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Lanthanide complexes of 2,6-dihydroxybenzoic acid (2,6-
Hdhb), namely [nBu4N]2[Ln(2,6-dhb)5(H2O)2] [Ln = Sm (1)
and Tb (2)], were synthesized and their crystal structures de-
termined by single-crystal X-ray diffraction studies. The 2,6-
dhb− ligand coordinates to the lanthanide cations through the
carboxylate group in a monodentate or bidentate chelating
coordination mode. The compounds were further charac-
terised using IR, Raman, 1H and 13C NMR spectroscopy and

Introduction

Interest in the photophysical properties of lanthanide ion
complexes has grown considerably in the last few years[1�3]

since Lehn proposed that such complexes could be used as
light conversion molecular device units (LCMDs).[4] Appro-
priate organic ligands can act as light collectors (antenna)
and transfer absorbed energy to the coordinated lanthanide
ion (emitter). These highly luminescent lanthanide com-
plexes can act as functional units for the creation of lumi-
nescent devices on the nanoscale or molecular scale. We
have been interested in the synthesis and characterisation
of such complexes and in particular, lanthanide compounds
containing aromatic ambidentate ligands in the first coordi-
nation shell.[5]

Complexes of Y3�, La3�, Pr3�, Nd3�, Sm3� and Gd3�

with 2,6-dihydroxybenzoic acid (2,6-Hdhb) have been re-
ported, along with their IR and UV/Vis spectra in ethanolic
solutions, but their molecular formulae were not deter-
mined.[6] Brzyska et al. investigated the IR spectra and the
thermal behaviour of 2,6-Hdhb complexes for a series of
lanthanides including those of Y3�, the series La3� to
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elemental analysis. Photoluminescence measurements were
performed on both compounds. In particular, the terbium
complex 2 shows intense photoluminescence both in the
solid state and in ethanolic solution. Compound 2 also ex-
hibits triboluminescence.

( Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2003)

Eu3�[7] and Gd3� to Lu3�,[8] with general formulae being
proposed as [Ln(C7H5O4)3]·nH2O, where n � 4 for Ln �
La3� to Sm3�, n � 6 for Eu3�; [Ln(C7H5O4)3(H2O)4]·2H2O
for Ln � Y3� and Gd3� to Lu3�.[8] Glowiak et al. reported
the crystal structures of the Tb3� and Ho3� complexes of
2,6-Hdhb,[9] confirming their molecular formula. 2,6-Hdhb
complexes of the d-block metals have also been reported,
namely those of MoVI, OsVI,[10] ReV,[10,11] CuII [12] and
AgI.[13]

Here we report the synthesis and structural characteris-
ation of new Sm3� and Tb3� complexes of 2,6-Hdhb. The
2,6-Hdhb ligand shows different coordination modes, either
using both the carboxylate group and an adjacent hydroxy
group in a salicylato-type chelate,[11] or utilising only the
carboxylate group in a monodentate[12] or bidentate fa-
shion.[9,14] The crystal structures of the complexes
[nBu4N]2[Ln(2,6-dhb)5(H2O)2] [Ln � Sm (1) and Tb (2)],
were determined by single-crystal X-ray diffraction studies.

In complexes 1 and 2 the 2,6-dhb� ligand coordinates
both in a monodentate or chelating bidentate manner which
is in contrast to that seen in similar compounds reported
in the literature.[9] The photoluminescent behaviour of the
complexes was investigated and the photophysical proper-
ties of the Tb3� complex 2 were studied both in the solid
state and in ethanolic solution. It was found that when
compound 2 was subjected to mechanical force, lumi-
nescence was observed. This phenomenon is known as tri-
boluminescence and the corresponding spectrum for com-
pound 2 is presented and discussed. The compound
[Tb(2,6-dhb)3(H2O)4]·2H2O (3), previously reported by
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Brzyska et al.,[8] was also synthesized by us in order to per-
form comparative photoluminescence studies with our
new compounds.

Results and Discussion

Crystal Structures of [nBu4N]2[Ln(2,6-dhb)5(H2O)2]
Complexes

Single-crystal X-ray diffraction studies revealed similar
crystal structures for the Sm3� and Tb3� complexes, which
crystallise in the chiral and non-centrosymmetric P21 space
group. The molecular formulae were calculated as
[nBu4N]2[Ln(2,6-dhb)5(H2O)2] [where Ln � Sm3� (1) and
Tb3� (2)] (Table 1). Phase purity and homogeneity of the
bulk samples were confirmed by elemental analyses and X-
ray powder diffraction experiments. The crystal structures
contain only one crystallographically unique metal centre
coordinated to five 2,6-dhb� organic ligands and two water
molecules, in a geometry which is best described as a dis-
torted tricapped trigonal prism (Figures 1 and 2, Tables 2
and 3). The [Ln(2,6-dhb)5(H2O)2]2� complex anions (Ln �
Sm3� and Tb3�) are chiral and the average Ln�O distance
for the coordinated solvent molecules is 2.45 and 2.41 Å
(for compounds 1 and 2, respectively), in good agreement
with reported results for other Ln complexes.[15] 2,6-dhb�

appears as an exo-monodenate ligand forming two coordin-
ative η3-syn,syn-chelates and three syn-unidentate bonds to
the lanthanide centres. All the carboxylate groups maintain
the equivalence of the C�O bonds, with the distances being
in the 1.26�1.28 Å range (Table 2). This is particularly un-
expected for the unidentate groups, and can be explained

Table 1. Crystal data and structure refinement information for 1 and 2

1 2

Empirical formula C67H101N2O22Sm C67H101N2O22Tb
Formula mass 1436.85 1445.42
Crystal system monoclinic monoclinic
Space group P21 P21

a [Å] 11.089(2) 11.061(2)
b [Å] 23.395(5) 23.371(5)
c [Å] 14.632(3) 14.598(3)
β [°] 109.87(3) 109.72(3)
Volume [Å3] 3569.8(12) 3552.6(12)
Z 2 2
Dcalcd. [g cm�3] 1.337 1.351
µ(Mo-Kα) [mm�1] 0.896 1.069
Crystal size [mm] 0.23 � 0.16 � 0.12 0.16 � 0.10 � 0.05
Crystal type colourless blocks orange blocks
θ range [°] 3.68�27.48 3.79�27.41
Index ranges �14 � h � 14 �14 � h � 13

�30 � k � 28 �30 � k � 26
�18 � l � 19 �18 � l � 18

Reflections collected 26761 32607
Independent reflections 14390 (Rint � 0.0336) 13984 (Rint � 0.0572)
Absolute structure parameter �0.017(7) �0.021(7)
Final R indices [I � 2σ(I)] R1 � 0.0340, wR2 � 0.0880 R1 � 0.0411, wR2 � 0.0828
Final R indices (all data) R1 � 0.0388, wR2 � 0.0936 R1 � 0.0584, wR2 � 0.0889
Largest diff. peak and hole [e Å�3] 0.917 and �0.840 0.913 and �0.677
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by the presence of strong hydrogen bonds with the water
molecules (Table 4).[16] The average O�C�O angles for the
carboxylate groups (121.5 and 121.4° for 1 and 2, respec-
tively) are also close to the expected values.[16] An interest-
ing feature of the crystal is the medium-intensity hydrogen
bond between the O2 water molecule and the O14 hydroxy
group of the neighbouring [Ln(2,6-dhb)5(H2O)2]2� complex
(O2···O14i � 2.9 Å; symmetry code i: x � 1, y, z), leading
to the formation of a hydrogen-bonded metal chain which
runs along the a direction of the unit cell (Figures 2 and 3,
Table 4). Each hydroxy group of the 2,6-dhb� ligands is
also involved in strong hydrogen bonding with the nearest
oxygen atoms (Table 4).

Vibrational and NMR Spectra

Selected IR and Raman spectroscopic data for the free
ligand 2,6-Hdhb, the tetrabutylammonium salt of the 2,6-
dhb� ligand, [nBu4N][2,6-dhb], and the lanthanide com-
plexes are shown in Table 5. Tentative assignments are
based on those found in the literature for other 2,6-Hdhb
complexes.[10,11] The IR spectra of the 2,6-dhb� tetrabu-
tylammonium salt and of the lanthanide complexes both
exhibit a broad band with a maximum in the region
3453�3419 cm�1 which can be assigned to the phenolic
ν(O�H) stretch (3478 cm�1 in the free ligand) and to the
coordinated water molecules. The corresponding δ(OH)
bend is observed at 1351 cm�1 in the ligand, at 1345 cm�1

in the 2,6-dhb� tetrabutylammonium salt and at 1355 cm�1

in the complexes. The IR and Raman spectra of the free
ligand both show a very strong band which may be assigned
to the ν(C�O) at 1681 and 1674 cm�1, respectively. In the
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Figure 1. Chiral complex anion, [Ln(2,6-dhb)5(H2O)2]2�, present
in the crystal structures of 1 and 2, showing the distorted tricapped
trigonal-prismatic {LnO9} coordination environment for the crys-
tallographically unique metal centres (Ln � Sm3� or Tb3�); hydro-
gen atoms are omitted for clarity; thermal displacement ellipsoids
are drawn at the 50% probability level

Table 2. Selected bond lengths [Å] for 1 and 2

1 2

Ln1�O1 2.464(3) 2.419(3)
Ln1�O2 2.446(3) 2.407(3)
Ln1�O3 2.531(4) 2.506(4)
Ln1�O4 2.526(3) 2.486(3)
Ln1�O7 2.473(3) 2.448(3)
Ln1�O8 2.552(4) 2.515(5)
Ln1�O11 2.455(3) 2.422(3)
Ln1�O15 2.377(3) 2.326(3)
Ln1�O19 2.433(3) 2.401(3)
C1�O3 1.265(5) 1.287(5)
C1�O4 1.271(5) 1.271(6)
C8�O7 1.279(5) 1.276(6)
C8�O8 1.267(5) 1.269(6)
C15�O11 1.280(4) 1.271(5)
C15�O12 1.272(5) 1.280(6)
C22�O15 1.282(5) 1.283(5)
C22�O16 1.258(5) 1.251(6)
C29�O19 1.270(5) 1.267(5)
C29�O20 1.265(5) 1.263(5)

spectra of the complexes, the assymetric νas(CO2) is shifted
to a higher wavenumber by up to 11 cm�1 upon coordi-
nation, when compared with the tetrabutylammonium salt
of the 2,6-dhb� ligand (1633 cm�1). The symmetric mode
νs(CO2) also shows shifts to a higher wavenumber upon co-
ordination (1292 cm�1 in the complexes) when compared
with the tetrabutylammonium salt of the ligand (1286
cm�1). The band at 1241 cm�1 in the spectrum of the tetra-
butylammonium salt of the ligand, assigned to the
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Table 3. Selected bond angles [°] for 1 and 2

1 2

O1�Ln1�O2 135.60(10) 136.17(11)
O1�Ln1�O3 131.52(11) 131.88(13)
O1�Ln1�O4 145.48(10) 145.33(10)
O1�Ln1�O7 70.86(10) 71.00(12)
O1�Ln1�O8 98.33(12) 97.98(14)
O1�Ln1�O11 73.11(10) 73.60(11)
O1�Ln1�O15 77.32(10) 77.78(12)
O1�Ln1�O19 66.57(10) 66.60(11)
O2�Ln1�O3 73.47(12) 73.13(14)
O2�Ln1�O4 78.53(10) 77.87(11)
O2�Ln1�O7 132.45(11) 131.99(13)
O2�Ln1�O8 82.01(12) 81.28(15)
O2�Ln1�O11 142.95(11) 142.37(13)
O2�Ln1�O15 79.90(11) 80.33(13)
O2�Ln1�O19 71.47(11) 71.62(12)
O11�Ln1�O3 69.50(10) 69.25(12)
O11�Ln1�O4 79.40(9) 79.73(11)
O11�Ln1�O7 71.98(10) 71.99(12)
O11�Ln1�O8 122.04(11) 122.83(12)
O11�Ln1�O15 87.29(11) 87.15(12)
O11�Ln1�O19 138.98(9) 139.26(11)
O15�Ln1�O3 71.26(10) 70.98(12)
O15�Ln1�O4 122.28(9) 123.02(11)
O15�Ln1�O7 145.81(10) 146.16(12)
O15�Ln1�O8 148.20(11) 147.67(13)
O15�Ln1�O19 77.07(11) 76.55(12)
O19�Ln1�O3 135.97(10) 135.17(12)
O19�Ln1�O4 140.68(9) 140.17(11)
O19�Ln1�O7 100.75(11) 101.93(13)
O19�Ln1�O8 72.45(11) 72.50(13)

ν(C�O)h stretch (at 1236 cm�1 in the free ligand) of the
phenolic groups, shifts to 1228 cm�1 on coordination, poss-
ibly due to hydrogen bonding.

1H and 13C NMR spectroscopic data for the free ligand
and its lanthanide complexes in deuterated dimethyl sulfox-
ide solution are given in Table 6 (see Scheme 1 for labelling
and Table 6 for tentative assignments). In the 1H NMR
spectra, the line arising from H3 and H5 appears as a doub-
let, and the line arising from H4 as a triplet, with relative
intensities of 2:1, respectively, either in the free ligand or in
the complexes. The resonances of these protons shift to
higher field on coordination. The resonances due to the
protons of the counterion can also be observed in the spec-
tra of the complexes. The resonances of the aromatic pro-
tons in 2 show higher shifts when compared with the values
obtained for 1, which may be induced by the TbIII ion. In
the spectra of 1 and 2 we can also observe resonances due
to the phenolic protons as a broad signal (at δ � 14.5 and
14.0 ppm), with relative intensities of 2:1 when compared
with the line assigned to H4.

13C NMR spectroscopy shows the resonances of all the
carbon atoms, both of the ligand and the counterion. The
most relevant shifts are observed in the signal of the car-
boxylate atom C7, which shifts to lower-field on coordi-
nation, showing that the ligand is bound to the lanthanide
atom through the carboxylate oxygen atoms.
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Figure 2. Perspective along the a axis of [nBu4N]2[Ln(2,6-dhb)5(H2O)2]; lanthanide centres are represented as polyhedra and hydrogen
bonds (see Table 4) as white-filled dashed lines

Figure 3. View along the b axis showing the hydrogen bond linking
neighbouring [Ln(2,6-dhb)5(H2O)2]2� complexes; lanthanide
centres are represented as polyhedra and hydrogen bonds (see
Table 4) as dashed lines; symmetry code i: x � 1, y, z

Luminescence Spectra

Figures 4 and 5 show the room-temp. photoluminescence
(PL) features of compounds 1, 2 and 3, excited at 350, 344
and 342 nm, respectively. The emission spectrum of the
Sm3� complex (Figure 4) is composed of a large broad
band between 380 and 500 nm and a series of straight lines
assigned to intra-4f5 transitions between the 4G(4)5/2 and
the 6H5/2,7/2,9/2,11/2 levels. Apart from a red shift
(2000 cm�1), the large broad band was already observed in
the emission spectrum of 2,6-Hdhb, as shown in the inset
of Figure 4. In the emission spectra of the Tb3� compounds
2 and 3 only the intra-4f8 lines, corresponding to transitions
between the 5D4 and 7F6�0 levels, could be detected (Fig-
ure 5). The fact that the ligand’s broad band could not be
observed, clearly indicates a more efficient energy transfer

 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org Eur. J. Inorg. Chem. 2003, 3609�36173612

Table 4. Distances [Å] and angles [° ] between donors (D) and ac-
ceptors (A) for the D�H···A hydrogen bonds present in the crystal
structures of 1 and 2; symmetry code i: x � 1, y, z

1 2
D···A d(D···A) �(D�H···A) d(D···A) �(D�H···A)

O1···O12 2.644(4) 159(5) 2.642(5) 161(5)
O1···O16 2.725(5) 157(5) 2.713(5) 165(5)
O2···O20 2.726(4) 155(5) 2.712(5) 159(5)
O2···O14i 2.907(4) 155(4) 2.954(5) 162(4)
O5···O3 2.553(5) 147(5) 2.553(6) 148(5)
O6···O4 2.591(4) 147(5) 2.594(4) 148(5)
O9···O7 2.552(5) 148(5) 2.540(5) 148(5)
O10···O8 2.573(5) 146(5) 2.561(7) 148(5)
O13···O11 2.572(4) 146(5) 2.569(5) 146(5)
O14···O12 2.510(4) 149(5) 2.517(5) 149(5)
O17···O15 2.547(4) 147(5) 2.563(5) 146(5)
O18···O16 2.512(5) 148(5) 2.522(5) 148(5)
O21···O19 2.584(4) 146(5) 2.594(5) 146(5)
O22···O20 2.528(4) 148(5) 2.534(5) 148(5)

between the Tb3� ions and the 2,6-dhb ligand than that
involving the Sm3� cations.

The Tb3� emission of compound 2 was compared with
that of compound 3 and with the emission arising from
compound 2 in a 1.4 m alcoholic solution (Figure 5). All
the spectra display the typical Tb3� lines resulting from 5D4

� 7F6�0 transitions. The emission lines of the Tb3� al-
coholic solution are almost identical to the ones observed
for the powdered compound 2 in terms of energy and full
width at half maximum. However, the Tb3� transitions in
compound 3 are more structured, providing evidence for a
higher number of Stark components. In order to evaluate
accurately the PL differences between the two Tb3� solid
samples, the respective emission spectra were measured at
10 K (Figure 6, A and B).
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Table 5. Analytical and vibrational data for 2,6-dihydroxybenzoic acid and the SmIII and TbIII complexes

Analysis[a] Vibrational spectra[b] [cm�1]
Compound C N H Ln νas(CO2) δ(OH) νs(CO2) ν(C�O)h

2,6-dihydroxybenzoic acid 1681 vs 1351 m 1294 m 1236 s
1674(7) 1353(1) 1308(5) 1226(4)

[nBu4N][2,6-dhb] 1633 vs 1345 m 1286 s 1241 vs
1628(1) 1356(1) 1285(2) 1236(1)

[nBu4N]2[Sm(2,6-dhb)5(H2O)2] (1) 55.08 1.96 7.14 10.53 1643 vs 1355 s 1292 s 1228 vs
(56.00) (1.95) (7.09) (10.45) 1649(2) 1355(1) 1298(10) 1231(1)

[nBu4N]2[Tb(2,6-dhb)5(H2O)2] (2) 55.20 1.98 7.06 10.12 1644 vs 1355 s 1292 s 1228 vs
(55.67) (1.94) (7.04) (11.01) 1649(2) 1355(1) 1292(10) 1231(1)

[a] Calcd. values in parentheses. [b] Infrared and Raman (in italics) data; vs � very strong, s � strong, m � medium.

Table 6. 1H and 13C{1H} NMR spectroscopic data for 2,6-dihydroxybenzoic acid and the SmIII and TbIII complexes

Chemical shift [ppm][a]

H3 H4 H5 C1 C2 C3 C4 C5 C6 C7

2,6-Dihydroxybenzoic acid 6.32 d 7.20 t 6.32 d 102.6 160.7 106.7 134.3 106.7 160.7 172.6
[nBu4N]2[Sm(2,6-dhb)5(H2O)2] (1) 6.05 d 6.95 t 6.05 d 104.5 162.4 105.0 131.9 105.0 162.4 175.5
[nBu4N]2[Tb(2,6-dhb)5(H2O)2] (2) 5.82 d 6.77 t 5.82 d 95.9 161.9 104.3 131.8 104.3 161.9 176.9

[a] Spectra in DMSO solution; d � doublet, t � triplet.

Scheme 1

Figure 4. Room-temp. PL spectrum of [nBu4N]2[Sm(2,6-
dhb)5(H2O)2]; the inset shows the room-temp. PL spectrum of the
2,6-Hdhb ligand excited at 341 nm
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Figure 5. Room-temp. PL spectra of (a) 1.4 m ethanolic solution
of 2, (b) compound 2 and (c) compound 3

The most evident change with the decrease in tempera-
ture is related to the increase in the number of identified
Stark components. For instance, in the most intense tran-
sition namely 5D4 � 7F5, we can clearly distinguish 22
Stark components in both samples (Figure 6). Focusing our
attention in the region of the 5D4 � 7F0 transition, at least
two lines, separated by 36 cm�1, are undoubtedly dis-
cernable in the emission spectrum of 3. For compound 2
the 5D4 � 7F0 transition has a large value of 46 cm�1 for
its full width at half maximum, suggesting the presence of
more than one emission line. Since the Tb3� ions lie in the
same average local symmetry site (in agreement with the
XRD data) and the 7F0 is a non-degenerated level, the de-
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Figure 6. PL spectra, recorded at 10 K under 344 nm excitation
wavelength of compound 2 (A) and compound 3 (B)

tection of more than one component in the 5D4 � 7F0 re-
gion points to the thermal population of the upper 5D4

levels. Even at 10 K, the emission from such levels, usually
termed as hot lines, is not quenched making the emission
spectra quite intricate.[17] These hot lines are responsible for
the higher number of components perceived in the remain-
ing transitions (Figure 6, A and B) and, thus, the observed
local-field splitting of the 5D4 � 7F1�6 transitions are in
agreement with the point site symmetry group identified
by XRD.

The differences observed between compounds 2 and 3
clearly indicate that the synthetic procedure results in differ-
ent local coordination sites for the Tb3� ions. On the con-
trary, dissolving the former compound in ethanol did not
produce significant changes in the PL properties of the
Tb3�. This result suggests that the lanthanide ions are well
shielded by the ligands from the incorporation of solvent
molecules in the first coordination sphere which would con-
tribute to the quenching of the emission intensity.

 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org Eur. J. Inorg. Chem. 2003, 3609�36173614

Figure 7 shows the room-temp. excitation (PLE) spec-
trum of the Sm3� complex monitored around the cation’s
more intense line at 641 nm. The spectrum displays a large
broad band between 250 and 420 nm, centred around
330 nm, and a series of sharp lines characteristic of the
Sm3� energy levels.

Figure 7. Room-temp. PLE spectrum of compound 1; the inset
shows the room-temp. PLE spectrum of the 2,6-Hdhb ligand de-
tected around 480 nm

Figure 8 shows the PLE spectra of compounds 2 and 3
and of a 1.4 m alcoholic solution of 2. All the spectra
exhibit a large broad band in the same spectral region of
that observed in the PLE spectrum of the Sm3�-based com-
plex. The excited levels were only detected in the PLE spec-
trum of the Tb3� solution. The large broad band is centred
around 344, 342 and 327 nm, for 2, 3 and the alcoholic
solution, respectively. This band may be related to the li-
gand’s excited states, since the PLE spectrum of the 2,6-

Figure 8. Room-temp. PLE spectra of compound 2 (solid line with
solid circles), compound 3 (solid line) and a 1.4 m ethanolic solu-
tion of 2 (solid line with open squares)
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Hdhb ligand is characterized by a similar large broad band
with peaks around 341 nm (inset of Figure 7).

The lifetimes of the 5D4 Tb3� excited levels were meas-
ured at room temperature under the excitation wavelength
that maximizes their luminescent intensity for the two pow-
dered complexes and for the ethanolic solution. The moni-
toring wavelength was set around the more intense emission
line (544 nm). The lifetime of the 4G(4)5/2 Sm3� excited le-
vel could not be recorded since it lies in a time scale below
our lower experimental detection limit (10�5 s). Figure 9 de-
picts the experimental data in a logarithmic scale for the
three Tb3�-based samples. All the data were well fitted by
a single exponential function, confirming that all lantha-
nide ions occupy the same average local environment within
each complex.

Figure 9. Room-temp. decay curves for compound 2 (solid circles),
compound 3 (open triangles) and a 1.4 m ethanolic solution of 2
(open squares); the solid lines represent the data best fits, assuming
a single-exponential function (r � 0.99)

The 5D4 lifetimes of 2 and the corresponding 1.4 m
ethanolic solution are 0.876 �0.012 and 0.983 �0.007 ms,
respectively. Both values are similar, confirming the pre-
vious suggestion that solvation did not induce significant
changes on the Tb3� local environment, meaning that the
ligands are efficiently shielding the lanthanide ions. The 5D4

lifetime for 3 is smaller than the previous two values, being
0.562 �0.001 ms. This decrease indicates that non-radiative
pathways are more important in the latter complex. In fact,
if we recall the local Tb3� structure in both complexes, the
lanthanide’s first coordination sphere in 2 and 3 differs in
the number of water molecules by two and four, respec-
tively. It is well known that the presence of OH oscillators
in the lanthanide first coordination sphere provides an ef-
ficient non-radiative path, so we can suggest that the ob-
served decrease in the lifetime of the 5D4 level is mainly
related to an increase in non-raditive transitions due to the
increase in the number of OH oscillators in the Tb3� first
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coordination shell, which is in perfect agreement with the
proposed structural results.

When ground by hand in daylight, single crystals of 2
exhibit green luminescence detectable by the naked-eye
(Figure 10). The spectrum exactly matches that observed by
excitation using UV light, indicating that triboluminescence
(TL) involves the same Tb3� excited-state deactivation as
that observed in PL. The mechanisms behind TL are not
well understood and predictions of this behaviour for a
specific compound cannot be made. While TL behaviour of
some compounds has been attributed to the piezoelectric
properties of non-centrosymmetric crystals, many TL cen-
trosymmetric crystals have also been reported.[18] Com-
pound 2 is a non-centrosymmetric ionic complex and it has
been suggested[18,19] that TL arises from charge separation
by partial fracture along oppositely charged planes. Further
work is under way to clarify the nature of the TL mecha-
nism in this compound.

Figure 10. Room-temp. TL spectrum of compound 2

Conclusion

New samarium and terbium complexes of 2,6-dihydroxy-
benzoic acid, each containing five 2,6-dhb� ligands coordi-
nated to the metal centres and two tetrabutylammonium
cations, have been synthesized and structurally charac-
terized. The X-ray crystal structures show the carboxylate
groups acting both as monodentate or bidentate chelating
ligands; two water molecules complete the first coordi-
nation shell with a coordination number of nine. The lumi-
nescent properties of the Tb3� complex with the 2,6-dhb�

ligand are described here for the first time. The Tb3� com-
plex shows very high luminescence, even in an ethanolic
solution. These particular luminescent properties may be
explored in order to develop solution methods based on
new luminescent materials in which this molecular unit
could act as the active centre. Given its triboluminescent
behaviour, the terbium compound is a potential candidate
for the development of optical sensors.
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Experimental Section

General: All chemicals were supplied by Aldrich and used without
further purification. The terbium complex [Tb(2,6-
dhb)3(H2O)4]·2H2O (3) was synthesized as described by Brzyska
et al.[8]

Preparation of [nBu4N]2[Ln(2,6-dhb)5(H2O)2] [Ln � Sm (1) and Tb
(2)]: The lanthanide complexes were prepared by adding an aque-
ous solution (ca. 20 mL) of the lanthanide salt Ln(NO3)3·5H2O
(Ln � Sm3�, Tb3�; 0.889 g, 2.00 mmol and 0.872 g, 2.00 mmol,
respectively) to an aqueous solution (ca. 40 mL, pH � 3.0�0.1)
containing 2,6-dihydroxybenzoic acid (1.23 g, 8.00 mmol) and
KOH (0.448 g, 8.00 mmol). After stirring the mixture for 1 h, an
aqueous solution (5 mL) containing tetrabutylammonium chloride
hydrate (nBu4NCl·nH2O, 1.11 g, 4.00 mmol) was added and a floc-
culant white solid was immediately formed. The supernant solution
was decanted and the precipitate collected and washed with dis-
tilled water. Crystals of [nBu4N]2[Ln(2,6-dhb)5(H2O)2] [Ln � Sm3�

(1) and Tb3� (2), respectively], suitable for single-crystal X-ray dif-
fraction were obtained from the filtrate after 1 d.

Preparation of [nBu4N][2,6-dhb]: The 2,6-dhb� tetrabutylam-
monium salt, [nBu4N][2,6-dhb], was prepared by adding an aque-
ous solution (ca. 5 mL) of nBu4NCl·nH2O (0.556 g, 2.00 mmol) to
an aqueous solution (ca. 10 mL) containing 2,6-dihydroxybenzoic
acid (0.308 g, 2.00 mmol) and KOH (0.112 g, 2.00 mmol). After
stirring the mixture for 1 h, the white precipitate formed was fil-
tered and washed with distilled water.

Characterisation: IR spectra were measured using KBr disks with
a Mattson 7000 FT instrument. Raman spectra were recorded
using a Bruker RFS100/S FT-Raman spectrometer (Nd:YAG laser,
1064 nm excitation). 1H spectra were obtained using a Bruker
AMX-300 spectrometer (1H, 300 MHz; 13C, 75.4 MHz) referenced
to Si(CH3)4 or the solvent. Elemental analyses for carbon, nitrogen
and hydrogen were performed with an Exeter Analytical CE-440
Elemental Analyser. The sample was combusted under oxygen at
975 °C for 1 min, with He as the purge gas. The lanthanide content
in the complexes was measured by ICP (Analytical Laboratories,
University of Aveiro). Powder X-ray diffraction patterns (PXRD)
were recorded at ambient temperature using a Philips X’Pert instru-
ment, operating with a monochromated Cu-Kα radiation source at
40 kV/50 mA. Data were collected using the step-counting method
(step 0.01°, 7 s per step) in the 2° � 2θ � 60° range. Theoretical
PXRD calculations were performed using the STOE Win XPOW
software package.[20] Photoluminescence (PL) spectra, measured
between 10 K and room temp. were recorded using a Jobin Yvon-
Spex spectrometer (HR, 460) coupled to an R928 Hamamatsu pho-
tomultiplier. An Xe arc lamp (150 mW) coupled to a Jobin Yvon
monochromator (TRIAX 180) was used as the excitation source.
All the spectra were corrected for the response of the detector. The
lifetime measurements were carried out using a pulsed Xe arc lamp
(5 mJ/pulse, 3 µs bandwidth) coupled to a Kratos GM-252 mono-
chromator and a Spex 1934 C phosphorimeter. The room-temp.
triboluminescence (TL) spectra were recorded with a plug-in high-
sensitivity fibreoptic UV/Vis shortwave master spectrometer, fitted
with a grating blazed at 500 nm with 600 grooves per mm, with a
2048-element linear CCD-array detector (PC, 2000, Ocean Optics,
Inc.). A PC 2000 was mounted on a 1 MHz ISA-bus A/D card
fitted directly into a desktop PC. The single-crystals of 2 were
ground by hand using the plug-in high sensitivity fibre optic.

X-ray Crystallographic Studies: Suitable single crystals of 1 and 2
were mounted on glass fibres using perfluoropolyether oil.[21] Data
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were collected with a Nonius Kappa CCD diffractometer with Mo-
Kα graphite-monochromated radiation (λ � 0.7107 Å). The struc-
tures were solved by direct methods and refined by full-matrix least
squares on F2 with anisotropic displacement parameters for all
non-hydrogen atoms.[22,23] Multi-scan absorption corrections were
also applied.[24] All hydrogen atoms were placed in calculated posi-
tions, and refined using a riding model with an isotropic displace-
ment parameter fixed at x times Ueq for the atom to which they
are bound (x � 1.5 for all the O�H and �CH3 groups, and x �

1.2 for the remaining hydrogen atoms). Bond-length restraints were
not applied, except for H atoms associated with the water mol-
ecules, for which the O�H and H�O�H distances were restrained
to ensure a chemically reasonable geometry for the water molecule.
Information concerning crystallographic data collection and struc-
ture refinement for 1 and 2 is summarised in Table 1, while selected
bond lengths and angles are given in Tables 2 and 3, respectively.
CCDC-201808 and -201809 contain supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge at www.ccdc.cam.ac.uk/conts/retrieving.html [or from the
Cambridge Crystallographic Data Centre,12 Union Road, Cam-
bridge CB2 2EZ, U.K.; Fax: (internat.) � 44-1223/336033; E-mail:
deposit@ccdc.cam.ac.uk)].
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