oxide formation (%)

Tb(o-ABA)3(H2O) 3% 3% (n = 1) 69 68
(Exo: 115–180 ◦C)

Eu(p-ABA)3(H2O) 3% 3% (n = 1) 70 69
(Exo: 120–220 ◦C)

Eu(o-OHBA)3(H2O) 3% 3% (n = 1) 70 70
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(Exo: 180–220 ◦C)

Tb(m-OHBA)3(H2O)5 14% 14% (n = 5)
(Exo: 100–280 ◦C)

elected complexes to gain further evidence, and confidence of
he compositions listed in Table 1. The results were in agreement
ith the previous volumetric and microanalytical data and con-
rm the suggested compositions of the synthesised complexes
Table 2).

.4. IR data

ATR-FTIR spectra of the complexes were recorded and compared
ith the spectra of the free ligands. The stretching frequencies for

he carbonyl groups (free acid) and the two carboxylate groups

complex) are presented in Table 3 (note that the aminobenzoic
cid ligands exist as zwitter ions).

Following the classification described in the previous paper
1,33,34], the energy difference between the asymmetric and sym-

etric carboxylate stretching frequencies �� can be linked to

able 3
tretching frequencies of C O and CO2

− vibrations (cm−1).

Composition HL

Ln(o-NBA)3(H2O)2 �(C O): 1670

Ln(m-NBA)3(H2O)2 �(C O): 1684

Ln(p-NBA)3(H2O)2 �(C O): 1681

Ln(o-ABA)3(H2O) �(C O): 1652
�asy(CO2

−): 1566
�sy(CO2

−): 1409
Ln(m-ABA)3(H2O)6

�asy(CO2
−): 1546

�sy(CO2
−): 1390

Ln(p-ABA)3(H2O) �(C O): 1655
�asy(CO2

−): 1571
�sy(CO2

−): 1415
Ln(o-OHBA)3(H2O) �(C O): 1648

Ln(o-OHBA)3(H2O)6 �(C O): 1648

Ln(m-OHBA)3(H2O)5 �(C O): 1676

Ln(p-OHBA)3(H2O) �(C O): 1667

Ln(o-MeOBA)3(H2O)4 �(C O): 1663

Ln(m-MeOBA)3(H2O)2 �(C O): 1680

Ln(p-MeOBA)3(H2O) �(C O): 1666
70 72

structural features predominantly present in carboxylate com-
plexes. Very small �� values (e.g. <100 cm−1) are only observed
for the o-nitrobenzoate complexes, suggesting very asymmetric
carboxylate groups distorted by complex coordination modes.

The Eu(o-OHA)3(H2O) and Tb(m-OHBA)3(H2O)5 complexes
show very large �� values (e.g. >150 cm−1). This has been sug-
gestive of the presence of unidentate coordination modes. The
spectra of the remaining complexes have a moderate separation
(e.g. 120–150 cm−1). Values of 150 cm−1 are associated with ideal
symmetric carboxylate groups (C2v) resulting from bridging and
chelating coordination modes. Distortion caused by uneven coor-

dination, such as binding selectively to one carboxylate oxygen,
usually leads to smaller �� values. It should be noted that these
are guidelines only. This is particularly true for the high coordinate
lanthanoid complexes that combine several binding modes within
the same coordination sphere.

Ln = Eu Ln = Tb

�asy(CO2
−): 1489 �asy(CO2

−): 1489
�sy(CO2

−): 1417–1412 �sy(CO2
−): 1422–1413

��(CO2
−): 72–77 ��(CO2

−): 67–78
�asy(CO2

−): 1553 �asy(CO2
−): 1551

�sy(CO2
−): 1403 �sy(CO2

−): 1403
��(CO2

−): 150 ��(CO2
−): 148

�asy(CO2
−): 1556 �asy(CO2

−): 1557
�sy(CO2

−): 1414 �sy(CO2
−): 1422

��(CO2
−): 142 ��(CO2

−): 135
�asy(CO2

−): 1505 �asy(CO2
−): 1508

�sy(CO2
−): 1390 �sy(CO2

−): 1392
��(CO2

−): 115 ��(CO2
−): 116

�asy(CO2
−): 1529 �asy(CO2

−): 1526
�sy(CO2

−): 1398 �sy(CO2
−): 1396

��(CO2
−): 131 ��(CO2

−): 132
�asy(CO2

−): 1500 �asy(CO2
−): 1502

�sy(CO2
−): 1384 �sy(CO2

−): 1390
��(CO2

−): 116 ��(CO2
−): 112

�asy(CO2
−): 1550–1545 NA

�sy(CO2
−): 1380

��(CO2
−): 165–170

�asy(CO2
−): 1535 �asy(CO2

−): 1535
�sy(CO2

−): 1397 �sy(CO2
−): 1400

��(CO2
−): 138 ��(CO2

−): 135
�asy(CO2

−): 1537 �asy(CO2
−): 1527

�sy(CO2
−): 1413 �sy(CO2

−): 1364
��(CO2

−): 124 ��(CO2
−): 163

�asy(CO2
−): 1500 �asy(CO2

−): 1516 + 1489
�sy(CO2

−): 1404 �sy(CO2
−): 1371

��(CO2
−): 96 ��(CO2

−): 118 + 145
�asy(CO2

−): 1535–1518 �asy(CO2
−): 1533–1516

�sy(CO2
−): 1390 �sy(CO2

−): 1389
��(CO2

−): 128–145 ��(CO2
−): 127–144

�asy(CO2
−): 1527 �asy(CO2

−): 1527
�sy(CO2

−): 1394 �sy(CO2
−): 1394

��(CO2
−): 133 ��(CO2

−): 133
�asy(CO2

−): 1495 �asy(CO2
−): 1496

�sy(CO2
−): 1374 �sy(CO2

−): 1374
��(CO2

−): 121 ��(CO2
−): 122
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bidentate carboxylate groups, one being chelating while the other
two are bridging. The chelating carboxylate group is involved in
hydrogen bonding with water molecules of solvation. The coordi-
nation about the Tb3+ centre is completed by two water molecules,
M. Hilder et al. / Journal of Photochemistry

.5. Phase and structural analysis

Powder X-ray diffraction experiments were conducted on the
solated Eu and Tb products. To determine whether the com-
ounds were isostructural to other known analogues they were
ompared with powder patterns generated from published sin-
le crystal data. Single crystals were obtained for some complexes
Tb(o-MeOBA)3(H2O)4, Tb(m-MeOBA)3(H2O)2 and Tb(p-MeOBA)3).
n these cases the molecular structures were determined using sin-
le X-ray analysis.

In all cases except of the o-hydroxobenzoate, the diffraction
atterns of the europium and terbium compounds were essen-
ially identical suggesting that the corresponding complexes are
sostructural.

Although no Eu or Tb complexes are known of o-NBA the pow-
er pattern is similar to those generated from the compounds with
omposition [Ln(o-NBA)3(H2O)2]n (Ln = La [35], Ho [36] and Sm
36], established by single crystal determination) indicating the Eu
nd Tb o-NBA complexes are isostructural to these compounds.
lthough the powder patterns of the synthesised Eu and Tb p-
BA complexes match each other, the structure is different to the
ublished single crystal X-ray structures of [Ln2(p-NBA)6(H2O)4]n

Ln = Eu [37], Tb [37,38]) as the generated powder patterns do not
atch.
The structures of the Eu and Tb o-ABA complexes are identi-

al to {[Ln(o-ABA)3(H2O)2](H2O)}2 (Ln = Er [39], Yb [39]). It should
e mentioned that there are also two additional structural modifi-
ations namely [La(o-ABA)3]n [39] and [Nd(o-ABA)3(H2O)3](H2O)3
39]. The structure of the present Ln(m-ABA)3(H2O)6 (Ln = Eu,
b) complexes is identical to the published structures of [Ln(m-
BA)3(H2O)3](H2O)3 (Ln = Sm [40], Lu [41], Er [41] and Dy [40]),
ut is different to the Pr [42] or Nd [42] complexes, where the
ation is significantly larger. The Eu and Tb p-ABA complexes are
sostructural to the published single crystal X-ray structure of
Tb(p-ABA)3(H2O)]n [43].

Despite the fact that there are some published single crys-
al structures of europium and terbium o-hydroxobenzoates (Eu
44], Tb [45]), the two compounds with the composition of Eu(o-
BA)3(H2O)6 and Tb(o-HBA)3(H2O)6 are not the same. Interestingly

he yellow Eu complex appears to be identical to the Gd structure
f the [Gd(o-OHBA)(H-o-OHBA)(o-OBA)(H2O)]n [46]. Eu and Tb m-
ydroxobenzoate are isostructural to the published structures of
[Ln(m-OHBA)3(H2O)3](H2O)2}n (Ln = Sm [47], Er [47], Nd [48]). No
ingle structures of lanthanoid p-hydroxobenzoate complexes have
een published.

Single crystals suitable for X-ray structural determination were
btained for the series of terbium o-, m- and p-methoxybenzoate
omplexes (Figs. 2–4, Tables 4–6). In all cases the bulk phase of the
b and Eu analogues were identical with the single crystal phase
s determined by comparison of the powder diffractogram gen-
rated from the single crystal data with data from X-ray powder
iffraction.

The dimeric {[Tb(o-MeOBA)3(H2O)2]·(H2O)2}2 complex crys-
allises in the triclinic space group P-1. The structure incorporates
wo symmetrical chelating bidentate ligands (Fig. 2). Every ter-
ium has two water molecules coordinated to its centre. The third
arboxylate ligand chelates to one centre and bridges to the sec-
nd, resulting in a binuclear complex. Due to the tridentate nature,
he carboxylate group is rather asymmetric, since the C–O dis-
ances for the two carboxylate groups are 1.246(5) Å (involving the

onodentate oxygen atom), 1.279(5) Å (involving the bidentate

xygen atom) respectively and can be compared with the sym-
etrical chelating C–O bond lengths of 1.269(5) (C(1)–O(1)) and

.271(5) (C(1)–O(2)) Å respectively. The overall coordination num-
er of terbium is nine forming a doubled trigonal prism. The average
b–O distance is 2.45 Å. The O–C–O angle range for the different
Fig. 2. X-ray crystal structure of {[Tb(o-MeOBA)3(H2O)2]·(H2O)2}2.

carboxylate groups is fairly narrow, varying between 119.2◦ and
119.7◦. The distance between the two Tb centres of the dimer is,
with a value of 4.1 Å, fairly small. Hydrogen bonding between one
of the coordinated water molecules and one of the oxygen atoms of
the bidentate chelating carboxylate group leads to a three dimen-
sional network. Additionally, the crystal lattice contains two free
water molecules. The binuclear structure combines various car-
boxylate binding modes, resulting in a wide �� range, which is
probably caused by complex coupling involving the various groups.
The described structure is different to a published structure of Nd o-
methoxybenzoate [49], meaning that there are structural variations
of this ligand within the lanthanoid series.

The structure of terbium m-methoxybenzoate (Fig. 3) is identical
to the structure of the published Eu analogue [50], which crystal-
lizes in the monoclinic space group P21/c. The two dimensional
chain structure of [Tb(m-MeOBA)3(H2O)2]n only incorporates
Fig. 3. X-ray crystal structure of [Tb(m-MeOBA)3(H2O)2]n.
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Table 5
Bond lengths (Å) and angles (◦) in [Tb(m-MeOBA)3(H2O)2]n .

Selected bond distances
Tb(1)–O(1) 2.513(3)
Tb(1)–O(2) 2.393(4)
Tb(1)–O(4) 2.484(3)
Tb(1)–O(5) 2.418(3)
Tb(1)–O(7) 2.610(3)
Tb(1)–O(8) 2.459(3)
Tb(1)–O(10) 2.422(3)
Tb(1)–O(11) 2.329(3)

Selected bond angles

The absorption of neither complex containing nitro groups sen-
Fig. 4. X-ray crystal structure of [Tb(p-MeOBA)3]n.

esulting in a coordination number of eight, forming a bicapped
rigonal prism. The average Tb–O bond distance is 2.39 Å and the
istance between two Tb centres is 5.2 Å into one direction and
.6 Å in the other. The moderate �� values, which had been deter-
ined from the IR spectra, are in agreement with the observation

hat the carboxylate groups are reasonably symmetric.
[Tb(p-MeOBA)3]n crystallises in the monoclinic space group

21/c. The anhydrous complex forms a polymeric chain struc-
ure and incorporates terbium centres with eight coordinate
odecahedral geometry (Fig. 4). Every carboxylate is bridging,
ne is bidentate bridging, while the other two are tridentate
helating/bridging. Two Tb centres are connected by three bridg-
ng O–C–O groups. The average Tb–O bond length is 2.39 Å
nd the Tb–Tb distance is 3.9 Å. Again, the presence of slightly

istorted carboxylate groups is indicated by the lower ��
alues.

able 4
ond lengths (Å) and angles (◦) in {[Tb(o-MeOBA)3(H2O)2]·(H2O)2}2.

Selected bond distances
Tb(1)–O(1) 2.381(2)
Tb(1)–O(2) 2.393(4)
Tb(1)–O(4) 2.355(2)
Tb(1)–O(5) 2.418(3)
Tb(1)–O(7) 2.463(2)
Tb(1)–O(7)# 2.357(3)
Tb(1)–O(8) 2.434(2)
Tb(1)–O(10) 2.453(2)
Tb(1)–O(11) 2.439(2)

Symmetry operator
# 2− x, 1− y, 1− z

Selected bond angles
O(1)–C(1)–O(2) 122.7(2)
O(4)–C(9)–O(5) 124.3(2)
O(7)–C(17)–O(8) 120.6(3)
O(1)–C(1)–O(2) 119.3(4)
O(4)–C(9)–O(5) 119.6(4)
O(7)–C(17)–O(8) 119.7(4)

2.6. Absorption, excitation and emission properties

The photoelectronic properties of the complexes are sum-
marised in Tables 7 and 8. For the lanthanoid emission to be
efficiently sensitised, the triplet state of the ligand needs to be of
sufficient energy. Additionally, it has to be higher than the emit-
ting levels [8], which are the 5D0 level for Eu3+ (17,000 cm−1) and
the 5D4 level for Tb3+ (20,500 cm−1) [10,13]. To prevent thermal
or phonon assisted energy backtransfer, the energy levels should
be separated by at least 207 cm−1 (e.g. thermal energy kT). Previous
reports suggest that the triplet energies should be about 2500 cm−1

higher than these lanthanoid emission levels [51,52] to prevent
thermal or phonon assisted energy backtransfer. At the same time,
this value appears to grant sufficient overlap of triplet related states
with the corresponding resonance levels. This is also in agreement
with the findings in the first part of this series for typical excita-
tion and emission spectra for Ln(p-MeC6H4CO2)3] (Ln = Tb, Eu). [1]
It should be noted that resonance and emissive levels do not neces-
sarily have to be the same. Energy transfer from the ligand triplet
is also conceivable into higher lanthanoid states (e.g. Eu3+ (5D1,
5D2), or Tb3+ (5D3, 5D2)), originating from which the usual phonon
assisted relaxation into the emitting states, followed by emission
can proceed. The hydroxybenzoic acids may serve as examples for
this behaviour, (see Table 8).

In order to determine the triplet state energies for all the Eu3+

and Tb3+ complexes included in this study, we measured the phos-
phorescence spectra for the isostructural Gd3+ compounds of all
ligands in this work (Table 8).
sitises lanthanoid luminescence. This indicates that the energies of
the triplet states must be very low, thus preventing efficient popu-
lation of either of the resonance levels. The triplet state energies of

Table 6
Bond lengths (Å) and angles (◦) in [Tb(p-MeOBA)3]n .

Selected bond distances
Tb(1)–O(1) 2.349(4)
Tb(1)–O(1)# 2.560(4)
Tb(1)–O(2)# 2.352(4)
Tb(1)–O(4) 2.284(4)
Tb(1)–O(4)# 2.508(4)
Tb(1)–O(5)# 2.303(4)
Tb(1)–O(7) 2.379(4)
Tb(1)–O(8)* 2.412(4)
Tb(1)–Tb(1) 3.919(1)
Symmetry operators
#x, 3/2− y, 1/2 + z
*x, 3/2− y, z−1/2

Selected bond angles
O(1)–C(1)–O(2) 118.1(6)
O(4)–C(9)–O(5) 123.4(6)
O(7)–C(17)–O(8) 119.1(6)
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Table 7
Absorption and emission properties of Eu and Tb carboxylate complexes.

Composition Singlet–singlet absorption Emission integral (excitation efficiency)

Eu Tb Eu Tb

300–400 No luminescence observed No luminescence observed
Ln(m-NBA)3(H2O)2 255–390 260–400 No luminescence observed No luminescence observed
Ln(p-NBA)3(H2O)2 250–350 265–400 No luminescence observed No luminescence observed
Ln(o-ABA)3(H2O) 250–400 320–390 No luminescence observed �ex = 292 nm: 3 498 112 (31)l

�ex = 384 nm: 6 102 323 (15)d

Ln(m-ABA)3(H2O)6 270–335 270–350 No luminescence observed �ex = 345 nm: 7 755 418 (13)d

Ln(p-ABA)3(H2O) 230–370 250–338 No luminescence observed �ex = 293 nm: 8 800 642 (11)l

�ex = 324 nm: 8 754 580 (31)d

Ln(o-OHBA)3(H2O) 265–400 No luminescence observed
Ln(o-OHBA)3(H2O)6 300–400 275–340 No luminescence observed �ex = 275 nm: 7 325 754 (13)l

�ex = 302 nm: 7 378 217 (13)d

�ex = 351 nm: 6 747 003 (8)d

Ln(m-OHBA)3(H2O)5 300–400 260–340 No luminescence observed �ex = 290 nm: 1 271 269 (18)l

�ex = 380 nm: 1 034 108 (29)d

Ln(p-OHBA)3(H2O) 300–400 250–305 No luminescence observed �ex = 320 nm: 2 049 346 (13)l

�ex = 360 nm: 680 276 (24)d

Ln(o-MeOBA)3(H2O)4 270–320 265–325 �ex=303 nm: 606 543 (39)l �ex = 300 nm: 16 258 459 (16)l

�ex=370 nm: 317 689 (59)d �ex = 335 nm: 12 603 287 (15)d

Ln(m-MeOBA)3(H2O)2 270–310 270–325 �ex = 292 nm: 503 067 (51)l �ex = 294 nm: 9 355 010 (20)l

�ex = 320 nm: 251 134 (47)d �ex = 333 nm: 8 247 456 (21)d
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Ln(p-MeOBA)3(H2O) 260–300 260–315

hese complexes determined by phosphorescence measurements
f the corresponding gadolinium compound, however, were well
bove 22,000 cm−1 (Table 8), which should, however weak, sensi-
ise the emission of both lanthanoids. While the europium emission
an be quenched by low energetic ligand to metal charge transfer,
he energy difference for terbium might be too small to populate the
igh energy 5D4 resonance level efficiently. As mentioned above,
n energy separation of 2500 cm−1 seems to be favourable to result
n intensive light emission. Additionally, the measurements were
onducted at 77 K and temperature dependent structural changes
ight occur, which alter the triplet state energies. It is thus possi-

le that the triplet state energy at room temperature is somewhat
maller than measured, preventing energy transfer to terbium alto-
ether. Our results agree with other publications reporting that
itro derivatised benzoates are unable to sensitise lanthanoid emis-
ion [53]. However, de Bettencourt-Dias et al. reported examples of
erbium and europium emission sensitised through nitrobenzoate
igands, for which triplet state energies of 25,020 to 25,620 cm-1

ere determined [37]. This is counterintuitive since the samples
lso have a yellow tint, suggest electronic states extend into the
isible. However, the data reported refer to solution species and
re thus not instructive for the interpretation given here.

All other ligands sensitise Tb3+ emission indicating highly ener-
etic triplet state energies of at least 2500 cm−1 above the emissive
D4 level. The intuitive assumption that triplet states of energy
eing sufficient enough to populate the high energetic resonance

evel of terbium must also be able to populate the lower energy
esonance level of europium does not always hold. The fact that
he complexes absorb UV light very strongly, but do not emit,
uggests that the europium emission is quenched by low ener-
etic ligand metal charge transfer states, changing the electron
ensity of the ligand. These transitions are strong since they are
uantum mechanically allowed and the low energy provides a
on-radiative relaxation pathway for the excited states. The ener-
ies of those low energetic charge transfer states are increased for

he methoxybenzoate ligands since both Eu3+ and Tb3+ emissions
re observed here. The fact that the europium emission intensi-
ies are rather low indicates that the emission still seems to be
ffected by charge transfer states (the emission of the ortho and
eta complexes is comparable to that of o-phenylbenzoate; the
�ex = 368 nm: 252 044 (62)d

�ex = 326 nm: 165 584 (8)l �ex = 294 nm: 16 326 559 (18)l

�ex = 370 nm: 211 523 (6)d �ex = 360 nm: 4 837 509 (18)d

weak para complex emits like europium 1-naphthoate) [1]. From
the two high emitters, europium m-MeOBA gets excited efficiently
through the ligand while the ortho complex gets slightly more
efficiently excited by direct f← f excitation. In the latter complex
the energy levels are separated by 3000 cm−1 (from the Eu3+ 5D0
level), which has previously shown to be beneficial for population.
Nevertheless, the lower light output suggests that the meta com-
plex is still affected by the interaction with CT states. Europium
p-MeOBA seems to particularly suffer from this, therefore, even
the advantageous energy separation of 3000 cm−1 regarding the
Eu3+ 5D2 level, cannot enable high emissivity, whereas the cor-
responding Tb3+ complex, in which the 5D4 state serves as the
resonance level, is one of the most efficient emitters. Previously,
it has also been observed that high emission integrals only result
from population of low energetic resonance levels (5D0) com-
pared with higher ones (5D2). This agrees with earlier observations
in this paper series in terms of energy separation and more
intensive emission resulting from low energetic resonance levels
[1].

Comparing the Tb emission, some are rather good emitters
comparable to benzoates and dibenzoates (m/p-ABA, o-OHBA,
o/m/p-MeOBA), while the remaining weaker ones are comparable
to phenyl substituted benzoates [1]. The emission of the ABA com-
plexes is similar for all three derivatives. Here the ortho complex
is efficiently populated by the ligand (high excitation efficiency
for ligand excitation), while for the others the energy separation
is too large to be efficiently populated. The low emission inte-
gral of the ortho complex is therefore thought to be caused by
dynamic quenching. Except for the strong ortho emitter, which does
not seem to be affected by either static or dynamic quenching,
the terbium OHBA complexes do not populate the terbium res-
onance levels efficiently. The levels separated by 3000 cm−1 are
higher energy states (5D1), which might be possible for the low
emission intensities. There is no significant difference in the excita-
tion efficiencies (direct and ligand) for the strong MeOBA emitters.

Here the ortho and para ligands have triplet states significantly
higher than the 5D2 level of europium, resulting in efficient popula-
tion/emission. Surprisingly the triplet state of the meta complex has
the same energy as the 5D4 terbium level. This should lead to pho-
ton assisted energy back transfer, lowering the emission intensity.
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Table 8
Triplet state energies ligands derived from phosphorescence measurements of the
gadolinium complexes.

Gd3+ complex ET in cm−1 �E in cm−1

o-NBA 22,272 5072 (5D0) 1772 (5D4)
3222 (5D1)
722 (5D2)

m-NBA 22,321 5121 (5D0) 1821 (5D4)
3271 (5D1)
821 (5D2)

p-NBA 22,321 5121 (5D0) 1821 (5D4)
3271 (5D1)
821 (5D2)

o-ABA 23,753 6553 (5D0) 3253 (5D4)
4703 (5D1)
2253 (5D2)

m-ABA 27,634 10,434 (5D0) 7134 (5D4)
8584 (5D1) 1144 (5D3)
6134 (5D2)
3234 (5D3)
2634 (5L6)

m-ABA 22,779 5579 (5D0) 2279(5D4)
3729 (5D1)
1279 (5D2)

p-ABA 24,154 6954 (5D0) 3654(5D4)
5104 (5D1)
2654 (5D2)

o-OHBA 27.027* 9827 (5D0) 6527 (5D4)
7927 (5D1) 537 (5D3)
5527 (5D2)
2627 (5D3)
2027 (5L6)

m-OHBA 12,740 (5D0) 9440 (5D4)
29,940* 10,890 (5D1) 3450 (5D3)

8440 (5D2) 1968 (5L9)
5540 (5D3) 1369 (5D2)
4940 (5L6)
2085 (5D4)

p-OHBA 29,851* 12,651 (5D0) 9351 (5D4)
10,801 (5D1) 3361 (5D3)
8351 (5D2) 1879 (5L9)
5451 (5D3) 1280 (5D2)
4851 (5L6)
1996 (5D4)

o-MeOBA 23,095* 5895 (5D0) 2595 (5D4)
4045 (5D1)
1595 (5D2)

m-MeOBA 20,492* 3292 (5D0) <0
1442 (5D1)

p-MeOBA 24,876* 7676 (5D0) 4376 (5D4)
5826 (5D1)

5
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Also in good agreement is the splitting pattern of the

T
R

3376 ( D2)
476 (5D3)

*’ indicates that spectra were recorded at room temperature while all others were
ecorded at 77 K.
nless this is again structural cooling effect, this contradiction cur-
ently escapes our understanding. This would also explain why the
mission integrals are somewhat lower compared with the other
eOBA complexes.

able 9
elative intensities and line splitting of the 5D0→ 7FJ transitions.

5D0→ 7FJ J = Eu(o-MeOBA)3(H2O)4

0 0.038 (1)
1 1.000 (2)
2 4.911 (3)
3 0.151 (2)
4 0.357 (3)
otobiology A: Chemistry 217 (2011) 76–86

Reported triplet state energies for gadolinium o-OHBA
(23,800 cm−1), p-OHBA (23,530 cm−1), o-ABA (25,230 cm−1), p-ABA
(24,445 cm−1) and o-MeOBA (21,505 cm−1) support the results pre-
sented in this paper [54].

2.7. Relaxation of selection rule due to J-mixing and crystal field
coupling

Since the 5D0→ 7F1 transition of the Eu3+ emission is a mag-
netic dipole transition (�J = 1), its intensity remains unaffected by
the electromagnetic environment and has therefore absolute char-
acter. By expressing the intensities of the other transitions relative
to the intensity of the magnetically allowed 5D0→ 7F1 transition it
is possible to draw conclusions regarding electronic mechanisms,
which are responsible for the gain in intensity [13–18]. The results
are presented in Table 9.

The intensity of the strictly forbidden 5D0→ 7F0 transition
(�J = 0) is relatively low for all complexes. This suggests that J mix-
ing, the only possible mechanism relaxing this selection rule, is
low.

All the relative intensities measured for the 5D0→ 7F2 transi-
tions, are exceptionally large. The intensities can be affected by J
coupling as well as crystal field mixing. Since J coupling has widely
been excluded based on the intensities of the 5D0→ 7F0 transitions,
the intensity must be caused mainly by crystal field effects, where
the ligand mixes wavefunctions of even parity to the uneven par-
ity of the 4f orbital, thus relaxing the parity selection rule. This
statement is further supported by taking the 5D0→ 7F4 transitions
into account. Since the intensity is mainly affected by crystal field
coupling, the intensities are related for the discussed complexes.

They intensity of the 5D0→ 7F3 transition mainly reflects tem-
porary distortion of the parity caused by vibration and is not of
major importance for this discussion.

2.8. Crystal field analysis

The 5D0 emission level of europium is non-degenerate and thus
does not interact with the surrounding crystal field (J = 0). The split-
ting of the transition lines observed in the Eu3+ emission spectra
is therefore solely caused by the J sublevels of the 7FJ state. The
splitting pattern can be used to determine the microsymmetry in
regard to the europium centre [20]. The splitting for each transition
is included in Table 9.

As mentioned above, the o-methoxybenzoate terbium com-
plex consists of a doubled trigonal prism with D3h symmetry.
The theoretically expected splitting pattern for this configuration
is observed for the 5D0→7F0,1,2 transitions. Less components are
observed for the lower energy emissions which reflects the lack of
resolution of the low intensity transitions.

A splitting pattern of 1:3:4 for the 5D0→7F0,1,2 transitions of
the m-methoxybenzoate terbium complex is expected (bicapped
trigonal prism: C2v), which fits the measured emission spectrum
rather well. Deviations are caused by a lack of resolution.
p-methoxybenzoate terbium complex, where a dodecahedral envi-
ronment with D2d symmetry is formed around the europium
centre. The expected splitting pattern for this configuration is 1:2:4
for the 5D0→7F0,1,2 transitions.

Eu(m-MeOBA)3(H2O)2 Eu(p-MeOBA)3(H2O)

0.049 (1) 0.030 (1)
1.000 (2) 1.000 (2)
6.572 (4) 5.422 (4)
0.174 (1) 0.140 (1)
0.478 (2) 0.305 (3)
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. Conclusions

Various complexes of europium and terbium benzoates func-
ionalised with polar substituents were synthesised following
queous metathesis reaction routes. The compositions were deter-
ined by microanalysis, edta titrations and thermogravimetric

nalysis.
Dominant bonding features were concluded from IR measure-

ents, which were in agreement with structural information
rom single crystal X-ray investigations. Most of the europium
omplexes were isostructural to their corresponding terbium ana-
ogues, which was evident from powder X-ray diffraction data.
dditionally, some structures were identical to those previously
ublished incorporating different lanthanoids. There are, however,
wo structural modifications for europium o-hydroxobenzoate. The
tructural phase was determined by powder XRD. Further struc-
ural conclusions were drawn from the IR spectra. The whole series
f ortho, meta and para-methoxybenzoate complexes were struc-
urally determined by single crystal X-ray crystallography.

Polar substituents lower the triplet state of the ligand, thus
aking it difficult to efficiently populate the low energetic 5D0

tate of Eu3+. Nitrobenzoates do not sensitise europium or terbium
uminescence. Additionally, the electromagnetic excitation energy
hifts electron density from the electron rich ligands towards the
anthanoid centre (LMCT). This is effective for europium complexes
ince Eu3+ can be reduced to Eu2+ with relative ease. Combined with
he low triplet states, ligand sensitised europium luminescence
s not observed for nitrobenzoate, aminobenzoate and hydrox-
benzoate complexes. This is not observed for methoxybenzoate
omplexes, which therefore seem to have LMCT states of appre-
iably higher energy. Those cases, which show ligand sensitised
uminescence but low excitation efficiencies for ligand excita-
ion, indicate inefficient population from the triplet state, i.e. an
ncreased preference for radiationless deactivation of the triplets.
ombined with low light outputs, the excited lanthanoid state may
dditionally be affected by dynamic quenching; low efficiencies
or direct f←f excitation thus indicating excited lanthanoid states
nvolved in dynamic quenching, whereas high f←f excitation effi-
iencies suggest that these complexes are less affected by dynamic
uenching.

By comparing the intensities of the Eu3+ 5D0→7FJ transitions
elative to the absolute 5D0→7F1 magnetic dipole transition, con-
lusions regarding effective J coupling and crystal field splitting
ould be derived. Furthermore, the splitting pattern of the 5D0→ 7FJ
ransitions observed in the europium emission spectra could be
sed to determine the microsymmetry about the lanthanoid centre.
espite the spectral resolution (room temperature measurements)

he findings were in close agreement with the coordination poly-
edra found in the single crystal X-ray structures.

. Experimental

.1. General procedures

The europium and terbium contents were determined by com-
lexometric EDTA titrations. Carbon contents were determined
y a Carbon Sulphur Determinator ELTRA CS800. The combus-
ion was carried out in the presence of tungsten and iron and the
eaction took place in an oxygen stream. The instrument was cal-
brated using BaCO3. The IR spectra were recorded in the range

f 4000–650 cm−1 using a Perkin-Elmer Spektrum ATR spectrom-
ter. DTA measurements were carried out in air, using a Netzsch
TA 409 instrument, using aluminium oxide as a reference. The
eat rate was 20 ◦C per minute and the weight and heat changes
ere determined in the range of 20–1000 ◦C. For phase analysis on
otobiology A: Chemistry 217 (2011) 76–86 83

the microcrystalline powders a Philips PW1130 equipped with a
copper cathode ray tube PW2213/20 (60 kV, 1500 W), which gen-
erated CuK� radiation was used. A 2� range of 5–50◦ was scanned.
If available the recorded diffractograms were compared with those
calculated from published single crystal structures computed on
the data contained in the CCDC database using the program Lazy
Pulverex. Photophysical properties of the complexes were deter-
mined using an ARC photospectrometer, which was equipped with
a xenon discharge lamp (excitation source) and a photomultiplier
(detection unit). The excitation and emission monochromators
could be operated synchronised (reflectance spectra) or indepen-
dently from each other (excitation and reflectance spectra). The
powder surface of the sample was irradiated with monochromatic
light of the range between 250 and 400 nm. The intensity of the
light reflected from the surface was detected by the photomulti-
plier, which was set to a sensitivity of 250 mV. No filters were used
and the slit widths of both monochromators were set to 2 �m. Low
wavelength sensitive gratings were used. Data were recorded in
1 nm intervals and doing three readings per point. The integration
time was 500 ms. To eliminate wavelength dependent fluctuations
in the lamp intensity and photomultiplier sensitivity as well as
instrumental setup parameters, a white standard (CaF2), was mea-
sured under the same conditions. The sample data was divided by
the data of the white standard in order to obtain the real reflectance
spectrum of the sample. The emission monochromator was set to
the characteristic emission wavelength of the individual lanthanoid
ion (612 nm for Eu3+, 545 nm for Tb3+), whereas the excitation
monochromator excited the sample with monochromatic light in
the range of 250–400 nm. A long wavelength sensitive grating was
used for the emission monochromator set to a slit width of 0.25 �m
and equipped with a 350 nm cut-off filter, whereas for the exci-
tation monochromator, set to a slit width of 2 �m and equipped
with a UG5 filter, a short wavelength sensitive grating was used.
Using a photomultiplier sensitivity of 600 mV, data points were
recorded in 1 nm intervals (three readings per point) and using an
integration time of 500 ms. The excitation monochromator scanned
the wavelength region between 250 and 400 nm. The excitation
intensities were corrected by the multiplication of the wavelength
dependent correction factor k. This was determined by character-
ising the standard phosphor BAM (BaMgAl10O17:Eu2+) under the
same conditions using the emission wavelength of 450 nm. Since
the measured spectrum differs from the real BAM spectrum by a
correction factor, this wavelength dependent factor k can be deter-
mined by dividing the intensities of the real BAM spectrum by the
one measured with the instrument. The latter were provided by the
Philips research laboratories in Aachen (Germany).

To characterise the emission properties of the complexes, the
instrument parameters regarding the filters, grating and slit widths
were the same used to record the excitation spectra. However, the
excitation monochromator was set to the wavelength of maximum
excitation intensity, obtained from the excitation spectrum. The
emission monochromator scanned the region between 400 and
700 nm in 0.25 nm steps (three readings per point). Additionally
the photomultiplier sensitivity was set to 1000 ms. To quantify
the light output, the emission intensities were integrated over
the visible region. In order to eliminate influences resulting from
the intensity of the xenon discharge excitation lamp, the emis-
sion integral was multiplied by the correction factor k, which was
dependent on the excitation wavelength and which has been deter-
mined before from the excitation spectrum. To obtain information
about the photophysical pathway, the integrals were also divided

by the intensity of the excitation at the particular excitation wave-
length, which was also obtained from the excitation spectrum. In
the case of the europium complexes the intensities of the 5D0→ 7F0
(578–582 nm), 5D0→ 7F2 (605–635 nm), 5D0→ 7F3 (640–665 nm)
and 5D0→ 7F4 (675–705 nm) transitions were integrated sepa-
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ately and the integral was given relative to the intensity of the
agnetic allowed 5D0→ 7F1 (582–605 nm) transition in order to

raw conclusions about crystal field and J-mixing effects.

.2. General synthetic procedure

Europium and gadolinium chloride solutions were made by dis-
olving Eu2O3 or Gd2O3 in hot hydrochloric acid until completely
issolved and were then diluted with distilled water to concen-
rations of ca. 0.5 mol/dm3. To obtain a terbium chloride solution,
b4O7 was dissolved in concentrated nitric acid. By adding an
xcess of sodium carbonate solution, terbium carbonate precipi-
ated and was washed with water until the filtrate showed a neutral
H. Terbium carbonate was then dissolved in hydrochloric acid
nd then continued as described for the europium solution. Both
olutions were analysed by EDTA titrations (cEDTA = 0.01 mol/dm3),
hich in turn was calibrated using a Zn2+ standard solution.

Approximately 0.5 g of carboxylic acid ligand was suspended
n water and sodium carbonate solution was added until a pH
f around five was reached and all insoluble acid was quantita-
ively converted into the soluble sodium salt. To this, the europium,
adolinium or terbium chloride solution was added with a molar
atio lanthanoid:ligand of 1:3. A precipitate of the corresponding
anthanoid carboxylate complex was formed. The pH was again
djusted to five and the reaction mixtures were stirred overnight
o ensure completeness of the reaction. The suspensions were fil-
ered and washed with ethanol and water. The products were then
ried at room temperature to constant mass and then subjected to
urther investigations.

The gadolinium complexes were synthesized for comparison
urposes only and are not an object of this study. Gd titrations and

R spectra of the Gd compounds were compared to those of the anal-
gous europium and terbium complexes to ensure the complexes
ere of the same composition. No further structural investigation
as conducted on the gadolinium compounds.

.3. Physical data

Eu(o-NBA)3(H2O)2

VEu: 1.99 cm3 (0.52 mol/dm3) = 1.04 mmol
mH-o-NBA: 0.52 g = 3.11 mmol
mproduct: 0.38 g (yield = 53.3%)

Tb(o-NBA)3(H2O)2

VTb: 1.79 cm3 (0.58 mol/dm3) = 1.04 mmol
mH-o-NBA: 0.52 g = 3.11 mmol
mproduct: 0.21 g (yield = 29.2%)

Gd(o-NBA)3(H2O)2

VGd: 2.00 cm3 (0.50 mol/dm3) = 1.00 mmol
mH-o-NBA: 0.50 g = 3.00 mmol

Eu(m-NBA)3(H2O)2

VEu: 2.11 cm3 (0.52 mol/dm3) = 1.10 mmol
mH-m-BBA: 0.55 g = 3.29 mmol
mproduct: 0.60 g (yield = 79.7%)

Tb(m-NBA)3(H2O)2

VTb: 1.79 cm3 (0.58 mol/dm3) = 1.04 mmol
mH-m-NBA: 0.52 g = 3.31 mmol
mproduct: 0.53 g (yield = 73.7%)

Gd(m-NBA)3(H2O)2
3 3
VGd: 2.00 cm (0.50 mol/dm ) = 1.00 mmol

mH-m-NBA: 0.50 g = 3.00 mmol

Eu(p-NBA)3(H2O)2

VEu: 2.15 cm3 (0.52 mol/dm3) = 1.12 mmol
mH-p-NBA: 0.56 g = 3.35 mmol
mproduct: 0.52 g (yield = 67.8%)
otobiology A: Chemistry 217 (2011) 76–86

Tb(p-NBA)3(H2O)2

VTb: 1.78 cm3 (0.58 mol/dm3) = 1.04 mmol
mH-p-NBA: 0.52 g = 3.11 mmol
mproduct: 0.36 g (yield = 50.1%)

Gd(p-NBA)3(H2O)2

VGd: 2.00 cm3 (0.50 mol/dm3) = 1.00 mmol
mH-p-NBA: 0.50 g = 3.00 mmol

Eu(o-ABA)3(H2O)
VEu: 2.62 cm3 (0.52 mol/dm3) = 1.36 mmol
mH-o-ABA: 0.56 g = 4.08 mmol
mproduct: 0.34 g (yield = 43.2%)

Tb(o-ABA)3(H2O)
VTb: 2.43 cm3 (0.58 mol/dm3) = 1.41 mmol
mH-o-ABA: 0.58 g = 4.23 mmol
mproduct: 0.59 g (yield = 71.5%)

Gd(o-ABA)3(H2O)
VGd: 2.43 cm3 (0.50 mol/dm3) = 1.22 mmol
mH-o-ABA: 0.50 g = 3.65 mmol

Eu(m-ABA)3(H2O)6

VEu: 2.48 cm3 (0.52 mol/dm3) = 1.29 mmol
mH-m-ABA: 0.53 g = 3.87 mmol
mproduct: 0.45 g (yield = 52.2%)

Tb(m-ABA)3(H2O)6

VTb: 2.26 cm3 (0.58 mol/dm3) = 1.31 mmol
mH-m-ABA: 0.54 g = 3.94 mmol
mproduct: 0.33 g (yield = 37.2%)

Gd(m-ABA)3(H2O)6

VGd: 2.43 cm3 (0.50 mol/dm3) = 1.22 mmol
mH-m-ABA: 0.50 g = 3.65 mmol

Eu(p-ABA)3(H2O)
VEu: 2.43 cm3 (0.52 mol/dm3) = 1.26 mmol
mH-p-ABA: 0.52 g = 3.79 mmol
mproduct: 0.68 g (yield = 93.0%)

Tb(p-ABA)3(H2O)
VTb: 2.30 cm3 (0.58 mol/dm3) = 1.34 mmol
mH-p-ABA: 0.55 g = 4.01 mmol
mproduct: 0.72 g (yield = 92.0%)

Gd(p-ABA)3(H2O)
VGd: 2.43 cm3 (0.50 mol/dm3) = 1.22 mmol
mH-p-ABA: 0.50 g = 3.65 mmol

Eu(o-OHBA)3(H2O)
VEu: 2.41 cm3 (0.52 mol/dm3) = 1.25 mmol
mH-o-OHBA: 0.52 g = 3.77 mmol
mproduct: 0.55 g (yield = 75.4%)

Eu(o-OHBA)3(H2O)6

VEu: 2.27 cm3 (0.52 mol/dm3) = 1.18 mmol
mH-o-OHBA: 0.63 g = 3.55 mmol
mproduct: 0.34 g (yield = 79.5.2%)

Tb(o-OHBA)3(H2O)6

VTb: 2.46 cm3 (0.58 mol/dm3) = 1.42 mmol
mH-o-OHBA: 0.59 g = 4.27 mmol
mproduct: 0.84 g (yield = 86.9%)

Gd(o-OHBA)3(H2O)6

VGd: 2.41 cm3 (0.50 mol/dm3) = 1.21 mmol
mH-o-OHBA: 0.50 g = 3.62 mmol

Eu(m-OHBA)3(H2O)5

VEu: 2.32 cm3 (0.52 mol/dm3) = 1.21 mmol

mH-m-OHBA: 0.50 g = 3.62 mmol
mproduct: 0.52 g (yield = 65.0%)
Tb(m-OHBA)3(H2O)5

VTb: 2.08 cm3 (0.58 mol/dm3) = 1.21 mmol
mH-m-OHBA: 0.50 g = 3.62 mmol
mproduct: 0.41 g (yield = 51.3%)
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Gd(m-OHBA)3(H2O)5

VGd: 2.41 cm3 (0.50 mol/dm3) = 1.21 mmol
mH-m-OHBA: 0.50 g = 3.62 mmol

Eu(p-OHBA)3(H2O)
VEu: 2.32 cm3 (0.52 mol/dm3) = 1.21 mmol
mH-p-OHBA: 0.50 g = 3.62 mmol
mproduct: 0.60 g (yield = 84.7%)

Tb(p-OHBA)3(H2O)
VTb: 2.41 cm3 (0.58 mol/dm3) = 1.40 mmol
mH-p-OHBA: 0.58 g = 4.20 mmol
mproduct: 0.27 g (yield = 32.8%)

Gd(p-OHBA)3(H2O)
VGd: 2.41 cm3 (0.50 mol/dm3) = 1.21 mmol
mH-p-OHBA: 0.50 g = 3.62 mmol

Eu(o-MeOBA)3(H2O)4

VEu: 2.23 cm3 (0.52 mol/dm3) = 1.16 mmol
mH-o-MeOBA: 0.53 g = 3.48 mmol
mproduct: 0.22 g (yield = 29.0%)

Tb(o-MeOBA)3(H2O)4

VTb: 2.16 cm3 (0.58 mol/dm3) = 1.25 mmol
mH-o-MeOBA: 0.57 g = 3.75 mmol
mproduct: 0.30 g (yield = 36.6%)

Gd(o-MeOBA)3(H2O)4

VGd: 2.19 cm3 (0.50 mol/dm3) = 1.10 mmol
mH-o-MeOBA: 0.50 g = 3.29 mmol

Eu(m-MeOBA)3(H2O)2

VEu: 2.27 cm3 (0.52 mol/dm3) = 1.18 mmol
mH-m-MeOBA: 0.54 g = 3.54 mmol
mproduct: 0.27 g (yield = 35.1%)

Tb(m-MeOBA)3(H2O)2

VTb: 2.02 cm3 (0.58 mol/dm3) = 1.17 mmol
mH-m-MeOBA: 0.53 g = 3.51 mmol
mproduct: 0.47 g (yield = 62.0%)

Gd(m-MeOBA)3(H2O)2

VGd: 2.19 cm3 (0.50 mol/dm3) = 1.10 mmol
mH-m-MeOBA: 0.50 g = 3.29 mmol

Eu(p-MeOBA)3

VEu: 2.21 cm3 (0.52 mol/dm3) = 1.15 mmol
mH-p-MeOBA: 0.52 g = 3.45 mmol
mproduct: 0.62 g (yield = 88.6%)

Tb(p-MeOBA)3

VTb: 1.95 cm3 (0.58 mol/dm3) = 1.13 mmol
mH-p-MeOBA: 0.52 g = 3.39 mmol
mproduct: 0.48 g (yield = 69.2%)

Gd(p-MeOBA)3

VGd: 2.19 cm3 (0.50 mol/dm3) = 1.10 mmol
mH-p-MeOBA: 0.50 g = 3.29 mmol

.4. X-ray crystallography

Crystalline samples were mounted in viscous hydrocarbon oil
n glass fibres. Crystal data were obtained using an Enraf-Nonius
appa CCD diffractometer. X-ray data were processed using the
ENZO program [55]. Structural solutions and refinements were
arried out using SHELXL [56] with the graphical interface X-Seed
57]. All hydrogen atoms were placed in calculated positions using
he riding model. Crystal data and refinement parameters are com-

iled below.

Crystallographic data (excluding structure factors) for the
tructures reported in this paper have been deposited with
he Cambridge Crystallographic Data Centre as supplementary
umbers CCDC 778619–778621. Copies of the data can be

[

[
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obtained free of charge on application to CCDC, 12 Union Road,
Cambridge, CB2 1EZ, UK (fax: +44 (0) 1223 336033; e-mail:
deposit@ccdc.cam.ac.uk).

Crystal data for Tb(o-MeOBA)3(H2O)4: C24H29O13Tb, M = 684.39,
colourless prism, 0.30×0.05×0.05 mm3, triclinic, space group P-
1 (no. 2), a = 8.3760(17), b = 13.237(3), c = 13.809(3) Å, ˛ = 61.84(3),
ˇ = 75.57(3), � = 76.73(3)◦, V = 1295.9(5) Å3, Z = 2, Dc = 1.754 g/cm3,
F000 = 684, Nonius KAPPA CCD, MoK� radiation, � = 0.71073 Å,
T = 123(2) K, 2�max = 55.0◦, 12651 reflections collected, 5855 unique
(Rint = 0.0467). Final GooF = 1.046, R1 = 0.0410, wR2 = 0.1037, R
indices based on 5240 reflections with I > 2sigma(I) (refinement on
F2), 374 parameters, 12 restraints. Lp and absorption corrections
applied, � = 2.796 mm−1.

Crystal data for Tb(m-MeOBA)3(H2O)2: C24H25O11Tb, M = 648.36,
colourless prism, 0.10×0.10×0.10 mm3, monoclinic, space group
P21/c (no. 14), a = 9.7090(19), b = 11.915(2), c = 21.337(4) Å,
ˇ = 95.54(3)◦, V = 2456.8(8) Å3, Z = 4, Dc = 1.753 g/cm3, F000 = 1288,
Nonius KAPPA CCD, MoK� radiation, � = 0.71073 Å, T = 123(2)
K, 2�max = 55.0◦, 19,213 reflections collected, 5630 unique
(Rint = 0.0446). Final GooF = 0.994, R1 = 0.0254, wR2 = 0.0514, R
indices based on 4443 reflections with I > 2sigma(I) (refinement
on F2), 344 parameters, 6 restraints. Lp and absorption corrections
applied, � = 2.939 mm−1.

Crystal data for Tb(p-MeOBA)3: C24H21O9Tb, M = 612.33, colour-
less prism, 0.10×0.10×0.10 mm3, monoclinic, space group
P21/c (no. 14), a = 13.383(3), b = 22.317(5), c = 7.6232(15) Å,
ˇ = 104.42(3)◦, V = 2205.1(8) Å3, Z = 4, Dc = 1.844 g/cm3, F000 = 1208,
Nonius KAPPA CCD, MoK� radiation, � = 0.71073 Å, T = 123(2)
K, 2�max = 50.0◦, 12,898 reflections collected, 3863 unique
(Rint = 0.1093). Final GooF = 0.932, R1 = 0.0491, wR2 = 0.0662, R
indices based on 2551 reflections with I > 2sigma(I) (refinement on
F2), 310 parameters, 48 restraints. Lp and absorption corrections
applied, � = 3.262 mm−1.
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