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In this paper we report the synthesis of two new complexes, [Eu(fod)3(phen)] and [Tb(fod)3(phen)] (fod )
6,6,7,7,8,8,8-heptafluoro-2,2-dimethyl-3,5-octadionate and phen ) 1,10-phenanthroline), and their complete
characterization, including single-crystal X-ray diffraction, UV-vis spectroscopy, IR spectroscopy, and TGA.
The complexes were studied in detail via both theoretical and experimental approaches to the photophysical
properties. The [Eu(fod)3(phen)] complex crystallizes in the monoclinic space group P21/c. The crystal structure
of [Eu(fod)3(phen)] exhibits an offset π-π stacking interaction between the phenanthroline ligands of adjacent
lanthanide complexes. The Eu3+ cation is coordinated to three fod anionic ligands and to one phen. The
symmetry around Eu3+ is best described as a highly distorted square antiprism. The molar absorption coefficients
of [Eu(fod)3(phen)] and [Tb(fod)3(phen)] revealed an improved ability to absorb light in comparison with the
stand-alone phen and fod molecules. [Tb(fod)3(phen)] emits weak UV excitation, with this feature being
explained by the triplet-5D4 resonance, which contributes significantly to the nonradiative deactivation of
Tb3+, causing a short lifetime and low quantum yield. The intensity parameters (Ω2, Ω4, and Ω6) of
[Eu(fod)3(phen)] were calculated for the X-ray and Sparkle/AM1 structures and compared with values obtained
for [Eu(fod)3(H2O)2] and [Eu(fod)3(phen-N-O)] (phen-N-O ) 1,10-phenanthroline N-oxide) samples. Intensity
parameters were used to predict the radiative decay rate. The theoretical quantum efficiencies from the X-ray
and Sparkle/AM1 structures are in good agreement with the experimental values, clearly attesting to the
efficacy of the theoretical models.

Introduction

The electronic configuration of lanthanide ions, Ln3+, leads
to photoluminescent properties due to the 4f-4f transitions.1-3

Because these transitions are forbidden by spin and parity
selection rules, and the absorption coefficients of Ln3+ are very
small, the f states are trivially populated indirectly through
coordinated organic ligands (antenna effect), which act as metal
sensitizers. In these systems, UV light is absorbed by the ligands
directly coordinated to Ln3+.4 The energy is afterward transferred
to one or several excited states of the Ln3+ ion, and at last, the
metal ion emits light, normally in the visible and near-infrared
range.5-7

Lanthanide-based complexes are important in the develop-
ment of light-conversion molecular devices (LCMDs),8,9 because
they exhibit long lifetimes and large quantum efficiencies and,
consequently, are highly luminescent. These properties have
been widely explored in many applications, such as luminescent
probes in biomedical assays,2,10,11 organic light-emitting diodes
(OLEDs),12,13 and luminescent sensors for chemical species.14-18

The development of highly efficient LCMDs has been the object
of intensive research from groups around the world.19-23 This
is not a simple task because the design of highly luminescent
lanthanide complexes embodies the understanding of each of
the stages involved in the energy transfer process.24 As the
indirect excitation of the lanthanide ions is the typical pathway
to obtain materials with a good quantum yield, a diversity of
ligands have been developed and used in the synthesis of new
Eu3+ and Tb3+ complexes, among which the �-diketonates
deserve to be singled out.8,25-30 The success of Eu3+ and Tb3+

complexes with �-diketonates as promising LCMDs is based
on the respective very intense 5D4 f 7F5 and 5D0 f 7F2

transitions and high radiative rate decays.31 Structurally, the
bidentate mode typical of �-diketonates allows the synthesis of
tris complexes, with the coordination sphere being usually
completed by two or three water molecules. In fact, the presence
of directly coordinated water molecules provokes the detriment
of the luminescent properties by the vibronic coupling with the
O-H oscillators. Notwithstanding, this drawback can be easily
eliminated via replacement of water by chromophores, leading
to more luminescent complexes.32-36

The complex [Ln(fod)3(H2O)2] (where fod ) 6,6,7,7,8,8,
8-heptafluoro-2,2-dimethyl-3,5-octadionate) has been widely
applied as an NMR shift agent,37-41 a catalyst in organic
reactions,42,43 and the subject of a handful of spectroscopic
properties.44-49 In previous studies, we have demonstrated that
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the replacement of the coordinated water molecules in the
[Eu(fod)3(H2O)2] by phen-N-O (1,10-phenanthroline N-oxide)
or diphenyldipyridyl (4,4′-diphenyl-2,2′-dipyridyl) can cause
significant improvements in the photoluminescent properties.50,51

In addition, we have also investigated the effect on these
properties of the inclusion of the complexes in glass and
polymeric matrixes.52-54

In the field of coordination compounds, the semiempirical
Sparkle/AM1 model has proven its effectiveness in lanthanide
chemistry because it allows the prediction of the coordination
geometry for both small lanthanide complexes and more
sophisticated structures (e.g., lanthanide-organic frameworks)
in relatively short time and with a low computational demand.55,56

In this paper we report the synthesis, characterization, and
photoluminescence properties of the [Eu(fod)3(phen)] and
[Tb(fod)3(phen)] complexes (phen ) 1,10-phenanthroline).
Spectroscopic properties, such as Ωλ intensity parameters (λ )
2, 4, and 6), energy transfer (WET) and back-transfer (WBT) rates,
radiative (Arad) and nonradiative (Anrad) decay rates, quantum
efficiency (η), and quantum yield (q), of [Eu(fod)3(phen)] were
theoretically modeled using the electronic and spectroscopic
semiempirical models and compared with those of
[Eu(fod)3(H2O)2] and [Eu(fod)3(phen-N-O)].

Experimental Details

Synthesis of [Eu(fod)3(phen)]. The [Eu(fod)3(H2O)2] com-
plex and phen were purchased from Aldrich and used as
received. [Eu(fod)3(phen)] was obtained by reacting 0.1 mmol
of phen with 0.1 mmol of [Eu(fod)3(H2O)2] in 40.0 mL of dry
ethanol. The reaction was maintained under vigorous magnetic
stirring and refluxed for a period of 24 h. The pure product
was recrystallized from ethanol and dried under low pressure
over P2O5. A large amount of large single crystals were grown
by slow evaporation of the [Eu(fod)3(phen)] ethanolic solution
at ambient conditions. Anal. Calcd for C42H38F21N2O6Eu: C,
41.26; H, 3.54; N, 2.29. Found: C, 41.41; H, 3.57; N, 2.18.
TGA: 305-341 K (Δm ) 4.52%), 343-378 K (Δm ) 1.48%),
378-446 K (Δm ) 1.80%), 446-604 (Δm ) 75.34%),
604-692 K (Δm ) 7.08%), and 692-903 K (Δm ) 2.11%).
Selected FT-IR data (cm-1): 3690-3100 (w), 2973 (s), 1621
(vs), 1512 (vs), 1347 (s), 1227 (vs).

[Tb(fod)3(H2O)2] was prepared by reacting 0.2 mmol of
TbCl3(H2O)6 with 0.6 mmol of fod in 40 mL of dry ethanol.
The pH of the reaction was adjusted to 6-7 with the slow
addition of a diluted NaOH ethanolic solution. The reaction was
maintained under vigorous magnetic stirring for 24 h. The pure
product was isolated by recrystallization. [Tb(fod)3(phen)] was
prepared by a procedure analogous to that described for
[Eu(fod)3(phen)]. Anal. Calcd for C42H43F21N2O6Tb: C, 41.90;
H, 3.16; N, 2.33. Found: C, 41.85; H, 3.14; N, 2.33. TGA:
278-342 K (Δm ) 3.52%), 358-378 K (Δm ) 0.71%),
446-604 K (Δm ) 76.51%), 604-695 K (Δm ) 1.08%), and
695-903 K (Δm ) 0.34%). Selected FT-IR data (cm-1):
3684-3130 (w), 2970 (s), 1631 (vs), 1511 (vs), 1348 (s), 1230
(vs).

General Instrumentation. Elemental analysis was performed
on a Flash 1112 series EA Thermo Finnigan CHNS-O analyzer.
FT-IR spectra were recorded on 99.999% KBr pellets (spectral
range 4000-400 cm-1) using a Bruker IFS 66+ instrument.
Absorption spectra were obtained on a Perkin-Elmer Lambda
6 model 2688-002 UV-vis spectrometer.

Photoluminescence spectra at room temperature and 77 K
were collected using an ISS PC1 spectrofluorometer. The
excitation device was equipped with a 300 W xenon lamp and

a photographic grating. Emission spectra were collected with a
25 cm monochromator (resolution 0.1 nm) connected to a
photomultiplier. The excitation and emission slit widths were
fixed at 1.0 mm. All monochromators had 1200 grooves/mm.
Lifetime measurements were made at 298 K by monitoring the
maximum emission at 611 nm using a Fluorolog 3 ISA/Jobin-
Yvon spectrofluorometer equipped with a Hamamatsu R928P
photomultiplier, a Spex 1934 D phosphorimeter, and a xenon
pulsed lamp with 150 W of power.

Experimental intensity parameters, Ωλ, for [Eu(fod)3(phen)]
were determined from the emission spectrum using the following
equation:

Details of the physical values in eq 1 are widely discussed in
the literature.55

The experimental quantum yield (q) was determined by
employing the method developed by Bril et al.,52 for which the
q value for a given sample can be calculated by a direct
comparison with standard phosphors whose q values were
previously determined by absolute measurements. q can thus
be determined by

where rST and rx correspond to the amount of exciting radiation
reflected by the standard and the sample, respectively, and qST

is the quantum yield of the standard phosphor. The terms ΔΦx

and ΔΦST correspond to the respective integrated photon flux
(photon · s-1) for the sample and standard phosphors. BaSO4

(Aldrich, r ) 100%), Y2O3/3% Eu3+ (YOX-U719 Philips, Φ
) 99%), and GdMgB5O10/Tb3+,Ce3+ (CBT-U734 Philips, Φ )
95%) were used as the reflectance standard and standard
phosphors for Eu3+ and Tb3+, respectively.32

Termogravimetric (TG) data were collected with an SDT
model 2960 thermobalance, TA Instruments, in the 294-1063
K temperature range, using an alumina crucible with ca. 10.0
mg of sample, under a dynamic nitrogen atmosphere (50
mL ·min-1) and with a heating rate of 10 K ·min-1.

Single-Crystal X-ray Diffraction Studies. A suitable single
crystal of [Eu(fod)3(phen)] was mounted on a glass fiber using
Fomblin Y perfluoropolyether vacuum oil (LVAC 25/6) pur-
chased from Aldrich.57 Data were collected at ambient temper-
ature on an Enraf Nonius FR590 charge-coupled device (CCD)
area-detector diffractometer (Mo KR graphite-monochromated
radiation, λ ) 0.71073 Å) controlled by the COLLECT software
package.58 Images were processed using the software packages
of Denzo and Scalepack,59 and the data were corrected for
absorption by the empirical method employed in Sortav.60,61 The
structure was solved by the direct methods of SHELXS-9762,63

andrefinedbyfull-matrixleast-squaresonF2usingSHELXL-97.63,64

All non-hydrogen atoms were successfully refined using aniso-
tropic displacement parameters.

Hydrogen atoms bound to carbon were located at their
idealized positions using appropriate HFIX instructions in
SHELXL (43 for the aromatic and 33 for the terminal -CH3

methyl groups) and included in subsequent refinement cycles
in riding-motion approximation with isotropic thermal displace-
ment parameters (Uiso) fixed, respectively, at 1.2 or 1.5 times

Ωλ )
4e2ω3A0J

3p�〈7F|U(λ)|5D0〉
2

(1)

q ) (1 - rST

1 - rx
)( ΔΦx

ΔΦST
)qST (2)
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the Ueq of the carbon atom to which they are attached. The last
difference Fourier map synthesis showed the highest peak (2.357
e ·Å-3) and deepest hole (-1.277 e ·Å-3) located 0.82 and 0.76
Å from Eu(1), respectively.

Crystallographic data (excluding structure factors) for the
structure reported in this paper have been deposited with the
Cambridge Crystallographic Data Centre as supplementary
publication no. CCDC-747008. Copies of the data can be
obtained free of charge on application to CCDC, 12 Union Rd.,
Cambridge CB2 2EZ, U.K. (fax (+44) 1223 336033, e-mail
deposit@ccdc.cam.ac.uk).

Theoretical Studies

The ground-state geometries of [Tb(fod)3(phen)],
[Eu(fod)3(phen)], [Eu(fod)3(H2O)2], and [Eu(fod)3(phen-N-O)]
were obtained with the Sparkle/AM1 model,65 implemented in
the MOPAC2007 software66 package. Previous studies showed
that the Sparkle/AM1 calculations are highly accurate in
calculations of geometries and competitive with other ab initio/
ECP methods with the advantage of being hundreds of times
faster.65,67,68 For this reason, the Sparkle model has been applied
in calculations of the ground-state geometries of lanthanide
complexes.65 Calculated geometries have been successfully
applied in the prediction of spectroscopic properties such as
singlet and triplet energy levels,69-71 UV absorption spectra and
4f-4f intensity parameters,33,71 and energy transfer rates and
quantum efficiencies.21 We used the following MOPAC key-
words: PRECISE, GNORM ) 0.25, SCFCRT ) 1.D-10 (to
increase the SCF convergence criterion), and XYZ (for Cartesian
coordinates).

All geometries and crystallographic and Sparkle/AM1 models
were used to calculate the singlet and triplet excited states using
the configuration interaction single (CIS) based on the inter-
mediate neglect of differential overlap/spectroscopic (INDO/
S) method,72,73 implemented in the ZINDO program.74 The
theoretical values of the intensity parameters, Ωλ, were calcu-
lated using the Judd-Ofelt theory.75,76 The procedure we have
employed is identical to that described in ref 53.

The energy transfer processes between the ligands and the
lanthanide cation were described using the theoretical procedure
developed by Malta and collaborators.77,78 According to their
model, the energy transfer rates, WET, can be inferred from the
sum of two terms:

where WET
mm corresponds to the energy transfer rate obtained from

the multipolar mechanism and is given by

WET
mp corresponds to the dipole-2λ pole mechanism (λ ) 2, 4,

and 6) and WET
dd to the dipole-dipole mechanism. The RL

parameter has been calculated by

with ci being the molecular orbital coefficient of atom i
contributing to the ligand state (triplet or singlet) involved in
the energy transfer and RL,i corresponding to the distance from
atom i to Eu3+. The second term of eq 3, WET

em, corresponds to
the energy transfer rate obtained from the exchange mechanism.
This term is calculated by

where J is the total angular momentum quantum number of the
lanthanide cation. G is the degeneracy of the ligand initial state,
and R specifies a given 4f spectroscopic term. The quantity F
is given by

where γL is the ligand-state bandwidth at half-maximum and Δ
is the transition energy difference between the donor and
acceptor involved in the transfer process. The quantity γλ is
given by

The 〈rλ〉 quantity is the expected radial value of rλ for 4f
electrons (eq 8), 〈3|C(λ)|3〉 is a reduced matrix element of the
Racah tensor operator C(λ),79 and σλ are the screening factors
due to the 5s and 5p filled subshells of the lanthanide cation.
The quantities given by 〈...|...|...〉 are the reduced matrix
elements of the unit tensor operators U(λ),80 RL is the distance
from the lanthanide cation to the region of the coordinated
molecule where the donor (or acceptor) state is localized, S is
the total spin operator of the lanthanide cation, μz is the z
component of the electric dipole operator and sm (m ) 0, (1)
is a spherical component of the spin operator (both for the ligand
electrons), and σ0 is a distance-dependent screening factor.81

The theoretical fluorescence branching ratio is similar to the
spontaneous emission probability (A) of the transition and can
be obtained from the Einstein coefficient to express the rate of
relaxation from an excited state, 5D0, to a final state, 7FJ, with
J ) 0-6. The spontaneous emission probability taking into
account the magnetic dipole mechanisms and the forced electric
dipole is then given by

WET ) WET
mm + WET

em (3)

WET
mm ) 2π

p

e2SL

(2J + 1)G
F ∑

λ
γλ〈R′J′|U(λ)|RJ〉2 +

2π
p

e2SL

(2J + 1)GRL
6
F ∑

λ
Ωλ

ed〈R′J′|U(λ)|RJ〉2 (4)

RL )
∑

i

ci
2RL,i

∑
i

ci
2

(5)

WET
em )

8π
3p

e2(1 - σ0)
2

(2J + 1)RL
4
F〈R′J′|S|RJ〉2 ∑

m

|〈φ| ∑
k

μz(k) sm(k)|φ′〉|2

(6)

F ) 1
pγL

�ln 2
π

exp[-( Δ
pγL

)2
ln 2] (7)

γλ ) (λ + 1)
〈rλ〉2

(RL
λ+2)2

〈3|C(λ)|3〉2(1 - σλ)
2 (8)

A(5D0 -
7FJ) )

64π4ν3

3h(2J + 1)[n(n2 + 2)2

9
Sed + n3Smd]

(9)
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where ν is the energy gap between the 5D0 and 7FJ states (cm-1),
h is Planck’s constant, 2J + 1 is the degeneracy of the initial
state, and n is the refractive index of the medium. Sed and Smd

are the electric and magnetic dipole strengths, respectively. Sed

is given by

where Ωλ (with λ ) 2, 4, 6) are the Judd-Ofelt intensity
parameters and |〈5D0|U(λ)|7FJ〉|2 are the squared reduced matrix

elements whose values are 0.0032, 0.0023, and 0.0002 for J )
2, 4, and 6, respectively.82,83

The 5D0 f 7FJ transitions (J ) 0, 3, and 5) are forbidden in
the magnetic and induced electric dipole schemes; i.e., their
strengths are taken as zero. 5D0 f 7F1 is the only transition
which does not have an electric dipole contribution and can be
theoretically determined: Smd ) 9.6 × 10-42 esu2/cm2.84

Therefore, the theoretical radiative decay rate (Arad) of the
following equation is ultimately calculated as the sum of all
individual spontaneous emission coefficients for the 5D0 f
7F0,1,2,4 transitions:

The emission quantum efficiency η can be expressed as

Results and Discussion

[Eu(fod)3(phen)] was directly isolated as large single crystals
from the slow evaporation in ethanol. Details of the crystal data,
intensity measurements, and structure solution refinements are
summarized in Table 1.

The asymmetric unit contains a single Eu3+ ion coordinated
to three fod anionic ligands and to one N,N′-bidentate ligand,
phen, in a typical eight-coordination fashion as represented in
Figure 1. The symmetry around the Eu3+ cation is best described
as a distorted square antiprism, with the two “square” planes
being defined by O(1) · · ·O(2) · · ·O(4) · · ·O(5) and by O(3) · · ·
O(6) · · ·N(1) · · ·N(2), respectively. The anionic fod residues
appear as typical O,O-chelates via the ketone functional groups,
forming six-membered rings with an average bite angle of 72.4°,
which is in good agreement with those found in related Eu3+-�-
diketonate complexes.27,33,85-88

As illustrated in Figure 2, the crystal structure of
[Eu(fod)3(phen)] exhibits an offset π-π interaction between the

TABLE 1: Crystal and Structure Refinement Data for
[Eu(fod)3(phen)]

empirical formula C42H38EuF21N2O6

fw 1217.70
temp 295(2) K
wavelength 0.71073 Å
cryst syst monoclinic
space group P21/c
unit cell dimensions a ) 14.2130(3) Å, R ) 90°

b ) 19.9060(5) Å, � ) 102.148(2)°
c ) 17.5720(5) Å, γ ) 90°

vol 4860.2(2) Å3

Z 4
density(calcd) 1.664 Mg/m3

abs coeff 1.417 mm-1

F(000) 2416
cryst size 0.20 × 0.19 × 0.19 mm3

θ range for data collection 3.51-25.09°
index ranges -15 e h e +16, -23 e k e +23,

-20 e l e +18
no. of reflns collected 49613
no. of independent reflns 8249 (Rint ) 0.0611)
completeness to θ ) 25.09° 95.5%
refinement method full-matrix least-squares on F2

no. of data/restraints/params 8249/0/649
final R indices [I > 2σ(I)]a,b R1 ) 0.0729, wR2 ) 0.2098
R indices (all data) R1 ) 0.0916, wR2 ) 0.2298
largest diff peak and hole 2.357 and -1.277 e ·Å-3

a R1 ) ∑||Fo| - |Fc||/∑|Fo|. b wR2 ) {∑[w(Fo
2 - Fc

2)2]/
∑[w(Fo

2)2]}1/2.

Figure 1. Asymmetric unit of [Eu(fod)3(phen)] emphasizing the slightly distorted square antiprismatic coordination environment of Eu3+. Hydrogen
atoms were omitted for clarity, and the ellipsoids were drawn at the 30% probability level.

Sed ) e2 ∑
λ)2,4,6

Ωλ|〈5D0|U
(λ)|7FJ〉|

2 (10)

Arad ) ∑
J)1

6

A(5D0 -
7FJ) (11)

η )
Arad

Arad + Anrad
(12)
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phen ligands of adjacent lanthanide complexes, with a centroid-
to-centroid distance of ca. 3.6 Å.89 Table 2 shows selected metric
values of the bond distances and angles of the Eu3+ coordination
environment for [Eu(fod)3(phen)] arising from the single-crystal
X-ray and Sparkle/AM1 models. The crystallographic Eu-O
and Eu-N average bond distances are ca. 2.38 and 2.56 Å,
respectively. These values are within the expected range for
Eu-O and Eu-N distances in Eu3+-�-diketonates complexes.85

The average Eu-O and Eu-N predicted values obtained from
Sparkle/AM1 are ca. 2.38 and 2.51, respectively (Table 2),
agreeing well with those obtained from the crystallographic
studies.

Figure 3 shows a superimposition between the asymmetric
unit and the Sparkle/AM1-optimized structure. One can observe
that the C3F7 and C3H9 groups of fod ligands and the aromatic
rings of phen show different spatial arrangements in comparison
with the crystallographic model. We attribute this fact to the
higher degree of freedom associated with these groups because
the geometry optimizations are performed for the molecules in
a vacuum. The [Tb(fod)3(phen)] Sparkle/AM1-optimized struc-
ture is given in Figure S3 in the Supporting Information.

Figure 4 shows the normalized absorption spectra of
[Eu(fod)3(phen)] and [Tb(fod)3(phen)] and normalized absorp-
tion spectra of fod and phen registered in ethanolic solutions
(10-4 mol L-1), at 300 K, and the theoretically predicted spectra
obtained via the INDO/CIS method. Table 3 lists the molar
absorption coefficients (ε). The electronic absorption spectra of
[Eu(fod)3(phen)] and [Tb(fod)3(phen)] show the same spectral
profile: three bands (λmax ) 230 nm) arising from the
sum of the corresponding precursors. [Eu(fod)3(phen)] and
[Tb(fod)3(phen)] display average calculated ε values 2.4 and
7.3 times those of phen and fod, respectively, revealing the
ability of the materials to absorb light. The theoretical spectra
exhibit similarities to the experimental data, despite the fact that
they also display a small blue shift, which can be justified by
the fact that all calculations were performed by considering the
molecular units of the materials as being in a vacuum.

Figure 5 shows the excitation spectra of [Eu(fod)3(phen)] and
[Tb(fod)3(phen)] registered at 300 K in the 200-550 and
200-450 nm ranges by monitoring the Eu3+ and Tb3+ emissions
at ca. 611 and 545 nm, respectively. The spectra exhibit broad
bands characteristic of the electronic transitions π f π* of the
ligands, with the maximum peaking at ca. 348 nm. The weaker
signals observed in the 450-550 nm region arise from the f-f
absorption of the Eu3+cation, unequivocally proving the indirect
excitation of the lanthanide centers via a typical antenna effect
involving the organic ligands. Comparatively, the integrated

Figure 2. Schematic representation of the offset π-π stacking
interactions between adjacent [Eu(fod)3(phen)] complexes.

TABLE 2: Selected Bond Lengths (Å) and Angles (deg) for
[Eu(fod)3(phen)]a

Eu(1)-O(1) 2.335(6) (2.382)
Eu(1)-O(2) 2.346(5) (2.387)
Eu(1)-O(4) 2.346(6) (2.387)
Eu(1)-O(5) 2.355(6) (2.359)
Eu(1)-O(3) 2.360(5) (2.387)
Eu(1)-O(6) 2.407(6) (2.388)
Eu(1)-N(1) 2.591(6) (2.513)
Eu(1)-N(2) 2.600(7) (2.515)
O(1)-Eu(1)-O(5) 72.9(2) (62.27)
O(2)-Eu(1)-O(4) 73.0(2) (62.51)
O(3)-Eu(1)-O(6) 71.31(19) (62.16)
N(1)-Eu(1)-N(2) 63.1(2) (66.41)

a The values in parentheses are from Sparkle/AM1.

Figure 3. Superimposition of [Eu(fod)3(phen)] complexes and coor-
dination environments: crystallographic structures are represented in
blue, while the Sparkle/AM1-optimized geometries are in red. Sparkle/
AM1 geometries are slightly dislocated to facilitate the comprehension
of the schemes.

Figure 4. Normalized absorption spectra of [Eu(fod)3(phen)],
[Tb(fod)3(phen)], fod, and phen. Experimental spectra were collected
from an ethanolic solution at 300 K. The asterisks denote the theoretical
spectra, which were calculated using INDO/CIS.

TABLE 3: Molar Absorption Coefficients (ε) and Maximum
Absorption Intensities (λ) of fod, phen, [Eu(fod)3(phen)], and
[Tb(fod)3(phen)]

sample ε (103 mol-1 cm-1 L) λ (nm)

fod 1.082 295
phen 3.312 230
[Eu(fod)3(phen)] 8.252 230
[Tb(fod)3(phen)] 7.578 230
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excitation band of [Tb(fod)3(phen)] is 40% narrower than that
of the analogous Eu3+ complex, indicating that the antenna effect
for the Tb3+ compound is less efficient.

Figure 6 depicts the solid-state emission spectra of
[Eu(fod)3(phen)] and [Tb(fod)3(phen)] recorded at 300 K upon
excitation at 348 nm. The [Tb(fod)3(phen)] complex shows a
weak green color upon UV excitation even though its emission
spectrum exhibits well-defined 5D4 f 7FJ transitions. The 5D4

f 7F5 transition (545 nm) is the strongest corresponding to ca.
62% of the integrated spectrum. Indeed, the triplet position
calculated for [Ln(fod)3(phen)] (Ln3+ ) Eu3+ or Tb3+) is
19838.3 cm-1, being slightly below the Tb3+ 5D4 level (ΔE )
562 cm-1). Nevertheless, the profiles observed in the excitation
and emission spectra of [Tb(fod)3(phen)] indicate that the triplet
calculated for the compounds is underestimated. This can be
explained by the error of (1000 cm-1 associated with the
theoretical method. Noteworthy, this short discrepancy does not
disqualify the methodology.4,55,90,91 When the lowest triplets of
the organic ligands are below the emitter levels of the Ln3+

ions, fluorescence or phosphorescence arising from the ligand
or no emission is normally observed.24,92,93 Indeed the experi-
mental observations demonstrate that the triplet-5D4 resonance
contributes significantly to nonradiative deactivation of the Tb3+

ion and provides a plausible way to justify the short lifetime,
0.23 ms, and quantum yield, q ) 28.0%, obtained for
[Tb(fod)3(phen)].

The spectrum of [Eu(fod)3(phen)] displays the typical narrow
bands corresponding to the centered Eu3+ 5D0f 7FJ transitions,
whose main emission, centered at ca. 611 nm, corresponds to
the hypersensitive 5D0f 7F2 transition. The relative intensities
and splitting of the emissions bands are particularly influenced
by the symmetry of the first coordination sphere.3 The emission
spectrum has a single peak at ca. 580 nm attributed to the 5D0

f 7F0 transition. Even at low temperature, the 5D0 f 7F0

transition remains unaltered, clearly indicating that the Eu3+

chemical environment has a low symmetry without an inversion
center.86 The selection rules for the electric dipole transition
indicate that 5D0 f 7F0 is only observed if the point symmetry
of Eu3+ is CnV, Cn, or Cs.94 In addition, because Eu3+ 7F0 is
nondegenerate and the ligand field can not split it, the single
peak at 580 nm indicates that there is only one emitter Eu3+

center in the material.95 This is confirmed by the fact that the
lifetime (τ) of the excited state 5D0 was determined from a
single-exponential fitting of the decay curve, also being
consistent with the presence of a single crystallographically
independent Eu3+ center. This spectroscopic information is in
excellent agreement with the crystallographic and Sparkle/AM1
models.

The 5D0 f 7F1 transition is ruled by a magnetic dipole
mechanism, and its intensity is largely independent of the ligand
field effects. Nevertheless, the respective transition reflects the
site symmetry of Eu3+ in the number of the lines.96 This
transition appears in the 588-600 nm range and exhibits three
well-defined Stark components, thus supporting the presence
of a single low-symmetry site for Eu3+. Moreover, the 5D0 f
7F2/5D0f 7F1 ratio for [Eu(fod)3(phen)] is ca. 11, which is well
within the expected range (ca. 8-12) typical of europium centers
exhibiting a highly asymmetric coordination environment.51

The theoretical intensity parameters were calculated from the
structural data given in Tables S1-S3 (Supporting Information)
using the procedure described in ref 53. The charge factors (g)
and the ligand ion polarizability (R) were restricted to physically
acceptable values and were treated as freely varying parameters
using a nonlinear minimization of a four-dimension response
surface.51,55,56 The charge factors and the R values adjusted for
[Eu(fod)3(phen)], [Eu(fod)3(H2O)2], and [Eu(fod)3(phen-N-O)]
are given in Tables 4 and Tables S1 and S2, respectively.

Table 4 summarizes the theoretical and experimental values
for the intensity parameters (Ω2, Ω4, and Ω6), radiative and
nonradiative rates of spontaneous emission (Arad and Anrad,
respectively), quantum efficiency (η), and quantum yield (q)
for three Eu3+-�-diketonate complexes studied in this paper.
The analysis of the intensity parameters Ωλ leads to the
conclusion that these results reflect good agreement between
the theoretical and experimental data. Considering the results
collected in Table 4, one can observe an extraordinary increase
of the Ω2 values for [Eu(fod)3(phen)] and [Eu(fod)3(phen-N-

Figure 6. Normalized emission spectra of [Eu(fod)3(phen)] and
[Tb(fod)3(phen)] at 300 K upon excitation at 348 nm.

Figure 5. Excitation spectrum of [Eu(fod)3(phen)] recorded at ca. 300
K by monitoring the emission of Eu3+ at ca. 611 nm.
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O)] in comparison with that of [Eu(fod)3(H2O)2], caused by the
high sensitivity of Ω2 to the small change of the coordination
environment.97 Comparatively, the reason for the differences
in Ω2 values between [Eu(fod)3(phen)] and [Eu(fod)3(phen-N-
O)] has its origin in the variations of the basicity degrees of the
ligands (phen and phen-N-O) and anisotropic features of the
metal-ligand bonds. In addition, the theoretical calculations
show that the effects of the dynamic coupling associated with
the ligand ion polarizability (R) are more prominent for
[Eu(fod)3(phen-N-O)], corroborating its high Ω2 value.

Table 4 also includes the experimental values of the lifetimes
for the three compounds. The increase of the lifetimes from
0.62 to 0.85 ms and radiative rates (from 426.5 to 601 s-1) and
the sensible reduction of the nonradiative rates from 1186.40
to 575.5 s-1 of [Eu(fod)3(H2O)2]51 and [Eu(fod)3(phen)], re-
spectively, are a consequence of the substitution of the two
coordinated water molecules by phenanthroline. These aspects
are directly associated with the reduction of nonradiative decay

channels from vibronic coupling with harmonics of the O-H
oscillator and corroborate the high values of the quantum yield
(q ) 40.0%) and lifetime (τ ) 0.85 ms) obtained for
[Eu(fod)3(phen)]. While a substantial influence of the ligand
phen-N-O on the relative intensities of the 5D0f 7FJ transitions
was observed, the high contribution of the nonradiative rate,
1797.8 s-1, justifies the lower values of η and τ of [Eu(fod)3(phen-
N-O)] when compared with those of [Eu(fod)3(phen)]. It is
important to note that the theoretical methodology shows similar
results for the energy transfer mechanisms of [Eu(fod)3(phen)]
and [Eu(fod)3(phen-N-O)] molecules in a vacuum. Unfortu-
nately, the absence of crystallographic information for [Eu(fod)3-
(phen-N-O)]50 is a cumber to estimation of the energy mecha-
nism in the crystalline domain and to indentification of the
nonradiative channels responsible for the anomalous values of
Anrad, η, and τ in comparison with those of [Eu(fod)3(phen)]. In
addition, the results summarized in Table 4 further show
excellent agreement between the theoretical and the experimental
values for the Arad, Anrad, quantum efficiency (η), and quantum
yields (q) of the three compounds.

The energy transfer and back-transfer rates and quantum yield
for the Eu3+ compounds were calculated on the basis of some
constraints: The values of the Eu3+ electronic levels arise from
the free ion at intermediate coupling,98 and the singlet level of
the complex is resonant with Eu3+ 5D4 (27600 cm-1), while 5D1

and 5D0 are resonant with the lowest triplet. Additionally, the
oscillator strength of the singlet states must be larger than 0.2,
the singlet state must have an energy below 40000 cm-1, and
only the triplet state of the lowest energy was considered, which
is related to the singlet state previously chosen. According to
the selection rules, the energy transfer between the triplet and
the 5D1 level occurs via the exchange mechanism, and the energy
transfer between the singlet and the 5D4 level occurs via the
multipolar mechanism. The energy transfer between the triplet
and 5D0 is forbidden for both mechanisms, but this selection
rule can be relaxed due to the thermal population of the 7F1

TABLE 4: Theoretical Intensity Parameters Ω2, Ω4, and Ω6, Radiative (Arad) and Nonradiative (Anrad) Decay Rates, and
Quantum Efficiency (η) and Quantum Yield (q) Values Derived from the Single-Crystal X-ray Diffraction and Optimized
Sparkle/PM3 Modelsa

compd Ω2 (10-20 cm2) Ω4 (10-20 cm2) Ω6 (10-20 cm2) Arad (s-1) Anrad (s-1) τ (ms) η (%) q (%)

[Eu(fod)3(phen)]b 19.00 2.60 601.0 575.5 0.85 51.0 40.0
[Eu(fod)3(phen)], X-ray structure 13.36 2.06 27.44 503.5 673.0 43.0 42.0
[Eu(fod)3(phen)], Sparkle/AM1 structure 16.49 2.62 39.47 615.7 560.8 52.3 51.0
[Eu(fod)3(H2O)2]b 10.90 2.10 426.5 1186.4 0.62 26.5
[Eu(fod)3(H2O)2], Sparkle/AM1 structure 9.86 2.24 34.34 406.9 1206.0 25.0 25.0
[Eu(fod)3(phen-N-O)]b 24.50 13.40 876.0 1797.8 0.37 33.0
[Eu(fod)3(phen-N-O)], Sparkle/AM1 structure 19.35 15.92 23.05 889.4 1775.4 33.5 33.0

a Related experimental data, including the lifetime (τ) of the Eu3+ center, were obtained at ambient temperature for the as-synthesized
[Eu(fod)3(phen)], [Eu(fod)3(H2O)2], and [Eu(fod)3(phen-N-O)] samples. b Experimental values.

Figure 7. Energy level diagram for [Eu(fod)3(phen)] showing the most
probable channels for the intramolecular energy transfer process.

TABLE 5: Calculated Values of Intramolecular Energy Transfer and Back-Transfer Rates for Eu3+-�-Diketonate Compounds

compd level (cm-1) Δ (cm-1) RL (Å) transfer rate (s-1) back-transfer rate (s-1)

[Eu(fod)3(phen)] (X-ray) S (37569.3) f 5D4 (27600) 9969.3 3.218 8.29 × 105 1.99 × 10-15

T (19654.1) f 5D1 (19070) 584.1 3.372 2.08 × 1011 1.31 × 1010

T (19654.1) f 5D0 (17300) 2354.1 3.372 1.45 × 1011 1.99 × x106

[Eu(fod)3(phen)] (Sparkle/AM1) S (39032.4) f 5D4 (27600) 11432.4 3.369 9.35 × 104 0.00
T (19838.3) f 5D1 (19070) 768.3 3.991 7.54 × 1010 1.92 × 109

T (19838.3) f 5D0 (17300) 2538.3 3.991 5.01 × 1010 2.78 × 105

[Eu(fod)3(H2O)2] (Sparkle/AM1) S (38285.5) f 5D4 (27600) 10685.5 3.354 2.47 × 105 0.00
T (21313.0) f 5D1 (19070) 2243.0 3.465 1.03 × 1011 2.37 × 106

T (21313.0) f 5D0 (17300) 4013.0 3.465 4.85 × 1010 2.44 × 102

[Eu(fod)3(phen-N-O)] (Sparkle/AM1) S (39250.2) f 5D4 (27600) 11650.2 3.923 1.38 × 105 0.00
T (20233.8) f 5D1 (19070) 1163.8 4.284 1.84 × 1010 7.32 × 107

T (20233.8) f 5D0 (17300) 2933.8 4.284 1.12 × 1010 9.67 × 103
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level at room temperature and via the mixing of the J states
due to the interaction with the ligand field. On the basis of this
information, we have calculated both the transfer and back-
transfer rates between the ligand and the Eu3+ levels. Typical
values of the remaining transfer rates were assumed to be identical
to those found for coordination compounds, namely, Φ ) 104 s-1,
Φ(1) ) 106 s-1, Φ(2) ) 108 s-1, and Φ(3) ) 105 s-1.

In Figure 7 an energy diagram for the two ligands and Eu3+

in [Eu(fod)3(phen)] is proposed. Full lines concern the radiative
transitions, whereas the dashed lines concern those associated
with nonradiative paths. The curved lines are related to the
ligandf lanthanide energy transfer or back-transfer. The energy
transfer rates from the ligand triplet state (T1) to the 5D1 and
5D0 levels, energy transfer rates from the singlet state (S1), and
singlet and triplet values are summarized in Table 5.

The three compounds show high T1f 5D1 back-transfer rate
values, which can be explained by a short energy difference
between the excited states. Clearly, the values of the energy
transfer rate indicate that the process is predominant from the
triplet state of the ligand to the 5D1 and 5D0 levels of Eu3+.

Conclusions

The complexes [Eu(fod)3(phen)] and [Tb(fod)3(phen)] were
synthesized and characterized, and their photophysical properties
were submitted to a detailed scrutiny. The [Tb(fod)3(phen)]
complex shows a faint green color upon UV excitation, with
this fact being explained by the triplet-5D4 resonance, which
contributes significantly to the nonradiative deactivation of Tb3+,
ultimately being the cause of a short lifetime and low quantum
yield. The properties of the [Eu(fod)3(phen)] material were
studied under a theoretical (using the Sparkle/AM1 model) and
an experimental perspective and compared with those of
[Eu(fod)3(H2O)2] and [Eu(fod)3(phen-N-O)]. The asymmetric
unit has a single Eu3+ ion coordinated to three fod anionic
ligands and to one N,N′-bidentate ligand, phen, in a typical eight-
coordination mode. The optimized molecular geometry of
[Eu(fod)3(phen)] was obtained by employing the Sparkle/AM1
model and agrees well with the crystallographic model. Theo-
retical intensity parameters, calculated from the crystallographic
and Sparkle models, are also in agreement with those acquired
experimentally. Values of intermolecular energy transfer
rates calculated for [Eu(fod)3(phen)], [Eu(fod)3(H2O)2], and
[Eu(fod)3(phen-N-O)] indicate that the energy transfer process
occurs predominantly from the triplet state of the ligand to the
5D1 and 5D0 levels of Eu3+. These results, associated with the
excellent predictions of the intensity parameters, radiative rates,
and quantum efficiencies certify the efficacy of the theoretical
models used in all calculations.

Supporting Information Available: Tables of spherical
atomic coordinates of [Eu(fod)3(phen)], [Eu(fod)3(H2O)2], and
[Eu(fod)3(phen-N-O)], additional drawings showing the Sparkle/
AM1-optimized geometry for [Eu(fod)3(H2O)2], [Eu(fod)3(phen-
N-O)], and [Tb(fod)3(phen)], decay curves of [Eu(fod)3(phen)]
and [Tb(fod)3(phen)], and CIF data. This material is available
free of charge via the Internet at http://pubs.acs.org.
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Table S1 - Spherical atomic coordinates for the single-crystal X-ray and Sparkle/AM1 (inside 
the parentheses) [Eu(fod)3phen] complex, unsigned deviation obtained for the lanthanide-
coordinated-atom distances, charge factors (g) and the polarizability (α) of the coordinated atom. 

Atom R(Å) θ(°) φ(°) 
Unsigned 
deviation g[a] α[a]

Eu (III) 0.000 (0.000) 0.000 (0.000) 0.000 (0.000) 0.000 — —

 O (fod) 2.337 (2.383) 90.000 (88.997) 0.000 (-9.149) 0.045 1.176 0.011

 O (fod) 2.368 (2.389) 90.000 (88.134) 85.224 (78.684) 0.020 1.176 0.011

 O (fod) 2.342 (2.389) 58.726 (57.188) 289.918 (293.402) 0.048 1.176 0.011

 O (fod) 2.402 (2.388) 19.612 (26.369) 67.020 (89.146) 0.014 1.176 0.011

 O (fod) 2.348 (2.387) 119.844 (126.723) 243.877 (250.378) 0.039 1.176 0.011

 O (fod) 2.328 (2.388) 164.527 (170.634) 25.414 (51.006) 0.060 1.176 0.011

 N (phen) 2.599 (2.514) 114.415 (108.022) 157.751 (151.105) 0.084 2.516 0.061

 N (phen) 2.591 (2.515) 64.073 (63.380) 196.970 (201.800) 0.077 2.516 0.061

[a] Obtained using a non-linear minimization approach 



Table S2 - Spherical atomic coordinates for Sparkle/AM1 [Eu(fod)3(H2O)2] complex, charge 
factors (g) and the polarizability (α) of the coordinated atom. 

Atom R(Å) θ(°) φ(°) g[a] α[a]

Eu (III) 0.000 0.000 0.000 — — 

 O (fod) 2.378 94.378 351.000 0.936 2.875 

 O (fod) 2.383 84.925 82.252 0.936 2.875 

 O (fod) 2.382 53.561 300.521 0.936 2.875 

 O (fod) 2.382 24.019 101.170 0.936 2.875 

 O (fod) 2.382 126.060 244.453 0.936 2.875 

 O (fod) 2.381 168.515 109.253 0.936 2.875 

 O (H2O) 2.395 51.782 217.622 1.905 1.394 

 O (H2O) 2.395 106.566 143.703 1.905 1.394 
[a] Obtained using a non-linear minimization approach 



Table S3 - Spherical atomic coordinates for Sparkle/AM1 [Eu(fod)3.phenN-O] complex, charge 
factors (g) and the polarizability (α) of the coordinated atom. 

Atom R(Å) θ(°) φ(°) g[a] α[a]

Eu (III) 0.000 0.000 0.000 — — 

 O (fod) 2.386 88.593 0.793 0.010 0.020 

 O (fod) 2.390 92.827 62.954 0.010 0.020 

 O (fod) 2.387 65.496 276.079 0.010 0.020 

 O (fod) 2.390 84.492 213.986 0.010 0.020 

 O (fod) 2.388 145.630 142.437 0.010 0.020 

 O (fod) 2.387 149.212 292.016 0.010 0.020 

 N (phenN-O) 2.546 70.178 141.297 0.989 0.022 

 O (phenN-O) 2.390 15.975 68.467 1.998 1.738 
[a] Obtained using a non-linear minimization technique 

Table S4 - Spherical atomic coordinates for the Sparkle/AM1 model of the 
[Tb(fod)3phen] complex.

Atoms R (Å) θθθθ (°) φφφφ(°) 

Tb(III) 0.00 0.00 0.00 

 O (fod) 2.39 90.00                0.00 

 O (fod) 2.39 90.00 61.99 

 O (fod) 2.39 73.88 277.87 

 O (fod) 2.39 79.79 213.85 

 O (fod) 2.39 140.62 139.17 

 O (fod) 2.38 153.93 288.71 

 N (phen) 2.51 57.50 134.98 

 N (phen) 2.51 13.56 8.60 



Figure S1 - Optimized molecular structure of [Eu(fod)3(H2O)2] obtained from the 
Sparkle/AM1 model.



Figure S2 - Optimized molecular structure of [Eu(fod)3phenN-O] obtained from the 
Sparkle/AM1 model.  



Figure S3 - Optimized molecular structure of [Tb(fod)3phen] obtained from the 
Sparkle/AM1 model.  



Figure S4 –Normalized decay curves of [Eu(fod)3phen] and [Tb(fod)3phen] at 
300K, upon excitation at 348 nm and by monitoring the respective 5D0→7F2 and 
5D4→7F5 transitions at 611 and 545 nm. Red and green solid lines correspond to the best 
fit (R> 0.999). 



Short Communication

Potential of a metal–organic framework as a
new material for solid-phase extraction of
pesticides from lettuce (Lactuca sativa), with
analysis by gas chromatography-mass
spectrometry

The metal–organic framework N[(La0.9Eu0.1)2(DPA)3(H2O)3] was tested for extraction of

pyrimicarb, procymidone, malathion, methyl parathion and a- and b-endosulfan from

lettuce, with analysis using GC/MS in SIM mode. Experiments were carried out in

triplicate at two fortification levels (0.1 and 0.5 mg/kg), and resulted in recoveries in the

range of 78–107%, with RSD values between 1.6 and 8.0% for N[(La0.9Eu0.1)2(DPA)3
(H2O)3] sorbent. Detection and quantification limits ranged from 0.02 to 0.05 mg/kg and

from 0.05 to 0.10 mg/kg, respectively, for the different pesticides studied. The method

developed was linear over the range tested (0.05–10.0 mg/mL), with correlation coefficients

ranging from 0.9990 to 0.9997. Comparison between N[(La0.9Eu0.1)2(DPA)3(H2O)3] and

conventional sorbent (silica gel) showed better performance of the N[(La0.9Eu0.1)2
(DPA)3(H2O)3] polymeric sorbent for all pesticides tested.

Keywords: Lettuce / Matrix solid-phase dispersion / Metal–organic framework /
Pesticides
DOI 10.1002/jssc.201000553

1 Introduction

Metal–organic frameworks (MOFs), commonly designated

as coordination polymers, are a class of porous organic–

inorganic hybrid materials that form an interesting interface

between materials science and synthetic chemistry [1, 2]. In

recent years, these compounds have received special

attention due to the unique structural architecture obtained

from self-assembly among metal ions and multifunctional

organic ligands, and their promising applications in

strategic scientific and industrial fields [3–5].

Most of the reports concerning applications of MOFs

have focused on catalysis [5, 6] or gas adsorption [7], while

the exploration of these materials as pre-concentrators for

SPE has been sparsely reported [8]. The scope of this work is

to use MOFs as stationary phases, since they can be tailored

to provide selective sorption profiles based on control of

structural aspects, such as shape and pore size, as well as

hydrophobic and hydrophilic properties. It is important to

stress that the materials conventionally used as pre-

concentrators have limited sorption capacity or have low

selectivity for specific analytes. Moreover, they can present

incomplete or slow desorption of analytes. Therefore, MOFs

can be regarded as interesting alternative sorbent materials

for use in detection of environmental pollutants.

Pesticides are a broad class of persistent organic pollu-

tants that are commonly found in the environment, since

they are widely used to protect fruit and vegetables against a

range of pests and fungi and provide quality preservation [9].

There has been considerable interest in developing new

selective and sensitive extraction methods based on selective

sorptive extraction procedures. The ideal sample preparation

method should be fast, accurate, precise and should employ

small volumes of organic solvents. Moreover, the sample

preparation should make use of less expensive materials

[10]. Alternative solid-phase materials have been developed

to address these issues. The interest of compounds isolated

from environmental, food or biological matrices is always

key to the development of an analytical method, and prior

disruption of the general sample architecture is often

needed [11]. The selectivity of the sorbent is an important

parameter to be taken into account [12]. The matrix solid-

phase dispersion (MSPD) method has been proven to be a

good alternative to classical methods, such as liquid–liquid

extraction and SPE, in which the analytes are partitioned

between a solid sorbent and a semisolid sample matrix, and
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Rogério Luiz da Silva1

Silvia Caroline G. dos Santos
Silva1

Marcelo O. Rodrigues2

Carlos A. de Simone3

Gilberto F. de Sá2
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the analytes are required to have a greater affinity for the

sorbent than for the sample matrix [13]. The target

compounds are retained on the solid phase and then

removed by eluting with a solvent of greater affinity [14, 15].

The aim of the present study was to evaluate the

performance of the three-dimensional (3D) MOF

N[(La0.9Eu0.1)2(DPA)3(H2O)3] as a new adsorbent material

for the determination of pesticides belonging to four

chemical classes, namely organochlorine (endosulfan),

organophosphate (malathion and methyl parathion), dicar-

boximide (procymidone) and carbamate (pirimicarb) in

fresh lettuce (Lactuca sativa) by MSPD and GC/MS.

2 Materials and methods

2.1 Chemicals and reagents

Acetonitrile and acetone were pesticide grade from Tedia

(Fairfield, OH, USA). Certified standards of pirimicarb,

methyl parathion, malathion, procymidone, a-endosulfan
and b-endosulfan were purchased from Dr. Ehrenstorfer

(Augsburg, Germany). All standards were at least 98% pure.

Analytical grade anhydrous MgSO4 was supplied from

Mallinckrodt Baker (Paris, KY, USA). Powdered activated

carbon was supplied from Vetec (Rio de Janeiro, Brazil).

Lanthanum (III) oxide (La2O3), europium (III) oxide

(Eu2O3) and pyridine-2,6-dicarboxylic acid (H2DPA) were

supplied from Sigma-Aldrich (St. Louis, MO, USA).

2.2 Synthesis of the coordination polymer

The crystals were obtained from the reaction mixture of La2O3

(1.8mmol, 0.5865 g), Eu2O3 (0.2mmol, 0.0704 g), H2DPA

(8mmol, 1.3360 g) and water (40.0mL) in a 100-mL Teflon

reactor, maintained under autogenous pressure at 1801C for 3

days and then cooled to room temperature. The solid products

were recovered by filtration, washed with acetone and air-

dried. Anal. Calc. for the C21H15N3O15Ln2 (%): C-30.38;

H-1.80; N-5.06. Found (%): C-29.37; H-2.01; N-5.36.

2.3 Characterization of the coordination polymer

Infrared spectra were recorded with a Perkin Elmer

Spectrum BX FTIR spectrophotometer, in the range

4000–400 cm�1, with averaging of 120 and resolution of

4 cm�1, using the conventional KBr technique (Fig. 1).

Thermogravimetric analysis employed a SDT 2960 differ-

ential scanning calorimeter (Fig. 2). The purge gas used was

high-purity nitrogen (N2), supplied at a flow rate of 50 mL/

min. A TA Instruments Q50 thermobalance was used, at a

heating rate of 101C/min and with high purity N2 as purge

gas (20 mL/min). Data were collected on a Nonius Kappa

CCD area-detector diffractometer (Mo-Ka graphite-mono-

chromated radiation, k5 0.7107 Å) controlled by the Collect

software package, at room temperature. Images were

processed using the Denzo and Scalepack software package,

and data were corrected for absorption by the empirical

method implemented in SADABS. The structure was solved

using the direct methods implemented in SHELXS-97,

which allowed the immediate location of the majority of the

heavy atoms [16]. All the remaining non-hydrogen atoms

were directly located from difference Fourier maps calcu-

lated from successive full-matrix least squares refinement

cycles on F2 using SHELXL-97 [17].

2.4 Pesticide standard solutions

Stock standard solutions of the pesticides were prepared by

precisely weighing out and then dissolving the compounds in

acetonitrile to a concentration of 500 mg/mL. These standard

solutions were stored at �181C and were stable for a period of

at least 1 month. Working standard solutions were prepared by

diluting the stock solutions in acetonitrile as required. Matrix-

Figure 1. Infrared spectrum of N[(La0.9Eu0.1)2(DPA)3(H2O)3].

Figure 2. Thermogravimetric curve of N[(La0.9Eu0.1)2(DPA)3
(H2O)3].

J. Sep. Sci. 2010, 33, 1–62 A. S. Barreto et al.
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matched standards were prepared at the same concentration as

those of calibration solutions by adding appropriate amounts

of standards to the control matrix extract.

2.5 GC/MS system and operating conditions

A Shimadzu (Kyoto, Japan) system consisting of a

QP-2010plus mass spectrometer coupled to a GC-2010 gas

chromatograph with a Shimadzu AOC 20i autosampler and

a split/splitless injector was used for the identification and

quantification of the pesticides. A fused-silica DB-5MS

column (5% phenyl–95% polydimethylsiloxane; 30 m� 0.25

mm id, 0.25 mm), supplied by J&W Scientific (Folsom, CA,

USA), was employed with helium (purity 99.995%) as

carrier gas at a flow rate of 1.6 mL/min. The column

temperature was programmed as follows: 601C for 1 min,

then directly to 2901C at 101C/min, with a hold time of

3 min. The solvent delay was 5 min. The injector port was

maintained at 2501C and a 1-mL sample volume was injected

in splitless mode (0.7 min). The data were acquired and

processed on a personal computer, using Shimadzu GC

Solution software. The total analysis time was 27 min, and

the equilibrium time was 2 min. The eluent from the GC

column was transferred, via an interface line heated to

2801C, into the 70 eV electron ionization source, also

maintained at 2801C. The analysis was performed in the

SIM mode. For the first acquisition window (8.00 to

18.50 min), the ions monitored were m/z 166 and 238
(pirimicarb), m/z 109 and 246 (methyl parathion) and m/z
127 and 173 (malathion). For the second acquisition window

(18.50 to 27.00 min), m/z 124 and 283 (procymidone),

m/z 195 and 241 (a-endosulfan) and m/z 195 and 241
(b-endosulfan) were monitored. Values of m/z in bold type

correspond to the quantification ion for each pesticide.

2.6 Sample preparation and fortification

The lettuce samples used for method development were

obtained from an organic farm (pesticide free) located in the

municipality of Itabaiana, State of Sergipe, Brazil. A

representative portion of sample was diced with a stainless

steel knife. Fortified samples were prepared by adding 500 mL
of different multicomponent standard solutions to 2 g of

sample, resulting in levels of 0.1 and 0.5mg/kg on a fresh

weight basis. The fortified lettuce was left to stand for 30min

at room temperature, to allow the solvent to evaporate, before

extraction. Replicates were analyzed at each fortification level.

The extraction procedure was as described below.

2.7 Extraction procedure

An aliquot of lettuce (2.0 g) was placed into a glass mortar (ca.
50mL) and 0.5 g of coordination polymer was added. The

lettuce was then gently blended into the polymer material with

a glass pestle, until a homogeneous mixture was obtained (ca.
3min). The homogenized mixture was introduced into a

100� 20mm id polypropylene column, filled with 0.1 g of

silanized glass wool at the base followed by 1.0 g of anhydrous

magnesium sulfate and 0.1 g of activated carbon, respectively.

A 30-mL portion of acetonitrile was added to the column and

the sample was allowed to elute dropwise. The eluent was

collected in a graduated conical tube and concentrated to a

volume of 1mL, using first a rotary vacuum evaporator (451C),
followed by a gentle flow of nitrogen. A 1-mL portion of the

extract was then directly analyzed by GC/MS.

3 Results and discussion

3.1 Characterization of 1[(La0:9Eu0:1)2(DPA)3(H2O)3]

A large amount of a single-crystalline phase of the MOF was

successfully obtained by hydrothermal reaction. Based on

single-crystal X-ray diffraction, the compound was formu-

lated as N[(La0.9Eu0.1)2(DPA)3(H2O)3]. All crystallographic

data are summarized in Table 1.

It is important to mention that the N[(La0.9Eu0.1)2
(DPA)3(H2O)3] is isostructural to a pure La31 compound

previously reported. According to the X-ray analyses, the

substitution of La31 sites with Eu31 ions does not cause

structural changes, and consequently La31 ions are located

in the coordination environment. The compounds crystal-

lize in the monoclinic space group P21/c, with cell para-

meters very close to the lanthanum compound reported by

Table 1. Crystal data and structure refinement parameters for

N[(La0.9Eu0.1)2(DPA)3(H2O)3]

Empirical formula C21 H15 La2 N3 O15

Formula weight 829.42

Temperature 295(2) K

Wavelength 0.71073

Crystal system, space group Monoclinic, P21/c

Unit cell dimensions a5 11.0120(2) Å a5 90

b5 17.5730(3) Å b5 100.3090(10)

c5 13.5990(2) Å g5 90

Volume 2589.11(7) Å3

Z, Calculated density 4, 1.825 Mg/m3

Absorption coefficient 3.297 mm�1

F (000) 1352

Crystal size 0.298� 0.278� 0.211 mm

Theta range for data collection 2.87–27.31

Limiting indices �11o5 ho5 13,

�22o5 ko5 22,

�16o5 lo5 16

Reflections collected/unique 25 500/5268 [R(int)5 0.1606]

Completeness to theta5 27.31 90.2%

Refinement method Full-matrix least-squares on F 2

Data/restraints/parameters 5268/0/371

Goodness-of-fit on F 2 1.11

Final R indices [I42sigma(I)] R15 0.0434, wR25 0.0972

R indices (all data) R15 0.0796, wR25 0.1057

Largest diff. peak and hole 2.508 and �2.590 e.Å�3

J. Sep. Sci. 2010, 33, 1–6 Other Techniques 3
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Costes and co-workers [18]. Each DPA ligand is coordinated

with three La31 ions via nitrogen atoms from pyridine rings

and two carboxylate groups, forming a 3D structure.

Figure 3 shows the 3D supramolecular structure of

N[(La0.9Eu0.1)2(DPA)3(H2O)3], with hexagonal and octagonal

channels running parallel to the c-axis.
Elemental analysis, infrared spectroscopy and thermal

decomposition data are in good agreement with the crys-

tallographic structure of N[(La0.9Eu0.1)2(DPA)3(H2O)3]. The

complete dehydration of hydrated lanthanide dipicolinate is

a single-step procedure that takes place in a temperature

range from 100 to 2501C. Dehydration corresponds to an

endothermic process. The dipicolinate ligand decomposi-

tion first presents a steep slope and then a slight slope until

constant weight loss is observed. This process begins

rapidly; then, as the temperature increases, a slow decom-

position takes place. Weight losses indicate that the forma-

tion of oxycarbonate, La2O2(CO3), occurs at a higher

temperature (near 6401C). The oxycarbonate phases are not

stable. A major exothermic peak was observed when the

decomposition of the dipicolinate takes place, but satellite

peaks were observed. A stable oxide was the final product.

3.2 MSPD procedure

The type of sorbent and the polarity of the elution solvent

are known to be key factors in MSPD, since they determine

both the efficacy of the extraction and the purity of the final

extracts [19]. Here, the performance of N[(La0.9Eu0.1)2(D-

PA)3(H2O)3], as a new sorbent material for MSPD, was

compared with silica gel, which was previously used as the

extracting phase in multiclass analysis of the same

pesticides in lettuce in our earlier validated MSPD

procedure [20]. Fortification concentrations were selected

to achieve the maximum residue levels for pesticides in

lettuce, according to Brazilian legislation, which range from

1.0 to 8.0 mg/kg. Recovery experiments were carried out in

triplicate, at two fortification levels (0.1 and 0.5 mg/kg).

Analyses were performed by GC/MS (SIM), with external

calibration using matrix-matched standards. Average recov-

eries ranged from 78 to 107%, with RSD values of 1.6–8.0%,

using N[(La0.9Eu0.1)2(DPA)3(H2O)3] as sorbent. Average

recoveries using silica gel were in the range from 60 to

103%, with RSD values of 1.6–8.0%. The values

obtained were generally satisfactory, considering the recov-

ery range normally considered acceptable (70–130%).

Comparison of the N[(La0.9Eu0.1)2(DPA)3(H2O)3] polymer

with the commercially available silica gel showed that

N[(La0.9Eu0.1)2(DPA)3(H2O)3] was a better extracting phase

for all pesticides investigated. Recoveries of a-endosulfan
were lower for silica gel, compared to N[(La0.9Eu0.1)2
(DPA)3(H2O)3]. Table 2 presents recoveries of the six

pesticides at two concentration levels in lettuce.

Robustness may be defined as the measure of the ability

of an analytical method to remain unaffected by small but

deliberate variations in method parameters, and provides an

indication of its reliability during normal usage. Robustness

testing is a systematic process of varying a parameter and

measuring the effect on the method by monitoring system

suitability and/or the analysis of samples [21]. In none of the

lettuce samples tested was there any excessive interference of

matrix peaks in detection of the pesticides. Nearly 90 recovery

tests of the six pesticides were conducted with the developed

method using different lettuce samples. The functioning of

the instrument was unaffected by the large number of

different samples of varying origins that were analyzed, with

routine clean-up of the insert and/or ion source box sufficient

to maintain analytical performance. Furthermore, comparison

of the extraction efficiency of the proposed MSPD procedure

with that of Wang et al. [22], for different lettuce, demonstrates

that the average recovery value for the level of 0.5mg/kg

(105%, n5 3) for procymidone was better than that reported

previously (77%), using the same extraction procedure, but at

a concentration level of 1.0mg/kg (n53) and with C18-

bonded silica (0.5 g) as dispersant material.

Figure 3. View along the c-axis of the
extended structure of N[(La0.9Eu0.1)2(DPA)3
(H2O)3] showing the channels.
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The linearity of a method is a measure of the range

within which detector response is directly proportional to

the concentration of analyte in standard solutions or

samples. The linearity for all compounds was determined

using blank lettuce samples fortified at concentration levels

ranging from 0.05 to 10.0 mg/mL. The slope and intercept

values, together with their standard deviations, were deter-

mined using regression analyses. Linear regression coeffi-

cients for the different pesticides ranged from 0.9990 to

0.9997. The LODs were calculated considering the standard

deviation of the analytical noise (a value of seven times the

standard deviation of the blank) and the slope of the

regression line, and ranged from 0.02 to 0.05 mg/kg. The

LOQ were determined as the lowest concentrations giving a

response of ten times the average of the baseline noise,

calculated using seven unfortified samples. The LOQ values

for these compounds ranged from 0.05 to 0.1 mg/kg. The

repeatability of the method was assessed using six succes-

sive analyses of 5.0 mg/mL pesticide standard solution, and

resultant RSDs were in the range of 2.8–3.6%.

3.3 Application of the method to real samples

The MSPD procedure developed was applied to the

determination of pesticides in commercial lettuce samples.

Four different samples of lettuce, obtained in local markets

in the city of Itabaiana, State of Sergipe (Brazil), and

originating from conventional agriculture, were analyzed

using this method. One of the four samples analyzed,

contained pirimicarb insecticide at 0.18 mg/kg, which is

lower than the maximum residue level established by

Brazilian legislation (1.0 mg/kg).

4 Concluding remarks

A new material for MSPD, N[(La0.9Eu0.1)2(DPA)3(H2O)3],

was developed, characterized and tested for the multiclass

determination of pesticides in lettuce. Results showed that

N[(La0.9Eu0.1)2(DPA)3(H2O)3] can be successfully used in

analysis of pirimicarb, methyl parathion, malathion, procy-

midone, a-endosulfan and b-endosulfan in lettuce. In the

case of the insecticide a-endosulfan, the performance of

N[(La0.9Eu0.1)2(DPA)3(H2O)3] was better than that observed

for silica gel. The new solid phase may be useful in

screening protocols used by official regulatory laboratories

to identify pesticides in lettuce.
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MEDICTA2009 Special Issue
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Abstract The purpose of this study was to evaluate the

physical–chemical properties of collagen (CL) and usnic

acid/collagen-based (UAC) films, using differential thermal

analysis (DTA), thermogravimetry (TG/DTG), infrared

spectroscopy (FTIR), and scanning electron microscopy

(SEM). Both films were prepared by casting process using

polyethylene glycol 1500 (PEG 1500) as plasticizer. In the

spectrum of UAC, similar bands of the usnic acid are

observed, indicating that the polymerization (film forma-

tion) did not affect the stability of the drug. Distinctly, DTA

curve of UAC did not show an endothermic peak at 201 �C,
indicative that the drug was incorporated into the polymeric

system. These results were corroborated by the scanning

electron microscopy (SEM). The TG/DTG curves of UAC

presented a different thermal decomposition profile com-

pared to the individual compounds and CL. These findings

suggest the occurrence of molecular dispersion or solubi-

lization of the drug in the collagen film.

Keywords Casting � Biodegradable films � Usnic acid �
Collagen � Thermal characterization

Introduction

Natural polymers have been increasingly studied for

controlled-release applications due to their biocompatibility

and biodegradability. Materials such as hyaluronic acid [1],

fibrin [2], fibrinogen [3], and collagen [4] have been tested as

carries for drug delivery systems [5]. Collagen is a poten-

tially useful biomaterial since it is a major constituent of

connective tissue. The main applications of collagen as drug

delivery systems are collagen-shields in ophthalmology,

sponges for burns/wounds, and liposomes–collagen associ-

ations for transdermal and sustained drug delivery [6–8].

Formulations such as ointments and wound dressings

have been developed for the treatment of severe skin wounds

or ulcers including bedsores and burn wounds [9, 10]. These

studies generally involved the development and/or the

physical characterization of the materials [11, 12]. In this

regard, a better understanding of the physical properties of

films is of great importance for subsequent applications of

these materials. Physical properties are strongly affected by

the state of the material: for example, in the glass state the

material will be hard and rigid, but in the rubbery state it will

be flexible and extendible. Besides, some studies have been

carried out in order to incorporate bioactive compounds into

collagen-based films, so that such films could work as drug

controlled release within the target tissues [13, 14].

As previously reported, usnic acid is one of the most

common and abundant lichen metabolites with interesting

antibiotic [15], anti-inflammatory [16], antiprotozoal [17],

antitumoral [18], larvicidal [19], antipyretic and analgesic

[20] activities. The aim of this study was to prepare a col-

lagen-based film constituted of usnic acid-loaded liposomes

and to evaluate its physico-chemical properties using dif-

ferential thermal analysis (DTA), thermogravimetry/deriva-

tive thermogravimetry (TG/DTG) and infrared spectroscopy
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(FTIR). Films were also characterized regarding micro-

structure using scanning electron microscopy (SEM).

Experimental

Materials

Usnic acid, 2,6-diacetyl-7,9-dihydroxy-8,9b-dimetyl-1,3

(2H,9bH)-dibenzeno-furandione, was isolated from Cla-

donia substellata Vainio collected in March, 2006, in the

Itabaiana county, Sergipe-SE, Brazil. Lichen sample was

identified by M. P. Marcelli (Botanical Institute of São

Paulo-SP, Brazil), where a voucher specimen was depos-

ited (Deposit #SP393249). All chemicals were of reagent

grade. The collagen was prepared according to the method

proposed by 21o, 2005 [21].

Extraction and purification of usnic acid

Air-dried lichen (300 g) was extracted with diethyl ether in

a Soxhlet apparatus and the precipitate formed on cooling

collected, recrystallised from ethanol, yielding 330-mg

usnic acid [22].

Films preparation

Collagen-based (CL) films were prepared by casting

method using collagen dispersion (2%) in 0.5 M acetic acid

with 20% of plasticizer (polyethylene glycol-PEG 1500

Isofar Lot. 021423) in relation to the polymer dry weight.

This dispersion was casted onto a clean rimmed perspex

plate and allowed to dry at room temperature in order to

obtain the films.

Usnic acid-loaded liposomes were prepared by con-

ventional rotary evaporation method. Briefly, phosphati-

dylcholine (Lipoid GMBH 75% Lot 776095-1) was

dissolved in an appropriate volume of chloroform accord-

ing to the ratio phosphatidilcoline/usnic acid 18:1 w/w. The

mixture was dried to a thin lipid film using a rotary

evaporator. This film was kept in desiccator for at least

24 h until the organic solvent was totally eliminated. Then,

the lipid film was hydrated and dispersed in water, under

vigorous magnetic agitation, promoting the formation of

the multilamellar vesicles (MLV). Small unilamellar vesi-

cles (SUV) were prepared by probe sonication of the MLV

dispersion. After this procedure, the usnic acid-loaded

liposomes were mixed with collagen dispersion (2% in

0.5 M acetic acid with 20% of collagen:PEG1500 w:w) in

the ratio 1:4 (v/v) in order to obtain the usnic acid/

collagen-based films (UAC).

Particle size distribution and f-potential measurement

The particle size and surface change potential of usnic

acid-loaded liposomes were determined using Zetasizer�
(Nano-ZS90, Malvern Instruments, United Kingdom), at

25 �C. Samples of liposomes were diluted in water (1:10)

for an effective particle count. The distribution and the

mean diameter of particles, as well as their standard

deviation and poliydispersity index (PDI) were assessed.

The surface change of usnic acid-loaded liposomes was

determined by the measurement of the zeta potencial (f) by
electrophoresis after dilution of liposomes in water, using

the same apparatus.

Thermal analysis

TG/DTA curves were obtained in a TA instruments model

SDT 2960 Simultaneous using platinum crucibles with about

5 mg of samples, under dynamic nitrogen atmosphere

(100 mL min-1) and heating rate of 10 �C.min-1 in the

temperature range from 25 to 900 �C. The DTA cell was

calibrated with indium (m.p. 156.6 �C; DHfus. = 28.54

J g-1) and zinc (m.p. 419.6 �C). TG/DTG was calibrated

using a CaC2O4�H2O standard in conformity to ASTM.

Infrared spectroscopy

The infrared absorption data was obtained in the range

4,000–400 cm-1 in KBr pellets using a FTIR-Bomen

spectrophotometer model MB-120 at room temperature.

Scanning electron microscopy

The dried films were mounted on aluminum stubs, coated

with a thin layer of gold and visualized with a JEOL Model

JSM-6360-LV scanning electron microscope, at an accel-

erated voltage of 20 kV.

Results and discussion

Collagen and UA-loaded liposome showed to be a very

interesting material for the development of films. The mean

of the vesicles was 70 nm and the surface charge

11.8 ± 7.19 mV. The process developed here, produced

films slightly yellowish with moderate opacity and good

flexibility. The presence of phosphatidylcholine and col-

lagen of its formulation provide it with better properties if

compared with other films.

DTA curve of usnic acid showed an endothermic event

between 192 and 230 �C with a well-defined peak at

201 �C corresponding to the melting point of the drug

(Fig. 1a). Furthermore, the DTA curve showed an

1012 P. S. Nunes et al.
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exothermic event caused by thermal decomposition of the

examined sample. This second event had a peak at

273.3 �C. TG curves showed an event of fast mass loss

occurring in the range of 230 to 350 �C (Fig. 2a), as well as

further slow mass loss in the range of 350 to 900 �C, which
is usually attributed to the elimination of carbonaceous

material.

As seen in Fig. 1b, the CL sample showed a major

endothermic transition in the DTA curve between 30 and

80 �C corresponding to its dehydration (unbound water).

However, this event was also seen in the TG curve

(Fig. 2b) where a humidity loss of about 10.24% was

detected. This film showed a thermal stability region

between 80 and 175 �C, and an endothermic event indi-

cated by a broad peak at 303 �C, corresponding to the

thermal decomposition of this material. This result was

confirmed by TG curve.

TG/DTG curve of UAC showed four weight loss events

at the following temperature ranges and weight loss

percentages: 25–96, 150–381, 381–516, and 516–880 �C
(Fig. 2c). The first event is related to the superficial water

releasing. The second and third events correspond to the

thermal decomposition process followed by carbonization.

The last event is related to the carbon material elimination.

DTA curve showed an endothermic peak between 147 and

371 �C, corresponding to the first step of thermal degra-

dation of usnic acid–collagen (Fig. 1c). In addition, the

melting peak of usnic acid at 201 �C was not observed,

indicating absence of free usnic acid. It was noted that

UAC has a different thermal decomposition profile com-

pared to the CL indicating that usnic acid was effectively

loaded into the membrane.

The FTIR spectra of free usnic acid, CL and UAC are

shown in Fig. 3a–c, respectively. The usnic acid spectrum

(Fig. 3a) showed a 1,690 cm-1 band corresponding to a

conjugated cyclic ketone group. Weak bands at 1,715 and

1,678 cm-1 in the infrared spectrum are assigned to the

m(C=O) non-conjugated cyclic ketone and the non-aromatic

methyl ketone, respectively. Conjugation, electron donat-

ing ring substituents and possible intra-molecular hydro-

gen-bonding, all contribute to the lower wavenumber

position of the aromatic methyl ketone to 1,628 cm-1. It is

also possible to assign the antisymmetric and symmetric

m(COC) aryl alkyl ether modes to bands at approximately

1,283 and 1,072 cm-1, respectively. In the spectrum of

UAC (Fig. 3c), similar bands of the usnic acid are

observed, indicating that the film formation did not affect

the stability of the drug.

The microstructures of CL and UAC analyzed by SEM

are presented in Fig. 4. Both films presented a dense

structure, typical of protein films, as has been previously

reported for films prepared with amaranth proteins [23].

The microstructure of the cross-sectional area of the films

revealed that CL structure was dense, with a fibrous for-

mation parallel arranged in relation to the film surface.

Notwithstanding, some porous formation was also detected

(Fig. 4 and 5), although these cavities seem to be closed
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porous. The surface and cross-sections of UAC film shows

non-homogeneities when to compare with CL.

Conclusions

According to the data presented in this study, it was pos-

sible to assert that the usnic acid molecules were encap-

sulated by liposomes and incorporated into the polymeric

system as demonstrated in the analysis of the DTA and TG/

DTG curves. Furthermore, similar bands of the usnic acid

were observed in the IR spectrum of UAC, indicating the

presence of the drug in the system. Nevertheless, further

studies are required in order to evaluate whether these in

vitro models can be used to characterize usnic acid release

from collagen-based films.
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In this paper, we report the hydrothermal synthesis of three lanthanide-organic framework materials using as
primary building blocks the metallic centers Eu3+, Tb3+, and Gd3+ and residues of mellitic acid:
[Ln2(MELL)(H2O)6] (where Ln3+ ) Eu3+, Tb3+, and Gd3; hereafter designated as (1), (2) and (3)). Structural
characterization encompasses single-crystal X-ray diffraction studies, thermal analysis, and vibrational
spectroscopy, plus detailed investigations on the experimental and predicted (using the Sparkle/AM1 model)
photophysical luminescent properties. Crystallographic investigations showed that the compounds are all
isostructural, crystallizing in the orthorhombic space group Pnnm and structurally identical to the lanthanum
3D material reported by the group of Williams. (2) is highly photoluminescent, as confirmed by the measured
quantum yield and lifetime (37% and 0.74 ms, respectively). The intensity parameters (Ω2, Ω4, and Ω6) of
(1) were first calculated using the Sparkle/AM1 structures and then employed in the calculation of the rates
of energy transfer (WET) and back-transfer (WBT). Intensity parameters were used to predict the radiative
decay rate. The calculated quantum yield derived from the Sparkle/AM1 structures was approximately 16%,
and the experimental value was 8%. We attribute the registered differences to the fact that the theoretical
model does not consider the vibronic coupling with O-H oscillators from coordinated water molecules. These
results clearly attest for the efficacy of the theoretical models employed in all calculations and open a new
window of interesting possibilities for the design in silico of novel and highly efficient lanthanide-organic
frameworks.

Introduction

Crystal engineering of inorganic-organic hybrid networks
has, without a doubt, emerged as a research field which lies in
the interface between synthetic chemistry and materials science.
Numerous synthetic and conceptual developments have been
reported, in particular concerning the development of protocols
for the structural control of an extensive class of crystalline
materials with tunable structure, porosity, stability, and
functionality.1,2 Worldwide interest in this new class of com-
pounds arises from their intriguing topological features, ulti-
mately constructed by the self-assembly of metallic ions with
multifunctional organic ligands3 and, on the other, from their
promising applications in catalysis,4 solid-phase extraction,5 gas
storage,6 magnetic, and as optics materials.7,8

The design and assembly of metal-organic frameworks
(MOFs) can be envisaged as a complex algorithm in which the
chemical and structural information stored in the ligands is
recognized by metallic ions through their coordination abilities.9

Hence, the selection of suitable ligands and metal ions consti-

tutes the aspects for a successful construction of these molecular
architectures. In particular, the use of lanthanide ions has
received special attention in recent years from several research
groups.10,11 However, most of them have explored the low
stereochemical preference inherent to lanthanide ions to intro-
duce dissymmetry at the metal centers thus leading mainly to
interesting structures.12,13 These lanthanide-containing MOFs
have great potential to be efficiently used as light-conversion
molecular devices (LCMDs)14 in which the coordinated ligands
absorb the incident radiation and transfer energy to the emitting
metal ion, thus increasing the overall photoluminescent (PL)
properties.15 These photophysical features have been extensively
explored in materials science, in particular in the development
of IR-emitters,16 organic light-emitting diodes (OLEDs),17 and
optic sensors,18,19 but remain somehow underexplored for MOFs.

Lanthanide-containing MOFs have been assembled from a
multitude of organic ligands,20,21 among which the aromatics
polycarboxylates are of particular interest due to their chemical
stability and photophysical properties.22-24 Mellitic acid (ben-
zenehexacarboxylic acid), for instance, is a high connectivity
ligand which can establish bridges between several metal
centers,25 adopt several coordination modes,26,27 and produce
multidimensional networks, including 2D and 3D structures.28

It is important to emphasize that previous reports of MOFs with
this ligand detach the synthesis from the structural investiga-
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tions.29 Hence, to date, a detailed study of the photoluminescent
properties of functional compounds with mellitic acid residues
is inexistent in the literature.

Our research group has been developing over the past few
years a number of theoretical approaches which predict very
well several spectroscopic properties such as singlet and
triplet energy positions,30-32 electronic spectra of lanthanide
complexes,30-32 ligand field parameters, Bq

k,33-35 4f-4f in-
tensity parameters, Ωλ (λ ) 2, 4, and 6),36-39 energy transfer
rates, WET, between the lanthanide trivalent ions and the
ligand, quantum yields, and luminescence efficiencies for
these complexes.40-43 Following our interest in the synthesis
and characterization of MOF-type materials containing lan-
thanide centers,44-50 in this paper we wish to report a detailed
photophysical investigation of the properties of the 3D
[Ln2(MELL)(H2O)6] materials (where Ln3+ ) Eu3+, Tb3+, and
Gd3+; hereafter designated as (1), (2), and (3)). The structure
of the La-based material has been described by Williams29 and
collaborators, and recently Lin reported the surfactant-assisted
synthesis of the nanoscale [Gd2(MELL)(H2O)6] and demon-
strated the potential utility in magnetic resonance imaging
(MRI).51 In this report we follow that previous paper by
preparing and fully characterizing in the solid state the structures
of the Eu3+, Tb3+, and Gd3+ based materials. Spectroscopic
properties such as intensity parameters Ωλ (λ ) 2, 4 and 6),
rates of energy transfer (WET), and back-transfer (WBT), radiative
(Arad) and nonradiative (Anrad) decay rates, quantum efficiency
(η), and quantum yields (q) of these functional materials were
theoretically predicted using the optimized Sparkle/AM1 struc-
ture. This study attests to the efficacy of the former approach.
The semiempirical Sparkle model has also been employed as
an important tool in the design of new light-converting molecular
devices (LCMDs).52,53 Because this model permits the treatment
of large structures with a great number of atoms in a relatively
short period of time, we decided to use it for the first time in
the prediction of the complete geometry of a lanthanide-
containing MOF material.

Experimental Section

Chemicals. Mellitic acid and lanthanide oxides (99.99%)
were purchased from Aldrich and used without further purifica-
tion. Ln(NO3)3 ·6H2O (where Ln3+ ) Eu3+, Tb3+, and Gd3+)
was obtained by reaction of nitric acid with the corresponding
lanthanide oxide.

Syntheses. An equimolar mixture (0.85 mmol) of mellitic
acid and Ln(NO3)3 ·6H2O and H2O (4.0 mL) was placed inside
a 8.0 mL Teflon-lined stainless steel autoclave. The reaction
took place at 433 K in static conditions and under autogenous
pressure over a period of 72 h, after which the vessel was
allowed to cool to room temperature (RT). Products were
washed with water and acetone and dried in open air. The yield,
based on Ln3+, was about 75% for all samples. The hydrother-
mal synthetic approach afforded high-quality single crystals
suitable for X-ray crystallographic analysis, with the empirical
formulas determined as [Ln2(MELL)(H2O)6] (where Ln3+ )
Eu3+, Tb3+, and Gd3+; designated as (1), (2), and (3), respec-
tively). All materials were found to be insoluble in water and
in common organic solvents.

Selected FT-IR data (in cm-1). (1): 3468-3213 (s), 1609
(s), 1568 (s), 1449 (s), 1344 (s), 918 (w), 676 (w), 590 (w),
505 (w). (2): 3468-3213 (s), 1611 (s), 1555 (s), 1443 (s), 1338
(s), 918 (w), 719 (w), 676 (w), 590(w), 548 (w), 492 (w). (3):
3486-3000 (s), 1609 (s), 1563 (s), 1454 (s), 1344 (s), 918 (w),
673 (w), 587 (w), 511 (w).

Temperature ranges (K) and observed weight losses. (1):
383-458 K (-5.25%), 458-533 K (-8.40%), 700-1200 K
(-37.4%). (2): 376-458 K (-4.92%), 453-549 K (-8.43%),
750-1210 K (-37.31%). (3): 387-454 K (-4.93%), 454-550
K (-8.42%), 780-1165 K (-37.1%).

General Instrumentation. FT-IR spectra were recorded from
KBr pellets (in the 400-4000 cm-1 spectral range) using a
BRUKER IFS 66. Raman spectra were acquired in a Renishaw
Raman Image Spectrophotometer, coupled to an optical micro-
scope which focuses the incident radiation inside a 1 μm spot,
and equipped with a 632.8 nm laser as the excitation source (4
mW power). Spectra were collected from 28 scans over the
2000-100 cm-1 spectral region.

Photoluminescence spectra were acquired using an ISS PC1
spectrofluorimeter at RT and at 77 K. The excitation device
was equipped with a 300 W Xe lamp and a pholographic grating.
Emission spectra were collected with a 25 cm monochromator
(0.1 nm resolution) connected to a photomultiplier. The excita-
tion and emission slit widths were fixed at 1.0 mm. All
monochromators are equipped with 1200 grooves/mm. The
experimental quantum yield (q) was determined by employing
the method developed by Bril et al.,54 for which q of a given
material can be calculated by a direct comparison with standard
phosphors with known q values. The quantum yield can, thus,
be calculated from

where rST and rx apply for the exciting radiation reflected by
the standard and the sample, respectively, and qST is the quantum
yield of the standard phosphor. The ΔΦx and ΔΦST terms
correspond to the integrated photon flux (photon · s-1) for the
sample and standard phosphors. Sodium salicylate (Merck, PA),
whose qST is 55% at RT as reported by Malta,55 was used as
tandard.

Termogravimetric data (TG) were obtained from ca. 3.0 mg
of each sample with a thermobalance model TGA 50 (Shim-
adzu), in the 298-1473 K temperature range, using a platinum
crucible, under dynamic nitrogen atmosphere (50 mL ·min-1),
and with a heating rate of 10 K ·min-1.

Single-Crystal X-Ray Diffraction Studies. Single crystals
of [Ln2(MELL)(H2O)6] materials were manually harvested from
the crystallization vials and mounted on Hampton Research
CryoLoops using FOMBLIN Y perfluoropolyether vacuum oil
(LVAC 25/6) purchased from Aldrich56 with the help of a Stemi
2000 stereomicroscope equipped with Carl Zeiss lenses. Data
were collected on a Bruker X8 Kappa APEX II charge-coupled
device (CCD) area-detector diffractometer (Mo KR graphite-
monochromated radiation, λ ) 0.71073 Å) controlled by the
APEX-2 software package57 and equipped with an Oxford
Cryosystems Series 700 cryostream monitored remotely using
the software interface Cryopad.58 Images were processed using
the software package SAINT+,59 and data were corrected for
absorption by the multiscan semiempirical method implemented
in SADABS.60 Structures were solved using the Patterson
synthesis algorithm implemented in SHELXS-97,61,62 which
allowed the immediate location of the crystallographically
independent Ln3+ metallic centers. All remaining non-hydrogen
atoms were directly located from difference Fourier maps
calculated from successive full-matrix least-squares refinement
cycles on F2 using SHELXL-97.62,63 Non-hydrogen atoms were
successfully refined using anisotropic displacement parameters.

q ) (1 - rST

1 - rx
)( ΔΦx

ΔΦST
)qST (1)
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Hydrogen atoms associated with the coordinated water
molecules were markedly visible in difference Fourier maps and
were included in the final structural models with the O-H and
H · · ·H distances restrained to 0.95(1) Å and 1.55(1) Å, plus
Uiso fixed at 1.5 × Ueq of the attached oxygen atom, to ensure
a chemically reasonable geometry for these chemical moieties.

The last difference Fourier map synthesis showed: for (1),
the highest peak (0.366 eÅ-3) and deepest hole (-1.697 eÅ-3)
located at 0.65 Å from C(3) and at 0.91 Å from O(3),
respectively; for (3), the highest peak (0.390 eÅ-3) and deepest
hole (-0.852 eÅ-3) located at 0.70 Å from C(2) and at 1.87 Å
from O(1W), respectively; for (2), the highest peak (0.417 eÅ-3)
and deepest hole (-0.519 eÅ-3) located at 0.75 Å from C(3)
and at 0.89 Å from Tb(1), respectively.

Crystallographic data (excluding structure factors) for the
structures reported in this paper have been deposited with the
Cambridge Crystallographic Data Centre as supplementary
publication data (deposition numbers are given in Table S1,
Supporting Information). Copies of the data can be obtained
free of charge on application to CCDC, 12 Union Road,
Cambridge CB2 2EZ, U.K. (fax: (+44) 1223 336033; e-mail:
deposit@ccdc.cam.ac.uk).

Theoretical Calculations

Geometry Optimization and Transition Energies. The
ground state geometry for the Eu3+-containing material was
calculated using the Sparkle/AM1 model.64 In this report, and
for the first time, it was possible to employ a quantum chemical
methodology to predict the complete geometry of a lanthanide
inorganic-organic hybrid network. The unit cell, composed by
a total of 382 atoms including 12 Eu3+ ions, was properly
optimized. We note that the use of another quantum chemical
methodology such as Hartree-Fock (HF) or density functional
theory (DFT) using an effective core potential (ECP) to treat
the Eu3+ ions is unfeasible owing to the high computational
effort needed.

In a recent report,65 we described the complete geometry
calculation of a dieuropium complex composed by 134 atoms
using HF/6-31G*/ECP methodology. In that paper, we employed
the quasi-relativistic ECP of Dolg et al.66 This calculation was
performed on a Pentium IV-3 GHz with 2 GB of RAM in
2880 h. This clearly attests how the use of ab initio or DFT
methodologies is unfeasible to investigate lanthanide inorganic-
organic hybrid networks.

The Sparkle/AM1 model is implemented in the Mopac2007
software package.67 The keywords used in the calculation
reported in this manuscript were: PRECISE, GNORM ) 0.25,
SCFCRT ) 1.D-10 (to increase the SCF convergence criterion),
and XYZ (for Cartesian coordinates).

The single-crystal X-ray structure and Sparkle/AM1 opti-
mized geometry were both used to calculate the singlet and
triplet excited states using a configuration interaction single
(CIS) approach based on the intermediate neglecting of a
differential overlap/spectroscopic (INDO/S) method68,69 imple-
mented in the ZINDO software program.70

Judd-Ofelt Intensity Parameters Calculation. The ex-
perimental intensity parameters, Ωλ, for the Eu3+-containing
material were determined from

where A0J is the coefficient of spontaneous emission for the
5D0f7FJ transitions; � is the Lorentz local-field correction term
given by � ) n(n2 + 2)2/9; n is the refractive index of the
medium (in this case n ) 1.5); and |〈5D0|U(λ)|7FJ〉|2 are the square
reduced matrix element whose values are 0.0032, 0.0023, and
0.0002 for λ ) 2, 4, and 6, respectively.71,72 The transition
5D0f7F6 was not observed experimentally; consequently, the
experimental Ω6 parameter could not be estimated.

The coordinative interaction between a lanthanide cation
and the bonding atoms of an organic ligand can be described
by the Judd-Ofelt theory,73,74 after which the intensity
parameters Ωλ (λ ) 2, 4, and 6) are defined by

with

Details on the parameters of eqs 3 and 4 are discussed in
detail elsewhere.75-77

The values of charge factors (g) and the cation polarizability
(R) are given in Table S5 (see Supporting Information). These
values, used for the calculation of the γp

t and Γp
t , respectively,

were adjusted using a nonlinear minimization of a four-
dimensional surface response. The generate simulating annealing
(GSA) method aimed at finding one of its local minima, which
ideally should be the global minimum and be chemically
consistent. In the minimization procedure, we considered both
the Sparkle/AM1 and the crystallographic structural models. The
response function, Frespectively, was defined as

where i runs over Sparkle/AM1 and crystallographic geometries;
Ω2

Calc and Ω4
Calc are the intensity parameters calculated for each

structure; and Ω2
Exp and Ω4

Exp are the intensity parameters
obtained from the experimental emission spectrum. The Ω6

parameter was not observed, hence it was not considered in the
minimization procedure. The values are in the range of those
physically acceptable.

Energy Transfer Rates and Quantum Yields. Models used
to calculate the energy transfer rates between the ligands and
the lanthanide trivalent ion, plus the numerical solution of the
rate equations and the emission quantum yields, are described
in detail by Malta and collaborators.78

Results and Discussion

We have modified the synthetic procedure reported by
Williams and collaborators29 for [La2(MELL)(H2O)6] with the
purpose of increasing overall crystallinity and obtaining phase-
pure materials with other lanthanide centers. Indeed, we found
that by using the primary building blocks in a 1:1 ratio in the
initial reactive gel and using longer reaction times at slightly
lower temperatures, the compounds could be isolated as large

Ωλ )
4e2ω3A0J

3p�〈7F|Uλ|5D0〉
2

(2)

Ωλ ) (2λ + 1) ∑
t,p

|Bλtp|2

(2t + 1)
(3)

Bλtp ) 2
ΔE

〈rt+1〉θ(t, p)γp
t -

[(λ + 1)(2λ + 3)
2λ + 1 ]〈rt〉(1 - σλ)〈 f |C(λ)| f 〉Γp

t δt,λ+1 (4)

Fresp ) ∑
i)1

2

|Ω2
calc - Ω2

exp| + |Ω4
calc - Ω4

exp| (5)
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and very well-formed single crystals (crystal size in the ca.
10-50 μm range).

Single-crystal X-ray diffraction analysis revealed that com-
pounds (1), (2), and (3) are isostructural crystallizing in the
orthorhombic space group Pnnm, structurally identical to the
lanthanum and gadolinium materials reported by Willians29 and
Li51 (Table S1, Supporting Information).

Each mellitate anion is coordinated to eight Ln3+ cations via
two coordination modes typical of carboxylate groups:79 two
-COO- groups are bridging four distinct Ln3+ via syn,syn-
bridges, while the remaining four display a syn,syn-chelate
coordination mode. The crystallographically independent Ln3+

ion is thus coordinated to six oxygen atoms arising from six
symmetry-equivalent mellitate anions. The coordination sphere
is completed by three water molecules. Therefore, the chemical
environment is best described as a distorted tricapped trigonal
prism as shown in Figure 1.

All carboxylate groups are highly twisted out of the plane of
the benzene ring. Noteworthy, these deviations are related to
the coordination mode, with this behavior being already reported
in similar compounds.80,81 The Ln-O bond lengths and internal
polyhedral O-Ln-O angles for (1), (2), and (3) are typical (see
Table S2 in the Supporting Information).80,82

The aromatic rings and the Ln3+ cations are stacked on the
bc plane of the unit cell forming a two-dimensional plane net.83

The resulting framework has a one-dimensional channel system
running parallel to the c-axis formed by distorted hexagonal
pores with average cavity size of ca. 8.3 × 6.6 Å (see Figure
2). All coordinated water molecules, pointing toward the
channels, are involved in hydrogen bonding interactions with
oxygen atoms of the neighboring carboxylate groups, acting as
bifurcated donors, with a graph set motif of S(3):84 O(1W)-
H(1A) · · ·O(1), O(1W)-H(1B) · · ·O(2), O(2W)-H(2A) · · ·O(1),
and O(2W)-H(2B) · · ·O(2W). Hydrogen bonding geometric
details are given in Table S3 (Supporting Information).

Figure 3 shows a comparison between the crystallographic
unit cell and the Sparkle/AM1 optimized geometry for (1). It is
important to emphasize that the crystallographic unit cell was
modified before being optimized using the Sparkle/AM1
method. This was performed to minimize the disorder effect
caused by uncompleted fragments. Therefore, 20 symmetry-
related Eu3+ cations were removed, and the oxygen atoms
arising from uncompleted mellitate residues were substituted
by water ligands. One of the 12 polyhedra was selected to
predict the photoluminescent properties which will be discussed
later in this paper. The optimized atomic coordinates for the

coordination polyhedron, as determined by the Sparkle/AM1
model, are supplied in Table S5 (see Supporting Information).

The photoluminescence of (3) was collected at 77 K (λexc )
320 nm). Since the emitting level of the Gd3+ ion is around
32 000 cm-1, the first excited triplet state of the mellitate ligand
is unable to effectively sensitize the metal ion. The triplet state
energy level was estimated from the zero phonon, which was
considered to be the 0-0 transition85 centered at 413 nm (24 213
cm-1).

Figure 4 shows the excitation spectra of (1) and (2)
acquired at RT while monitoring the Eu3+ and Tb3+ emissions
at 614 and 545 nm in the 200-600 and 200-500 nm ranges,
respectively. The (1) excitation exhibits a broadband between
220 and 350 nm (λmax ) 312 nm) from the πfπ* electronic
transition associated with the organic moiety. The peaks
observed in the 350-580 nm range result from the intra f-f

Figure 1. Schematic representation of the tricapped trigonal prismatic
coordination polyhedron of the Ln3+ ion. Symmetry transformation used
to generate equivalent atoms: ix, y, 1 - z; ii3/2 - x, y + 1/2, 3/2 - z;
iii3/2 - x, y - 1/2, 3/2 - z.

Figure 2. View along the c-axis of the extended structure of
[Ln2(MELL)(H2O)6], showing the distorted hexagonal channels oc-
cupied by aqua ligands. The hydrogen bonds are represented as light-
blue dashed lines. For geometrical details on the hydrogen bonds, see
Table S3 (Supporting Information).

Figure 3. Molecular structure of (1): (a) obtained from single-crystal
crystallography; (b) optimized by Sparkle/AM1 model.
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transitions of the Eu3+ ion. The (2) excitation spectrum
displays an intense broadband centered at about 320 nm. The
transitions corresponding to the Tb3+ ion absorption levels
are very weak in comparison to those of the ligand, thus
indicating that an indirect process of energy transfer is the
only photophysical pathway responsible for the high lumi-
nescence of the sample.

The emission spectrum of (2) (Figure 5) acquired at room
temperature markedly shows the typical green Tb3+ emission
associated with the 5D4f7FJ transitions. The 5D4f7F5 transi-
tion centered at ca. 545 nm is the strongest corresponding to
ca. 66% of the integrated emission spectrum. The main
channel responsible by the photoluminescence quenching is
a thermal back transference.86 According to Latva and co-
workers,87 this quenching mechanism is only observable when
the energy difference between the lowest triplet state of the
ligand and the 5D4 level of Tb3+ (20 400 cm-1) is lower than
about 1850 cm-1. In this case, the energy back transference
does not seem to play an important role. Efficient energy
transference from the antenna ligand to the emitting 5D4 ion
level is confirmed with a measured quantum yield of 37%
and a long lifetime (τ) of 0.74 ms.

The emission spectra of (1) depicted in Figure 6 were
collected at 77 K in the 350-720 nm spectral range, by a
direct excitation of the Eu3+ ion at 394 nm and by the singlet
state of the ligand (λ ) 310 nm). The spectra display narrow
bands characteristic of the Eu3+ 5D0f7FJ transitions. Those

attributed to the 5D0f7F2 transition (centered at ca. 614 nm)
give the major contribution to the red photoluminescence of
the material. A broadband between 410 and 520 nm is
attributed to the emission arising from the ligand which
provides an inefficient energy transfer from the ligand excited
state to the emitting 5D0 level of the Eu3+ ion as previously
evidenced by the excitation spectrum.

The relative intensities and splitting of the emission bands
are dependent upon the extent in which the (2J + 1) degeneracy
is removed by the symmetry of the first coordination sphere.88

As mentioned above and determined from the single-crystal
X-ray measurements, the geometry of the nine-coordinated
coordination environment around the Ln3+ ions is slightly
distorted from that of a tricapped trigonal prism. This implies
that the point group of the Eu3+ coordination sphere is reduced
from D3h to D3 symmetry. In accordance to the selection rules
for the electric dipole transition, under D3 point symmetry the
5D0f7F0 transition is absent and the 5D0f7F2 transition shows
a small sideband at the lower energy side.89 Hence, the analysis
of the local lanthanide ion chemical environment provided by
emission spectroscopy is in good agreement with the X-ray
diffraction data.

Table 1 collects the theoretical and experimental values
for the intensity parameters (Ω2, Ω4), radiative and nonra-
diative rates of spontaneous emission (Arad and Anrad, respec-
tively), quantum efficiency (η) and yield (q), and experi-
mental lifetime (τ) for (1). The experimental radiative rate
(Arad ) 441.70 s-1), the high value for experimental nonra-
diative rate (Anrad ) 23 336.08 s-1), and the short lifetime τ
of 0.34 ms can be associated to the nonradiative decay
channels controlling the relaxation process and arising from
the vibronic coupling of the O-H oscillators from the water
molecules coordinated to the Ln3+ cations. Indeed, the
inefficient energy transference and the high contribution of
the nonradiative relaxation process provide a plausible
explanation for the observed low experimental quantum yields
(q ) 8%).

The theoretical values of the intensity parameters Ωλ (λ
) 2 and 4) calculated using the crystallographic and Sparkle/
AM1 geometries are in good agreement with those obtained
experimentally (Table 1). The value of Ω2 is relatively low
when compared directly to those for Eu-�-diketonates,14,36,41,42

thus ultimately indicating, on the one hand, a reduced degree

Figure 4. Excitation spectra of (1) and (2) collected at RT.

Figure 5. Emission spectra of (2) collected at RT in the 400-720 nm
spectral range.

Figure 6. Low temperature (77 K) emission spectra of (1) registered
in the 400-720 nm spectral range.
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of covalence involving the metal-to-ligand coordination bond
and, on the other, a slightly polarized chemical environment
in the vicinity of the lanthanide ion. The Ω4 parameter is
less sensitive to the coordination sphere than Ω2. However,
its value reflects the chemical environment rigidity surround-
ing the Ln3+ cation. (1) shows a low Ω4 value (see Table 1)
indicating a considerable rigidity associated with the MOFs.90

As shown in Figure 7, the ligand-to-metal energy transfer
may occur through either the singlet or triplet ligand states.
The theoretical singlet and triplet values calculated using the
INDO/S-CIS method for the (1) Sparkle/AM1 geometry are
39 075 and 24 635 cm-1. The calculated triplet values are in
good agreement with the experimental one (24 213 cm-1).

As depicted in the energy level diagram for (1) (Figure 7),
the singlet state does not have appropriate resonance conditions
with the excited states of Eu3+. Nevertheless, we considered
the singletf5D4 channel in all our calculations. The radiative
and nonradiative decay rates calculated from crystallographic
and Sparkle/AM1 geometries are given in both Figure 7 and
Table 1. The calculated values of Arad and Anrad are in accordance
with the experimental data.

The energy transfer rates are larger for those levels dominated
by the exchange mechanism, 5D0 and 5D1, than for those
dominated by the dipole-dipole interaction. Typical values of
the remaining transfer rates were assumed to be identical to
those found for coordination compounds, namely, Φ ) 104, Φ(1)

) 106, Φ(2) ) 108, and Φ(3) ) 105 s-1.91 The energy transfer

and back-transfer rates from the ligand triplet state (T1) to the
5D1 and 5D0 levels and energy transfer rates from the singlet
state (S1) to the 5D4 level are summarized in Table 2. These
results clearly indicate that energy transference is predominant
from the triplet state of the ligand to the 5D1 and 5D0 levels of
the Eu3+ ion.

The radiative (Arad) and nonradiative (Anrad) rates and the
lifetime value (τ) of the 5D0 level were used in the quantum
yield calculations. Obtained results (derived from the Sparkle/
AM1 and crystallographic structures) are summarized in Table
1. The theoretical quantum yields are of the same order of
magnitude of the experimental one. We attribute the registered
differences to the fact that the theoretical model does not
consider the vibronic coupling with O-H oscillators from
coordinated water molecules.

Conclusion

Three MOF materials constructed from lanthanide ions and
mellitic acid residues have been synthesized via a hydrothermal
approach, and their structural and spectroscopic properties were
investigated. Compounds are isostructural, crystallizing in the
orthorhombic space group Pnnm. Each mellitate anion is
coordinated to eight Ln3+, and due to this high connectivity,
remarkable 3D frameworks topologically identical to the rutile
structure are formed. The structure contains hexagonal channels
running along the [001] crystallographic direction, having a
cross-section of about 8.3 × 6.6 Å.

The (2) material is highly photoluminescent, a property
justified by efficient energy transference from the antenna ligand
to the emitting 5D4 Tb3+ level. This feature was further
confirmed by the measurement of the quantum yield and lifetime
(37% and 0.74 ms, respectively).

The optimized molecular geometry for (1) was obtained
by employing the Sparkle/AM1 approach showing a good
agreement with the crystallographic structural model. This
theoretical methodology was proven to be a versatile alterna-
tive over the more traditional protocols used in MOF research
based on lanthanides ions. When compared with Eu-�-
diketonates complexes, the value of Ω2 indicates reduced
degree of covalence involving the metal-ligand coordination
bond and also a slightly polarizable chemical environment
for the lanthanide center. The low value of the Ω4 parameter
reflects the chemical environment rigidity of the Ln3+ ions.
The small discrepancies registered for the theoretical and
experimental values of quantum yields can be rationalized

TABLE 1: Theoretical Intensity Parameters Ω2 and Ω4, Radiative (Arad) and Nonradiative (Anrad) Decay Rates, Quantum
Efficiency (η), and Quantum Yield (q) Values Derived from the Experimental Data and Optimized Sparkle/AM1 Structural
Modelsa

Ω2 Ω4 Arad Anrad τ η q

(10-20 cm2) (10-20 cm2) (s-1) (s-1) (ms) (%) (%)

experimental data 11.82 2.72 441.70 2336.08 0.36 15.9 8.0
Sparkle/AM1 model 10.22 6.84 459.16 2318.62 - 16.5 16.3

a Related experimental data, including the lifetime (τ) of the Eu3+ center, were obtained at RT for the as-synthesized (1) material.

Figure 7. Energy level diagram for the (1) material showing the most
probable channels for the intramolecular energy transfer processes.

TABLE 2: Calculated Values of Intramolecular Energy Transfer and Back-Transfer Rates for the (1) Material

Singlet f 5D4 Triplet f 5D1 Triplet f 5D0

geometry WET1 (s-1)a WBT1 (s-1)b WET2 (s-1)a WBT2 (s-1)b WET3 (s-1)a WBT3 (s-1)b

X-ray model 4.15 × 105 1.72 × 10-12 2.30 × 109 4.84 × 104 1.08 × 109 4.96
Sparkle/AM1 model 8.45 × 104 1.08 × 109 2.36 × 108 0 3.20 × 10-3 1.53 × 10-7

a WET, Transfer rate. b WBT, Back-transfer rate.
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taking into account the fact that the model does not account
for the vibronic coupling with the water molecules. Never-
theless, an excellent agreement was observed for the theoreti-
cal and experimental values of quantum efficiency. These
results clearly attest for the efficacy of the theoretical models
employed in all calculations and, therefore, a new window of
interesting possibilities for the design of novel and highly efficient
lanthanide-organic frameworks.
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2

Table S1.  Crystal and structure refinement data for [Ln2(MELL)(H2O)6] 

 (1) (2) 

Formula C6 H6 Eu O9 C6 H6 O9 Tb 
Formula weight 374.07 381.03 
Crystal system Orthorhombic Orthorhombic 
Space group P n n m P n n m 
Temperature/K 296(2) K 150(2) K 
Unit cell dimensions /Å a = 13.4361(5) Å         

α = 90°. 
b = 6.6250(2) Å          
β= 90°. 
c = 10.1416(4) Å         
γ = 90°. 

a = 13.3410(3) Å        
α = 90°. 
b = 6.57180(10) Å       
β = 90°. 
c = 10.0912(2) Å         
γ =90°. 

Volume/Å3 902.75(6) Å3 884.74(3) 
Z 4 4 
Dc/g cm-3 2.752  2.861 
μ(Mo-Kα)/mm-1 6.985 .032 
Crystal size/mm 0.35 x 0.35 x 0.30 0.20 x 0.19 x 0.17 
θ  range 3.67 to 25.35° 3.70 to 25.33° 
Index ranges -16<=h<=15 

7<=k<=7 
2<=l<=11 

16<=h<=16 
7<=k<=6 
12<=l<=12 

Reflections collected 7990 9245 
Independent reflections 848 (Rint = 0.0232) 855 (Rint = 0.0182) 
Completeness to theta = 
25.35°

96.5 % 99.5 % 

Final R indices [I>2σ(I)]a,b R1 = 0.0193, 
 wR2 = 0.0506

R1 = 0.0119 
 wR2 = 0.0274

Final R indices (all data)a,b R1 = 0.0205 
 wR2 = 0.0510

R1 = 0.0126 
 wR2 = 0.0277

Largest diff. peak and hole 0.366 and 
-1.697 e.Å-3 

0.417 and 
 -0.519 e.Å-3 

CCDC Number 721858 721859 

a 1 /o c oR F F F= −∑ ∑ ;  b ( ) ( )2 22 2 22 /o c owR w F F w F⎡ ⎤ ⎡ ⎤= −⎢ ⎥ ⎢ ⎥⎣ ⎦ ⎣ ⎦∑ ∑



Table S2.  Selected bond lengths [Å] and angles [°] for (1), (2) and (3).

(1) (2) (3) 

Ln(1)─O(3)i 2.320(4) 2.296(3) 2.309(3) 

Ln(1)─O(4)ii 2.369(4) 2.344(3) 2.356(2) 

Ln(1)─O(1W)iii 2.424(3) 2.3904(18) 2.4067(18) 

Ln(1)─O(1W) 2.424(3) 2.3904(18) 2.4067(18) 

Ln(1)─O(1)iii 2.502(3) 2.4664(17) 2.4792(16) 

Ln(1) ─O(1) 2.502(3) 2.4664(17) 2.4792(16) 

Ln(1)─O(2W) 2.503(4) 2.482(3) 2.494(3) 

Ln(1)─O(2)iii 2.575(3) 2.5563(18) 2.5636(18) 

Ln(1)─O(2) 2.575(3) 2.5563(18) 2.5636(18) 

O(3)i—Ln(1)—O(4)ii 145.44(14) 145.32(9) 145.07(9) 

O(3)i—Ln(1) —O(1W)iii 83.92(10) 84.33(7) 84.29(6) 

O(4)ii—Ln(1) —O(1W)iii 70.24(10) 69.84(7) 69.73(6) 

O(3)i—Ln(1) —O(1W) 83.92(10) 84.33(7) 84.29(6) 

O(4)ii—Ln(1) —O(1W) 70.24(10) 69.84(7) 69.73(6) 

O(1W)iii—Ln(1) —O(1W) 81.60(17) 81.96(10) 82.06(10) 

O(3)i—Ln(1) —O(1)iii 128.59(8) 129.06(5) 129.03(5) 

O(4)ii—Ln(1) —O(1)iii 72.25(9) 71.96(6) 72.13(6) 

O(1W)iii—Ln(1) —O(1)iii 142.42(10) 141.76(6) 141.82(6) 

O(1W) —Ln(1) —O(1)iii 83.76(10) 83.54(6) 83.49(6) 

O(3)i—Ln(1) —O(1) 128.59(8) 129.06(5) 129.03(5) 

O(4)ii—Ln(1) —O(1) 72.25(9) 71.96(6) 72.13(6) 

O(1W)iii—Ln(1) —O(1) 83.76(10) 83.54(6) 83.49(6) 

O(1W) —Ln(1) —O(1) 142.42(10) 141.76(6) 141.82(6) 

O(1)iii—Ln(1) —O(1) 87.19(12) 86.40(8) 86.50(8) 

O(3)i—Ln(1) —O(2W) 79.85(14) 79.64(9) 79.95(9) 

O(4)ii—Ln(1) —O(2W) 134.72(14) 135.04(9) 134.98(9) 
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Table S2.  (cont.). 

O(1W)iii—Ln(1) —O(2W) 135.99(9) 135.93(5) 135.97(5) 

O(1W) —Ln(1) —O(2W) 135.99(9) 135.93(5) 135.97(5) 

O(1)iii—Ln(1) —O(2W) 75.38(10) 75.69(6) 75.50(6) 

O(1) —Ln(1) —O(2W) 75.38(10) 75.69(6) 75.50(6) 

O(3)i—Ln(1) —O(2)iii 77.84(7) 77.68(5) 77.90(5) 

O(4)ii—Ln(1) —O(2)iii 112.65(7) 112.70(5) 112.63(4) 

O(1W)iii—Ln(1) —O(2)iii 147.97(11) 148.07(6) 148.31(6) 

O(1W) —Ln(1) —O(2)iii 70.54(11) 70.29(7) 70.35(7) 

O(1)iii—Ln(1) —O(2)iii 51.02(9) 51.67(6) 51.41(6) 

O(1) —Ln(1) —O(2)iii 128.11(9) 128.17(6) 127.98(6) 

O(2W) —Ln(1) —O(2)iii 66.15(7) 66.29(5) 66.24(5) 

O(3)i—Ln(1) —O(2) 77.84(7) 77.68(5) 77.90(5) 

O(4)ii—Ln(1) —O(2) 112.65(7) 112.70(5) 112.63(4) 

O(1W)iii—Ln(1) —O(2) 70.54(11) 70.29(7) 70.35(7) 

O(1W) —Ln(1) —O(2) 147.97(11) 148.07(6) 148.31(6) 

O(1)iii—Ln(1) —O(2) 128.11(9) 128.17(6) 127.98(6) 

O(1) —Ln(1) —O(2) 51.02(9) 51.67(6) 51.41(6) 

O(2W) —Ln(1) —O(2) 66.15(7) 66.29(5) 66.24(5) 

O(2)iii—Ln(1) —O(2) 129.27(15) 129.45(10) 129.45(9) 

Symmetry transformations used to generate equivalent atoms: 
i -x+3/2,y+1/2,-z+3/2    ii -x+3/2,y-1/2,-z+3/2 
iii x,y,-z+1    iv -x+1,-y,z    v x,y,-z+2 
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Table S3.  Hydrogen bonds for (1), (2) and (3) [Å and °]. 

D-H...A d(D-H) d(H...A) d(D...A) <(DHA) 

(1) 

 O(1W)-H(1A)...O(1)vi 0.95(3) 1.95(2) 2.847(4) 158(5) 

 O(1W)-H(1B)...O(2)vii 0.94(3) 1.826(18) 2.745(4) 164(4) 

 O(2W)-H(2A)...O(1)viii 0.947(10) 1.96(2) 2.859(4) 158(5) 

 O(2W)-H(2B)...O(2W)ix 0.947(10) 2.16(4) 3.028(9) 151(7) 

(2) 

 O(1W)-H(1A)...O(1)vi 0.941(10) 1.923(13) 2.836(2) 163(3) 

 O(1W)-H(1B)...O(2)vii 0.941(10) 1.822(13) 2.739(2) 164(3) 

 O(2W)-H(2A)...O(1)viii 0.945(10) 1.931(12) 2.861(3) 167(3) 

 O(2W)-H(2B)...O(2W)ix 0.946(10) 2.01(2) 2.938(5) 165(5) 

(3) 

 O(1W)-H(1A)...O(1)vi 0.939(10) 1.916(11) 2.840(3) 167(3) 

 O(1W)-H(1B)...O(2)vii 0.940(10) 1.823(14) 2.736(3) 163(3) 

 O(2W)-H(2A)...O(1)viii 0.939(10) 1.960(15) 2.863(3) 160(3) 
  Symmetry transformations used to generate equivalent atoms: 

vi -x+3/2,y+1/2,z+1/2    vii -x+3/2,y-1/2,z-3/2 
viii -x+1,-y,-z+1    ix -x+1,-y+1,z. 
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Table S4. Optimized cartesians coordinates for the crystallographic and Sparkle/AM1 

coordination polyhedron (inside parentheses) of the (1) structure, plus the values of charge factors 

(g) and the cation polarizability(α) adjusted using a non-linear minimization of a four-dimensional 

surface response. 

Atoms X (Å) Y (Å) Z (Å) g α

 Eu  0.000 ( 0.000) 0.000 ( 0.000) 0.000 ( 0.000) – – 
  O  2.276 ( 1.931) -0.763 (-0.908) -0.671 (-0.927) 0.018 2.21 

  O  1.188 ( 0.872) -2.186 (-2.065) 0.053 ( 0.624) 0.018 2.21 

  O  1.273 ( 1.311) 2.138 ( 1.800) 0.143 ( 0.672) 0.018 2.21 

  O  -0.286 (-0.860) 2.108 ( 1.862) 1.289 ( 1.093) 0.018 2.21 

  O  -1.360 (-1.849) -0.985 (-1.202) 1.751 ( 0.843) 0.018 2.21 

  O  0.698 ( 0.281) 0.890 ( 0.591) -2.256 (-2.300) 1.231 6.48 

  O  -0.656 (-0.727) -1.516 (-1.719) -1.898 (-1.495) 1.231 6.48 

  O  1.770 ( 0.745) 0.105 (-0.009) 1.783 ( 2.278) 1.231 6.48 

  O  -1.807 (-1.854) 1.461 ( 1.141) -0.966 (-1.083) 1.231 6.48 
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Figure S1 - Emission spectrum of (3) collected at 77K. 
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STRUCTURAL AND SPECTROSCOPIC STUDIES OF THE 2D COORDINATION POLYMERS, [Tb(DPA)(HDPA)] 
AND [Gd(DPA)(HDPA)]. This paper presents the synthesis of the coordination polymers [Ln(DPA)(HDPA)] (DPA=2,6-
pyridinedicarboxylate; Ln= Tb and Gd), their structural and spectroscopic properties. The structural study reveals that the [Ln(DPA)
(HDPA)] has a single Ln+3 ion coordinated with two H

2
DPA ligands in tridentade coordination mode, while two others H

2
DPA 

establish a syn-bridge with a symmetry-related Ln3+, forming a two-dimensional structure. The spectroscopic studies show that 
[Tb(DPA)(HDPA)] compound has high quantum yield (q

x
 50.0%), due to the large contribution of radiative decay rate. Moreover 

triplet level is localized sufficiently over the emitter level 5D
4
of theTb3+ ion, avoiding a retrotransference process between these 

states.

Keywords: lanthanides; coordination polymers; luminescence.

INTRODUÇÃO

Nos últimos anos um aumento significativo nas pesquisas rela-
cionadas aos polímeros de coordenação, como uma interface entre a 
química sintética e a ciência de materiais, tem desempenhado papel 
importante na amplificação de parâmetros para predição, controle 
estrutural e funcional dos sólidos cristalinos.1 Estudos nesta área 
promovem um amplo campo interdisciplinar em rápida e constante 
ascensão, com vasta abrangência para o desenvolvimento de pesqui-
sas. Além disso, estes compostos apresentam promissoras aplicações 
em diversos setores industriais estratégicos, nas quais se incluem 
catálise,2,3 nanotecnologia,4 armazenamento de gases,5,6 sistemas 
óptico-eletrônicos,7 adsorção8,9 dentre outros. 

A maioria dos trabalhos recém publicados é referente ao emprego 
de metais de transição na construção de redes de coordenação,10-12

enquanto os sistemas com lantanídeos são muito menos estudados.12-14 

Os lantanídeos possuem propriedades espectroscópicas peculiares, 
como tempo de vida longo e bandas de emissão finas e bem defini-
das.15 Esses referidos aspectos tornam os compostos com íons lantaní-
deos excelentes para o uso como dispositivos moleculares conversores 
de luz (DMLC),16 com possíveis aplicações em diversificadas áreas,17 

tais como dispositivos eletroluminescentes (DOELs),18 marcadores
na determinação direta de analitos orgânicos19 e ácidos nucléicos,20

como sondas luminescentes em imuno-diagnóstico21 e incorporadas 
em matrizes sólidas para aplicações ópticas.22

Uma série de ligantes tem sido utilizada na síntese de novos 
polímeros de coordenação, dentre os quais os policarboxilatos aro-
máticos são particularmente interessantes devido à robustez química 
e propriedades fotofísicas.23 Por exemplo, o ácido 2,6-dipicolínico 
(H

2
DPA) tem sido amplamente empregado na síntese de compostos 

com lantanídeos com potenciais aplicações em imuno-ensaios.24

Além disso, o H
2
DPA desempenha papel interessante na construção 

de polímeros de coordenação, pois pode funcionar como ponte entre 
os centros metálicos e adotar diversos modos de coordenação.25,26 É
importante enfatizar que, apesar de existirem vários relatos de polí-
meros de coordenação com íons lantanídeos e o H

2
DPA, investigações 

detalhadas das propriedades luminescentes desses compostos são 
escassas.27 Nessa perspectiva, este trabalho apresenta um estudo dos 
aspectos estruturais e espectroscópicos dos polímeros de coordenação 
2D [Tb(DPA)(HDPA)] e [Gd(DPA)(HDPA)].

PARTE EXPERIMENTAL

Reagentes

Os óxidos de lantanídeos 99,99% e o ácido 2,6-dipicolínico 
(H

2
DPA) foram obtidos da Aldrich e utilizados sem prévio trata-

mento. Os nitratos de térbio e gadolínio foram preparados através 
da reação dos respectivos óxidos com ácido nítrico, como descrito 
na literatura.28

Síntese das redes de coordenação [Tb(DPA)(HDPA)] e 
[Gd(DPA)(HDPA)]

Os polímeros de coordenação foram preparados a partir da mis-
tura de 0,70 mmol do ligante H

2
DPA, 0,35 mmol do Ln(NO

3
)

3
6H

2
O

(Ln= Gd3+ e Tb3+) e 4,0 mL de água deionizada. Essa mistura foi 
selada em um reator de aço inox revestido de Teflon com 8,0 mL de 
capacidade e submetida a uma temperatura de 145 °C por 72 h sendo, 
em seguida, resfriada à temperatura ambiente com taxa de 1 ºC/min. 
Os cristais incolores resultantes foram lavados com água deionizada 
e acetona e apresentaram rendimentos de aproximadamente 60% em 
relação ao lantanídeo. 
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Difração de raios-X de monocristal

 As medidas de raios–X foram realizadas em um difratômetro 
Enraf-Nonius KappaCCD com detector de área. Os programas usa-
dos no estudo cristalográfico foram: determinação da célula unitária 
e coleta de dados-KappaCCD-Enraf-Nonius;29 redução de dados-
HKL Denzo e Scalepack;30 coleta de dados-Colecione;31 solução de 
estrutura-SHELXS-86;32 refinamento-SHELXL-97.33

Análise elementar

As análises elementares de C, H, e N foram realizadas em um 
equipamento CHNS-O Analyzer Flash (112 Series EA Thermo 
Finningan).

Espectroscopia de absorção na região do infravermelho

Os espectros de absorção na região do infravermelho foram 
obtidos em pastilhas de KBr entre 4000 e 400 cm-1 em um espectro-
fotômetro com transformada de Fourier, da Brucker, modelo IF66.

Termogravimetria/termogravimetria derivada (TG/DTG)

As curvas TG/DTG foram obtidas na faixa de temperatura entre 
25 e 1200 °C, utilizando uma termo-balança modelo TGA 50 da 
marca Shimadzu, sob atmosfera dinâmica de nitrogênio (50 mL 
min-1), razão de aquecimento de 10 oC min-1, utilizando cadinho de 
platina contendo massa de amostra em torno de 3 mg. A calibração 
do instrumento foi verificada conforme norma ASTM (The Americam 
Society for Testing and Materials, 1993). 

Espectroscopia de luminescência

Os espectros de emissão e excitação à temperatura ambiente e à 
77 K foram realizados em um ISS PC1 Spectrofluorometer. O mono-
cromador de excitação é equipado com uma lâmpada de xenônio com 
300 W, a emissão é coletada em um monocromador com resolução de 
0,1 nm equipado com uma fotomultiplicadora e as fendas de emissão 
e excitação usadas na aquisição dos dados foram de 0,5 nm. O rendi-
mento quântico para a rede de coordenação [Tb(DPA)(HDPA)] foi 
determinado como previamente descrito na literatura.27,34

Tempo de vida dos estados excitados

O tempo de vida dos estados excitados foi realizado utilizando 
como fonte de excitação um laser de Nd:YAG ( = 355 nm) com 
largura temporal de 7 ns e freqüência de 5 Hz, um osciloscópio 1012 
modelo Tectronix TDS e um detector ET 2000.

RESULTADOS E DISCUSSÃO

A síntese hidrotermal proporcionou a formação de cristais das 
redes de coordenação [Tb(DPA)(HDPA)] e [Gd(DPA)(HDPA)] 
adequados para investigações cristalográficas. Os dados de análise 
elementar apresentaram os seguintes valores (calculado/experimen-
tal): C

14
H

7
N

2
O

8
 Tb, C: 34,38/33,90%; H: 1,24/1,23%; N: 5,73/5,60%; 

C
14

 H
7
 N

2
 O

8
 Gd, C: 34,42/34,25%; H: 1,44/1,32%; N: 5,73/5,65%. 

É importante salientar que os polímeros sintetizados são isomorfos 
ao [Ho(dipc)(Hdipc)],35 entretanto, os respectivos parâmetros estru-
turais não foram determinados. A unidade assimétrica do [Ln(DPA)
(HDPA)] e todos os dados cristalográficos, medidas de intensidade, 
refinamentos e solução da estrutura são mostradas na Figura 1 e na 
Tabela 1, respectivamente. 

Como os compostos são isomorfos, somente a estrutura do 
[Tb(DPA)(HDPA)] será descrita em detalhes. Neste polímero de 

coordenação, o íon Tb3+ está coordenado a moléculas do ligante DPA 
formadas pelos seguintes átomos: DPA1= N(1)-C(1)-C(2)-C(3)-
C(4)-C(5)-C(6)-C(7)-O(1)-O(2)-O(3)-O(4) e DPA2= N(2)-C(8)-
C(9)-C(10)-C(11)-C(12)-C(13)-C(14)-O(5)-O(6)-O(7)-O(8). Ambos 
os ligantes atuam como espécies tridentadas através dos átomos de 
nitrogênio dos anéis heterocíclicos e por dois átomos de oxigênio 
dos grupos carboxilatos, (N(1), O(1), O(3) e N(2), O(5), O(7)), 
respectivamente. A natureza polimérica deste composto compete às 
múltiplas ligações realizadas pela molécula do DPA2 que, por sua 
vez, também atua como um ligante bis-monodentado por meio dos 
átomos O(6) e O(8). Desta maneira, o ligante DPA2 funciona como 
ponte entre três centros metálicos distintos (Tb: x, y, z; Tbiv: x, ½ - 
y, -½ + z; Tbv: 1-x, -½ + y, ½ - z), gerando uma cadeia polimérica 
infinita em 2D ao longo do plano [100], Figura 2. Na Tabela 2 estão 
mostrado os comprimentos de ligação e os ângulos da primeira esfera 
de coordenação pertencente ao composto [Tb(DPA)(HDPA)].

A esfera de coordenação apresentada pelo Tb3+ (Tabela 2) pos-
sui número de coordenação 8 e pode ser descrita como antiprisma 
quadrado distorcido, além disso, a maioria dos compostos formados 
por lantanídeos e o H

2
DPA apresentam número de coordenação 9.27,35

Outro aspecto interessante é que a condição da síntese do referido 
composto impõe a um dos ligantes a permanência sob a forma mo-
noprotonada, HDPA-1, a fim de manter a eletroneutralidade da rede de 
coordenação. O respectivo átomo de hidrogênio, H(1), foi localizado 
ligado ao oxigênio O(1) pela síntese de Fourier. Como conseqüência 
da ligação H(1)—O(1), a distância interatômica de C(1)—O(1), 1,345 
Å, apresenta significativa diferença quando comparada às outras 
ligações C—O, cuja a média equivale a 1,244 Å. 

Figura 1. Unidade assimétrica do [Tb(DPA)(HDPA)]. Operações de simetria 

usadas para gerar átomos equivalentes: i: 1- x, -½ + y, ½ -z; ii: 1 - x, ½ + y , 

½ - z; iii: x, ½ - y , ½ + z; iv: x, ½ - y, -½ + z; v: 1-x, -½ + y, ½ - z

Figura 2. Rede polimérica do [Tb(DPA)(HDPA)] ao longo do plano [100]
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Tabela 1. Dados cristalográficos e refinamento estrutural dos polímeros de coordenação [Ln(DPA)(HDPA)]

Fórmula empírica C
14

 H
7
 N

2
 O

8
 Tb C

14
 H

6
 Gd N

2
 O

8

Peso molecular 490,13 487,46

Temperatura 293(2) K 293(2) K

Comprimento de onda dos raios-x (K  Mo) 0,71073 0,71073

Sistema cristalino e grupo espacial monoclínico, P2
1
/c monoclínico, P2

1
/c

Dimensões da cela unitária
a = 12,2466(4); b = 8,3800(3); 

c = 13,4939(3)  ; = 102.36(2)° 
a = 12,2790(4) ; b = 8,3880(3); 

c = 13,5380 (3)  ; = 102,41(2)° 

Z ( número de moléculas por cela) 4 4

Volume 1352,70(7) 3 1361,78(7) 3

Densidade calculada 2,402 mg/m3 2,378 mg/m3

Coeficiente de absorção 5,282 mm-1 4,924 mm-1

F(000) 932 928

Dimensão do cristal 0,373 x 0,281 x 0,234 mm 0,224 x 0,189 x 0,18 mm

Intervalo de  para a coleta de dados 2,88 a 24,99° 2,88 a 27,49°

Limites dos índices de Miller -14 h 12, -9 k 9, -15 l 15 -15 h 12, -9 k 10, -17 l 17

Reflexões coletadas/únicas 5241 / 2017 [R(int) = 0,0363] 8847 / 2841 [R(int) = 0,0284]

Completância para  = 24,99 84,9% 91,2%

Correção da absorção Gaussian Gaussian

Min. e max. Transmissão 0,199 e 0,321  0,214 e 0,432

Método de refinamento Matriz de mínimos quadrados completa em F2 Matriz de mínimos quadrados completa em F2

Dados / restrições / parâmetros 2017 / 0 / 226 2841 / 0 / 226

Concordância sobre F2 1,105 1,123

Índices R para os dados [I>2 (I)] R
1
 = 0,0255, wR

2
 = 0,0655 R

1
 = 0,0210, wR

2
 = 0,0526

Índices R para todos os dados R
1
=0,0260, wR

2
=0,0660 R

1
 = 0,0220, wR

2
 = 0,0528

Alturas de picos residuais 0.904 e -0.828 e. -3 0.644 e -0.981 e. -3

Tabela 2. Distâncias interatômicas (Å) e ângulos (°) referentes à primeira esfera de coordenação do [Tb(DPA)(HDPA)]

Tb-O(1) 2,526(2) O(6)ii-Tb-N(2) 84,31(9)

Tb-O(3) 2,341(3) O(8) iii-Tb-N(2) 141,34(9)

Tb-O(5) 2,412(2) O(3)-Tb-N(2) 136,55(8)

Tb-O(6)ii 2,281(2) O(7)-Tb-N(2) 63,78(9)

Tb-O(7) 2,388(3) O(6)ii-Tb-N(1) 144,09(12)

Tb-O(8)iii 2,323(3) O(8)iii-Tb-N(1) 79,79(10)

Tb-N(1) 2,510(3) O(3)-Tb-N(1) 65,55(9)

Tb-N(2) 2,484(3) O(7)-Tb-N(1) 77,94(10)

O(6)ii-Tb-O(8)iii 95,00(9) O(5)-Tb-N(1) 132,06(9)

O(6) ii-Tb-O(3) 78,54(9) N(2)-Tb-N(1) 121,55(9)

O(8) iii-Tb-O(3) 80,23(9) O(6)ii-Tb-O(1) 153,64(9)

O(6)ii-Tb-O(7) 95,05(10) O(8)iii-Tb-O(1) 92,29(9)

O(8) iii-Tb-O(7) 153,88(11) O(3)-Tb-O(1) 127,72(8)

O(3)-Tb-O(7) 78,26(8) O(7)-Tb-O(1) 89,29(9)

O(6) ii-Tb-O(5) 79,61(9) O(5)-Tb-O(1) 77,43(8)

O(8) iii-Tb-O(5) 76,97(9) N(2)-Tb-O(1) 74,34(8)

O(3)-Tb-O(5) 146,69(8) N(1)-Tb-O(1) 62,21(9)

O(7)-Tb-O(5) 128,63(8)

Operações de simetria usadas para gerar átomos equivalentes: i: 1- x, -½ + y, ½ -z ; ii: 1 - x, ½ + y , ½ - z; iii: x, ½ - y , ½ + z; iv: x, ½ - y, -½ + 
z; v: 1-x, -½ + y, ½ - z.
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Pela resolução estrutural foi observado que não existe interação 
direta entre os diferentes íons Tb3+, pois o correspondente valor 
médio das distâncias Tb---Tb equivale a 6,55 Å. Os comprimentos 
das ligações Tb—O estão na faixa de 2,341(3) a 2,526(2) Å, já as 
ligações Tb—N estão na faixa de 2,484(3) a 2,510(3) Å. Usualmente, 
os comprimentos das ligações Ln—N são mais longos que as Ln—O 
em compostos com o mesmo ligante.35-39 Contudo, a ligação Tb—O 
(1) apresenta um valor superior a todas as outras, devido à peculiar 
situação causada pela ligação entre os átomos H(1) e o O(1). 

Os espectros de absorção na região do infravermelho do ligante 
livre e dos polímeros de coordenação estão disponíveis no Material 
Suplementar. O espectro de infravermelho do H

2
DPA mostra ab-

sorções na região entre 3100 e 2500 cm-1, devido aos estiramentos 
da ligação H—O dos grupos carboxílicos. Este conjunto de sinais é 
característico das ligações de hidrogênio formadas pelas interações 
destes grupos (—COOH) e, por sua vez, estão sobrepondo às bandas 
dos estiramentos das ligações C—H.40 Nos espectros de [Tb(DPA)
(HDPA)] e [Gd(DPA)(HDPA)] as respectivas bandas atribuídas às 
vibrações das ligações O—H presentes em um dos ligantes proto-
nado estão situadas em 3440 e 3443 cm-1. As bandas associadas aos 
estiramentos assimétricos dos grupos carboxilatos estão presentes 
nos espectros das redes com Tb3+ e Gd3+ em 1637, 1611 e 1638 e 
1607 cm-1, respectivamente. Da mesma forma, as bandas atribuídas 
aos estiramentos simétricos dos respectivos compostos estão situadas 
em 1411, 1392 e 1408 e 1392 cm-1. Em comparação com o ligante 
livre foi constatado que os estiramentos assimétricos foram deslo-
cados de 1700 cm-1, enquanto os simétricos de 1331 e 1302 cm-1 no 
ligante livre.40 No espectro de IV da amostra [Tb(DPA)(HDPA)] e 
[Gd(DPA)(HDPA)] foram observadas bandas intensas localizadas 

em 1746 e 1742 cm-1. Estes estiramentos são característicos da du-
pla ligação do grupo carbonila (C=O) e são atribuídos às ligações 
C(1)—O(2) das respectivas amostras. Conforme observado nos dados 
cristalográficos, o menor comprimento destas ligações contribui 
para o deslocamento das respectivas bandas para regiões de maiores 
energias. A coordenação através dos átomos de nitrogênio pode ser 
evidenciada através da mudança na intensidade das vibrações em 
1574 cm-1 atribuídas ao anel aromático.35

As curvas de TG/DTG (Figura 3) das redes de coordenação 
[Tb(DPA)(HDPA)] e [Gd(DPA)(HDPA)] mostram similaridades 

quanto ao perfil termo-analítico das curvas. O primeiro evento de 
decomposição térmica associado aos compostos [Tb(DPA)(HDPA)] 
e [Gd(DPA)(HDPA)] acontece nas faixas de 285 a 690 °C e de 280 
a 685 °C, com perdas de massa equivalentes a 52,3 e 49,7%, res-
pectivamente. Esta etapa é característica da degradação dos ligantes 
orgânicos. Os estágios de eliminação de material carbonáceo em 
ambas as redes de coordenação com Tb3+ e Gd3+ são iniciados próximo 

a 680 °C e terminam em aproximadamente 970 °C. Os resíduos das 
decomposições apresentam massas relativas de 40,8% (Calculado: 
39,8%) e 38,9% (Calculado: 37,2%) e são referentes às espécies 
químicas ¼ Tb

4
O

7
 e ½ Gd

2
O

3
, respectivamente.

O espectro de emissão da rede de coordenação [Gd(DPA)
(HDPA)] à 77 K, após excitação em 280 nm está mostrado na Figura 
4. O nível tripleto foi estimado a partir da zero-fonon, localizado no 
inicio da banda de emissão, 362 nm (27548 cm-1).41

O espectro de excitação do composto [Tb(DPA)(HDPA)], adquirido 
a temperatura ambiente, monitorando a transição mais intensa 5D

4
7F

5

(545 nm) apresenta uma larga banda centrada em 280 nm referente à 
transição * do ligante. Esta banda evidencia que a fotossensibili-
zação através do processo indireto (via ligante) é responsável pela lumi-
nescência do material. O espectro de emissão da rede de coordenação 
mostra a seqüência típica das transições 5D

4
7F

J
(J= 6–2) inerente ao 

íon Tb3+, sendo a transição 5D
4

7F
5
, com 55,6% do total, a responsável 

pela intensa coloração verde apresentada pelo composto. Também pôde 
ser observada a ausência da transição 5D

3
7F

4
 normalmente monitorada 

em 437 nm. Este tipo de comportamento indica que o rápido processo 
de relaxação referente à transição 5D

3
5D

4
 é induzido pelas elevadas 

freqüências vibracionais características do ligante.42,43 Os espectros de ex-
citação e emissão do [Tb(DPA)(HDPA)] são mostrados na Figura 5.

Figura 3. Curvas TG e DTG dos polímeros de coordenação. [Tb(DPA)

(HDPA] e [Gd(DPA)(HDPA] 

Figura 4. Espectro de emissão do polímero de coordenação [Gd(DPA)

(HDPA)] à 77 K, após a excitação em 280 nm

Figura 5. Espectro de excitação do [Tb(DPA)(HDPA)] monitorando a 

transição 5D
4

7F
5
em 545 nm e espectro de emissão do [Tb(DPA)(HDPA)] 

excitado à 280 nm, ambos obtidos à 300 K 
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A curva de decaimento do estado excitado 5D
4
, obtida à temperatu-

ra ambiente pelo monitoramento da transição 5D
4

7F
5
, está mostrada 

na Figura 6. O elevado valor de tempo de vida, =1,1 ms, encontrado 
para a rede de coordenação [Tb(DPA)(HDPA)] pode ser justificado 
pela ausência de moléculas de água na esfera de coordenação e do 
arranjo estrutural rígido que restringe os modos vibracionais do li-
gante.44 Como conseqüência, o rendimento quântico encontrado para 
a rede de coordenação [Tb(DPA)(HDPA)] é de 49,8%. 

O processo de retro-transferência de energia é um dos principais 
mecanismos de supressão da luminescência de complexos de Tb3+.45

Verificando a energia dos níveis tripleto em diversos ligantes, Lavta 
et al.44 concluíram que a retro-transferência de energia poderia ser 
observada quando a diferença entre o estado 5D

4
do Tb3+ (20400 cm-

1) e o mais baixo nível de energia tripleto intrínseco aos ligantes é 
inferior a 1850 cm-1. A respectiva diferença energética, E, entre o 
nível tripleto do ligante (27548 cm-1) e o estado emissor 5D

4
 do Tb3+

é de 7148 cm-1. Dentro desta perspectiva, ficaria caracterizado que o 
processo de retro-transferência não possui significativa importância 
em relação ao composto [Tb(DPA)(HDPA)], visto que o nível de 
energia sugerido ao nível tripleto do ligante está localizado muito aci-
ma do nível emissor do Tb3+. Na Figura 7 apresenta-se o diagrama de 
energia proposto para a rede de coordenação [Tb(DPA)(HDPA)].

CONCLUSÃO

Das peculiaridades associadas à estrutura do polímero de coorde-
nação [Tb(DPA)(HDPA)], pode-se destacar que a formação da rede de 
coordenação sem a presença de moléculas de água ligadas diretamente 
ao metal favorece as propriedades luminescentes do composto.

Figura 6. Curva de decaimento do estado excitado 5D
4
 do íon Tb3+ no polímero 

de coordenação [Tb(DPA)(HDPA)] à 300 K

Figura 7. Diagrama de energia para o [Tb(DPA)(HDPA)], mostrando os 

mais prováveis canais de transferência de energia intramolecular

O elevado rendimento quântico observado para o [Tb(DPA)
(HDPA)] poderia ser justificado por fatores estruturais associados 
à ausência de moléculas supressoras (H

2
O) coordenadas ao metal 

e pela rígida estrutura que reduz os efeitos vibracionais do ligante. 
Além disso, o nível tripleto estimado para o ligante tende a favorecer 
o processo de transferência de energia, pois a posição privilegiada 
em relação ao nível emissor 5D

4
do íon Tb3+ inibiria o processo de 

retro-transferência entre esses estados. 

MATERIAL SUPLEMENTAR

Os espectros de absorção na região do infravermelho e os 
dados cristalográficos dos [Gd(DPA)(HDPA)] estão disponíveis 
em http://quimicanova.sbq.org.br, na forma de arquivo PDF, com 
acesso livre.
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Two-dimensional coordination polymermatrix for
solid-phase extraction of pesticide residues from
plantCordia salicifolia

The 2D coordination polymer (v[Gd(DPA)(HDPA)]) was tested for extraction of ace-
phate, chlorpropham, pirimicarb, bifenthrin, tetradifon, and phosalone from the
medicinal plant Cordia salicifolia, whose extracts are commercialized in Brazil as diu-
retic, appetite suppressant, and weight loss products, using GC/MS, SIM. Consider-
ing that there are no Brazilian regulations concerning maximum permissible pesti-
cide residue concentrations in medicinal herbs, recovery experiments were carried
out (seven replicates), at two arbitrary fortification levels (0.5 and 1.0 mg/kg), result-
ing in recoveries in range of 20 to 107.7% and SDRSDs were between 5.6 and 29.1%
for v[Gd(DPA)(HDPA)] sorbent. Detection and quantification limits for herb ranged
from 0.10 to 0.15 mg/kg and from 0.15 to 0.25 mg/kg, respectively, for the different
pesticides studied. The developed method is linear over the range assayed, 0.5–
10.0 lg/mL, with correlation coefficients ranging from 0.9975 to 0.9986 for all pesti-
cides. Comparison between v[Gd(DPA)(HDPA)] sorbent and conventional sorbent
(neutral alumina) showed similar performance of v[Gd(DPA)(HDPA)] polymeric sorb-
ent for three (bifenthrin, tetradifon, and phosalone) out of six pesticides tested.
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1 Introduction

Coordination polymers, also known as metal-organic
frameworks (MOFs), are a relatively new class of nano-
structured materials that form an important interface
between materials science and synthetic chemistry [1, 2].
In recent years, these compounds have received signifi-
cant attention that can also be explained by interesting
structure obtained by self-assembling metal ions with
multifunctional ligands and interesting applications in
strategic scientific and industrial fields [3].

Currently, the most of works about coordination poly-
mers are focused on investigations of gas sorption, sep-
aration, and storage, catalysis as promising applications
of these materials [4–7]. On other hand, the exploration
of coordination polymers as pre-concentrators for the
SPE has been few reported [8]. Our group has been inter-

ested in these materials because they can be tailored to
selective sorption profile based on hydrophobic and
hydrophilic properties, shape and size of porous. The
materials normally used as preconcentrators do not have
high enough sorption capacity or are not selective
enough for specific analytes or they cause low or incom-
plete desorption of the analytes [9]. Thus, the co-ordina-
tion polymers could be regarded as interesting and versa-
tile alternative as adsorbent materials used on detection
of trace of the environment pollutants [10].

Medicinal plants are widely consumed as home rem-
edies and raw materials for the pharmaceutical indus-
tries for the production of phytopharmaceuticals [11].
The herbs are usually prepared using natural and culti-
vated plants collected, dried and packaged without an
effective hygienic, sanitary and residual control. There-
fore, it is important to know the risk that their consump-
tion supposes to health, since in the developing coun-
tries 65% of the population depends exclusively on the
medicinal plants for basic cares of health [12–14]. On the
other hand, the extraction procedure is a critical step in
the determination of drugs, pollutants and naturally
occurring substances in medicinal herbs [15–17]. In gen-
eral, the determination of these compounds including
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pesticides in medicinal herb matrix is usually accom-
plished using chromatographic techniques and involves
preliminary steps including sampling, extraction and
clean-up [18]. Matrix solid-phase dispersion (MSPD) is an
extraction method that provides a good alternative to
traditional extraction techniques for chromatographic
analysis [19–22]. MSPD can be carried out simultaneously
with sample homogenization, extraction and clean-up
and it requires only a small sample size and small
amounts of solvent [23, 24]. It avoids the drawbacks gen-
erally associated with liquid–liquid extraction, such as
the use of large volumes of solvent, the occurrence of
troublesome emulsions, and slow speed [25–29]. Thus,
MSPD is an analytical technique used for extraction of
analytes from semi-solid and viscous samples. The princi-
ple of this technique is based on the use of the same
bonded-phase solid supports as in SPE, which also are
used as grinding material for producing the disruption
of sample matrix. During this procedure, the bonded-
phase support acts as an abrasive, and the sample dis-
perses over the surface of the support. The classic meth-
ods used for sample disruption such as mincing, shred-
ding, grinding, pulverizing, and pressuring are avoided
in this procedure. The MSPD technique has many appli-
cations to the processing of samples of biological origin
(animal tissues, plant materials, fats, etc.) [30–34]. The
sample is placed in amortar containing the sample and a
bonded phase material. The mixture is then crushed
with a pestle. During this operation, the bonded phase
and its support serve several functions including a) is an
abrasive that promotes mechanical disruption of the
sample structure, b) assists in sample disruption and
analysis of cell membranes similar to a solvent, and c)
adsorbs the analytes or other compounds of interest
from the sample. After this step, the material containing
the sample and the solid sorbent are transferred into a
SPE column. The selection of sorbent to be mixed with
the sample depends on the nature of the material to be
analyzed. Principles similar to those used for the selec-
tion in standard SPE are utilized in MSPD [35]. The litera-
ture describes chromatographic methods for the deter-
mination of pesticide residues in medicinal plants using
classical sorbent material such as C18-bonded silica [36].
During recent years, research on new materials for
extraction, purification and separation processes of
organic compounds in a wide polarity range has also
been proposed by the growing interest for environmen-
tal preservation and human health protection.

In view of this, the aim of this study was evaluating the
performance of coordination polymer v[Gd(DPA)(HDPA)],
as a new adsorbent material for matrix solid-phase dis-
persion for the multiclass analysis of pesticides in medic-
inal plant C. salicifolia Cham, which is commercialized in
Brazil as diuretic, appetite suppressant, and weight loss
products, using GC/MS.

2 Experimental

2.1 Chemicals and solvents

HPLC grade solvents, dichloromethane, ethyl acetate,
cyclohexane, and chloroform, were purchased from Mal-
linckrodt Baker (Paris, KY, USA). Certified standards of
acephate, chlorpropham, pirimicarb, bifenthrin, tetradi-
fon, and phosalone were purchased from Dr. Ehrenstor-
fer (Augsburg, Germany). All standards were at least
97.0% pure. Analytical grade anhydrous sodium sulfate
was supplied from Mallinckrodt Baker. C18-bonded silica
(50 lm) was obtained from Phenomenex (Torrance, CA,
USA) and neutral alumina (70–290 mesh, activity I) from
Macherey-Nagel (D�ren, Germany). The lanthanide
nitrate was obtained following the procedures previ-
ously reported [37]. Pyridine-2,6-dicarboxylic acid 99%,
H2DPA, was supplied from Sigma–Aldrich (St. Louis, MO,
USA).

2.2 Pesticide standard solutions

Stock standard solutions of pesticides were prepared by
exactly weighing and dissolving the corresponding com-
pounds in dichloromethane at 500 lg/mL and stored at
–188C. These standard solutions were stable for a period
of at least 2 months. The working standard solutions
were prepared by diluting the stock solutions in
dichloromethane as required. Matrix-matched standards
were prepared at the same concentrations as those of cal-
ibration solutions by adding appropriate amounts of
standards to the control matrix extract.

2.3 Synthesis of v[Gd(DPA)(HDPA)]

A mixture of pyridine-2,6-dicarboxylic acid, H2DPA,
(0.7 mmol, 0.117 g), Gd(NO3)3 6H2O (0.35 mmol, 0.070 g),
and H2O (ca. 4 mL) was placed in a 8 mL Teflon-lined stain-
less autoclave at 1608C for 72 h. The final compound was
obtained in a yield of ca. 60% (based on Gd) after washed
with water, acetone and air-dried. Analytical Calculation
for the C14H7N2O8Gd (%): C – 34.42; H –1.44; N – 5.73.
Found (%): C – 35.25; H – 1.32; N – 5.65. IR (cm–1): 3455
(w), 3080 (m), 1740 (s), 1635 (s), 1605 (s), 1585 (s), 1455 (m),
1402 (w), 1300 (m), 1250 (m), 1130 (m), 1080 (m), 1020
(m), 940 (w), 765 (m), 725 (s), 654 (m), 584 (m), 523 (w), 411
(s).

2.4 Solid-phase characterization

Elemental analysis was performed on a CHNS-O analyzer
Flash 1112 Series EA Thermo Finnigan. FT-IR spectra
were recorded on KBr pellets (spectral range 4000–
400 cm–1) using a Bruker IFS 66, Fig. 1. The thermoanalyt-
ical curves were obtained in duplicate with a thermoba-
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lance model TGA 50 (Shimadzu, Japan) in 25–12008C
temperature range, using a platinum crucible with ca.
3.0 mg of sample, under dynamic nitrogen atmosphere
(50 mL/min) and with a heating rate of 108C/min, Fig. 2.

A suitable single-crystal of v[Gd(DPA)(HDPA)] (where
H2DPA stands for pyridine-2,6-dicarboxylic acid) was
manually harvested from the crystallization vial and
mounted on a glass fibre [38], which can show various
coordination geometries using completely (DPA, di-2-pyr-
idylamine) or partially (HDPA) deprotonated carboxylic
groups. These ligands not only chelate to a metal ion,
thus acting as a terminating ligand to prevent the forma-
tion of polymeric species, but also can form intermolecu-
lar hydrogen bonds through the noncoordinating amino
groups, thus facilitating the possible formation of an
extended hydrogen-bonded structure [39]. Data were col-
lected at ambient temperature on a Nonius Kappa CCD
area-detector diffractometer (Mo Kagraphite-monochro-
mated radiation, k = 0.7107 �) controlled by the Collect
software package [40]. Images were processed using the
software packages Denzo and Scalepack [41], and data
were corrected for absorption by the empirical method
implemented in SADABS. The structure was solved using
the direct methods implemented in SHELXS-97 [42],
which allowed the immediate location of the majority of
the heavy atoms. All the remaining nonhydrogen atoms
were directly located from difference Fourier maps calcu-
lated from successive full-matrix least squares refine-
ment cycles on F2 using SHELXL-97 [43].

2.5 GC/MS system and operating conditions

A Shimadzu system (Kyoto, Japan), consisting of a QP-
5050A mass spectrometer equipped with a GC-17A gas
chromatograph with a Shimadzu AOC 20i auto-injector
and a split/splitless injector was used for the identifica-

tion and quantification of the pesticides studied. A fused-
silica column DB-5MS (5% phenyl – 95% PDMS;
30 m60.25 mm id, 0.25 lm), supplied by J&W Scientific
(Folsom, CA, USA), was employed, with helium (99.999%
purity) as carrier gas at a flow-rate of 1.4 mL/min. The col-
umn temperature was programmed as follows: 608C for
1 min, then directly to 3008C at 108C/min and holding
for 3 min. The solvent delay was 5 min. The injector port
was maintained at 2508C, and 1 lL sample volumes were
injected in splitless mode (0.7 min). The data were
acquired and processed with a PC with Shimadzu class
5000 software. The total analysis time was 28 min and
equilibration time 2 min.

The eluent from the GC column was transferred via a
transfer line heated at 2808C, and fed into a 70 eV elec-
tron impact ionization source, also maintained at 2808C.
The analysis was performed in the SIMmode. For the first
acquisition window (5.0 to 10.0 min), the ions monitored
were m/z 136, 142, and 168 (acephate). For the second
acquisition window (11.0 to 20.0 min), the ions moni-
tored were m/z 154, 171 and 213 (chlorpropham), m/z
152, 166 and 238 (pirimicarb). For the third acquisition
window (20.0 to 28.0 min), the ions monitored were m/z
165, 181, and 322 (bifenthrin), m/z 227, 356 and 362 (tet-
radifon), m/z 121, 257 and 367 (phosalone). Values of m/z
in bold type correspond to the quantification ion for
each analyte.

2.6 Sample preparation and fortification

Dried porangaba leaves (C. salicifolia Cham; Family Boragi-
naceae) samples used for method development were pur-
chased in the bulk packages format from a local market
located in the municipality of Aracaju, state of Sergipe,
Brazil. No indication as regards the geographical origin
of the plant samples was given in the labels. A representa-
tive portion of medicinal plant (100 g) was homogenized
using a household blender, sieved (1–2 mm), and stored
in jars away from light and moisture until used for anal-
ysis. Fortified samples were prepared by adding 500 lL of
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Figure 1. Infrared spectrum of v[Gd(DPA)(HDPA)].

Figure 2. Thermogravimetric curve of v[Gd(DPA)(HDPA)].
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a mixture of the standard solutions to 0.5 g of sample
resulting in two final concentrations 0.5 and 1.0 mg/kg
of pesticides in the sample. The fortified plant samples
were left to stand for 30 min at room temperature to
allow the solvent to evaporate before extraction. Seven
replicates were analyzed at each fortification level. The
extraction procedure was as described below.

2.7 Extraction procedure

An aliquot of dried and powdered medicinal plant (0.5 g)
was placed into a glass mortar (ca. 50 mL) and 0.5 g of
sorbent material (neutral alumina or v[Gd(DPA)(HDPA)]
polymer) was added. The medicinal plant was then gen-
tly blended into the sorbent material with a glass pestle,
until a homogeneous mixture was obtained (ca. 1 min).
The homogenized mixture was introduced into a
100620 mm id polypropylene column, filled with 0.1 g
of silanized glass wool at the base, followed by, in order,
1.0 g of anhydrous Na2SO4 and 0.5 g of C18. A 30 mL por-
tion of cyclohexane/dichloromethane (3:1, v/v) was added
to the column and the sample was allowed to elute drop-
wise. Columns were placed on an 18-port vacuum mani-
fold. The eluent was collected into a graduated conical
tube and concentrated to a volume of 1 mL, using first a
rotary vacuum evaporator (408C), followed by a gentle
flow of nitrogen. A 1 lL portion of the extract was then
directly analyzed by GC/MS.

3 Results and discussion

3.1 Characterization of v[Gd(DPA)(HDPA)]

The hydrothermal reaction propitiated to the isolation
of a large amount of a single-crystalline phase composed
by crystals exhibiting a parallelepipedic morphology.
The compound containing only Gd3+ ion as metal center
was formulated as v[Gd(DPA)(HDPA)] on basis of single-
crystal X-rays diffraction studies at ambient temperature
(Table 1), TGA, and CHNS elemental. The compound

v[Gd(DPA)(HDPA)] consists of a 2-D layer structure. It is
noteworthy to mention that the v[Gd(DPA)(HDPA)] is iso-
structural to Ho3+ compound previously report by Fer-
nandes et al. [44]. The thermal decomposition of

v[Gd(DPA)(HDPA)] occurs in two consecutive stages with
weight losses of 49.7% and 11.3 respectively, remaining a
residue of approximately 39% attributed to the forma-
tion of the stoichiometric amount of Gd2O3 (calculated
residue 37.2%).

3.2 MSPD procedure

The type of the sorbent and the polarity of elution sol-
vent are known to be key factors in MSPD, since they
determine both the efficacy of the extraction and the

purity of the final extracts [45–51]. Therefore, in this
study, a new material, v[Gd(DPA)(HDPA)] polymer, for
matrix solid-phase dispersion was synthesized, charac-
terized, and the performance of the v[Gd(DPA)(HDPA)]
polymer as sorbent material was compared with neutral
alumina, which was used as extracting phase to carry out
the multiclass analysis of the pesticides (acephate, chlor-
propham, pirimicarb, bifenthrin, tetradifon, and phos-
alone) in medicinal plant C. salicifolia in our previous
developed and validated MSPD procedure [52]. On the
other hand, considering that there are no Brazilian regu-
lations concerning maximum permissible pesticide resi-
due concentrations in medicinal herbs, recovery experi-
ments were carried out, in seven replicates, at two arbi-
trary fortification levels (0.5 and 1.0 mg/kg) to the medic-
inal plant matrix. The recoveries from fortification stud-
ies of six pesticides were evaluated by GC/MS (SIM) based
on external calibration using medicinal herb-matched
standards. Average recoveries ranged from 62.9 to
129.9%, with RSD values of 6.3 to 26% using neutral alu-
mina as sorbent, and 20 to 107.7%, with RSD values of 5.7
to 29.1%, using v[Gd(DPA)(HDPA)] polymer as sorbent.
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Table 1. Crystal data and structure refinement of
v[Gd(DPA)(HDPA)].

Identification code [Gd(DPA)(HDPA)]

Empirical formula C14 H7N2 O8Gd
Formula weight 487.46
Temperature 293(2) K
Wavelength 0.71073 �
Crystal system monoclinic
Space group P21/c
Unit cell dimensions a = 12.2790(4) �, a = 908.

b = 8.3880(3) �, b = 02.411(2)8.
c = 13.5380(3) �, c = 908.

Volume 1361.78(7) �3

Z 4
Density (calculated) 2.378 Mg/m3

Absorption coefficient 4.924 mm– 1

F(000) 928
Crystal size 0.22460.18960.18 mm
Theta range for data
collection

2.88–27.498

Index ranges –15f hf 12, –9f kf 10,
–17f lf 17

Reflections collected 7990
Independent reflections 8847/2841 [R(int) = 0.0284]
Completeness to
theta = 25.358

91.2%

Absorption correction Semi-empirical from equiva-
lents

Max andmin transmission 0.2284 and 0.1936
Refinementmethod Full-matrix least-squares on

F2
Data/restraints/parameters 2841/0/226
Goodness-of-fit on F2 1.123
Final R indices [I A 2sigma(I)] R1 = 0.0210, wR2 = 0.0526
R indices (all data) R1 = 0.0215, wR2 = 0.0528
Largest diff. peak and hole 0.644 e–0.981 e N �– 3
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Considering the acceptability criteria for recovery in the
range of 70–130%, acephate, chlorpropham, pirimicarb,
bifenthrin, tetradifon, and phosalone presented lower to
excellent recoveries for medicinal herb sample. Compari-
son of v[Gd(DPA)(HDPA)] polymer as sorbent with the
commercially available neutral alumina showed

v[Gd(DPA)(HDPA)] polymer as a similar extracting phase
for three of the six pesticides under investigation. Recov-
eries of acephate, chlorpropham, and pirimicarb pre-
sented lower recovery values for v[Gd(DPA)(HDPA)] poly-
mer in comparison to the neutral alumina solid-phase.
Figure 3 shows a chromatogram of medicinal herb sam-
ple spiked with the six pesticides at concentration of
0.50 mg/kg, for which the recovery was 30–107.7%. Con-
centrations were calculated by comparing peak areas
from extracted ion current profiles with those obtained
from matrix-matched standards. Table 2 presents recov-
eries of the six pesticides at two concentration levels for
themedicinal herb.

Robustness may be defined as the measure of the abil-
ity of an analytical method to remain unaffected by

small but deliberate variations in method parameters,
providing an indication of its reliability during normal
usage. Robustness testing is a systematic process of vary-
ing a parameter and measuring the effect on the method
by monitoring system suitability and/or the analysis of
samples [53]. In relation to the method, it should be
noticed that in none of the medicinal herb samples
tested has the detection of the pesticides been excessively
interfered with by matrix peaks. With the developed
method, nearly 101 recovery tests with these six pesti-
cides in different herb C. salicifolia samples were con-
ducted. The overall recovery was found to be 61% includ-
ing the studied concentration levels. Despite the number
of different samples with varying origin which have been
tested, the functioning of the instrument was fully
adequate. The routine clean up of the insert and/or ion
source box has been shown to be sufficient to maintain a
tidy performance. Furthermore, considering different
medicinal herbs, the comparison between the extraction
efficiency of proposed MSPD procedure with that of the
Yariwake et al. [54] demonstrates that the average recov-
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Figure 3. GC/MS (SIM mode) chromatogram of a typical porangaba (C. salicifolia) extract fortified at a concentration level of
0.5 lg/g, using 0.5 g of porangaba + 0.5 g of v[Gd(DPA)(HDPA)] polymer + 1.0 g co-sorbent and cyclohexane/dichloromethane
(3:1, v/v, 30 mL). The numbered peaks are as follows: 1, acephate; 2, chlorpropham; 3, pirimicarb; 4, bifenthrin; 5, tetradifon; 6,
phosalone. See Experimental for details on GC/MS system and operating conditions.

Table 2. Average% recoveries (%RSD) of fortified pesticides in medicinal plant from MSPD method with GC/MS analysis.

Pesticide Fortification
level (lg/g)

Mean recovery*
(%)

RSD
(%)

Mean recovery*
(%)

RSD
(%)

sorbent/co-sorbent

alumina/C18 v[Gd(DPA)(HDPA)]/C18

acephate 0.5 85.7 19.7 30.0 20.0
1.0 62.9 15.8 20.0 9.0

chlorpropham 0.5 115.8 10.6 31.0 9.0
1.0 129.9 11.3 47.3 20.0

pirimicarb 0.5 117.6 12.4 47.0 5.6
1.0 81.3 7.7 51.3 10.8

bifenthrin 0.5 94.6 26.0 107.7 23.1
1.0 84.1 6.3 80.0 5.7

tetradifon 0.5 108.5 24.1 106.2 26.4
1.0 82.5 11.0 95.1 29.1

phosalone 0.5 105.1 19.7 73.4 20.1
1.0 78.5 15.9 46.0 10.6

* n = 7.
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ery value for 0.5 mg/kg (n = 7) was 106.2% for tetradifon,
which was similar to that obtained by the authors in Pas-
siflora alata Dryander, 101.4%. However, the concentra-
tion level of this last method was 0.3 mg/kg (n = 3), using
neutral alumina as dispersant material.

On the other hand, pesticides are found in medicinal
herbs at trace levels, mixed with other compounds of
high concentrations. Due to the large number of active
ingredients, trace analysis of these substances require
techniques with the detection capability of greatest num-
ber of compounds possible and with the fewest number
of extraction and clean-up steps [55]. Traditionally, the
initial extraction of pesticide residues from medicinal
herbs is performed by solvent extraction such as the
European Pharmacopoeia procedures [55], which are
costly, time-consuming and require larger samples and
greater volumes of hazardous solvents. However, low
sample throughput due to manual concentration steps
and large amounts of both sample and high purity
organic solvent limits the application of this method
[56]. Analytical methods employing smaller amounts of
sample and extracting solvent would be preferred, such
as the procedure based on matrix SPE described herein,
which combines extraction, concentration and sample
introduction steps, consequently it has high sample
throughput withminimum effort and time.

The linearity of a method is a measure of range within
which detector response is directly proportional to the
concentration of analyte in standard solutions or sam-
ples. Linearities for all compounds were determined
using blank medicinal herb samples fortified at concen-
tration levels ranging from 0.05 to 10.0 lg/mL. The slope
and intercept values, together with their SDs, were deter-
mined using regression analyses. Linear regression coeffi-
cients for all pesticides ranged from 0.9975 to 0.9986.
These results indicated the correct linearity of the calibra-
tion curves at the respective spiking levels. The limits of
detection (LOD) for the pesticides studied were calculated
considering the SDof the analytical noise (a value of seven
times the SD of the blank) and the slope of the regression
line, and ranged from 0.10 to 0.15 mg/kg. The limits of
quantification (LOQ) were determined as the lowest con-
centration giving a response of ten times the average of
the baseline noise, calculated using seven unfortified
samples. The LOQ values for these compounds ranged
from 0.15 to 0.25 mg/kg [57]. The repeatability of the
method was performed by successive six time analyses of
5.0 lg/mLofpesticide standard solution, andpresented as
theRSDs,whichwas in the rangeof 1.8–3.2%.

Finally, a focus of our work has been to explore the sci-
entific and technological feasibility of the coordination
polymers application. Economical aspects have not been
in the foreground, but they are clearly a consequence.
Nevertheless, the time of preparation of an aliquot of
0.5 g of this polymer was 36 h at a cost of US$ 4.20.

3.3 Application of themethod to real samples

The MSPD procedure developed was applied to the deter-
mination of pesticides in medicinal plant C. salicifolia.
Four different samples of this medicinal plant, obtained
from local markets in the city of Aracaju (Brazil), and
originating from conventional agriculture, were ana-
lyzed using this procedure. No pesticide residues, at con-
centrations above the detection limit, were found in
these samples.

4 Conclusions

New material (v[Gd(DPA)(HDPA)] polymer) for matrix
solid-phase dispersion was developed, characterized and
tested in the multi-class analysis of pesticides in medici-
nal herb. Results have show that the v[Gd(DPA)(HDPA)]
polymer can be successfully applied for analysis of bifen-
thrin, tetradifon and phosalone in medicinal herb Cor-
dia salicifolia. Performance of the v[Gd(DPA)(HDPA)] poly-
mer was lower than one observed for neutral alumina
for acephate, chlorpropham, and pirimicarb. The new
solid phase may be useful as a screening protocol to iden-
tify pesticides in medicinal herb by industrial pharma-
ceutical and official regulatory laboratories.
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Abstract

The essential oil from seeds of Bowdichia virgilioides Kunt (Fabaceae) growing in Brazil was obtained by hy-
drodistillation and analyzed by GC-FID and GC/MS. This analysis resulted in the identification of 17 components. 
The main constituents of the essential oil were b-elemene (6.9%), b-caryophyllene (44.1%), germacrene-D (7.9%), 
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Introduction

Bowdichia virgilioides Kunt (Fabaceae) is a tree com-
monly known in Brazil as “sucupira.” The tallest evergreen 
tree in the savannas, usually between 4–10 m in height, with 
a legume fruit 4–7.5 cm long, 10–15 mm wide, flat, very light 
(0.08–0.11 g) and wind dispersed. Seed size is 5–6 mm and 
average weight is 0.02 g (1). 

Bowdichia vigilioides seeds are used in Brazilian folk 
medicine to treat rheumatism, arthritis, skin diseases, blood 
purification, diabetes and malaria (2–6). Several phytochemical 
studies of this species disclosed the presence of alkaloids (4,7–9), 
flavonoids (3,10–12), benzofuranoids (11,13) and triterpenoids
(13–15). In previous works, the essential oil from the fruits of 
B. virgilioides showed a high percentage of farnesol, geraniol 
and b-caryophyllene (16), while Arriaga et al. (17)reported the 
presence of 4-ethyl-2-methoxyphenol (11%), 2-tridecanone 
(54.6%) and 2-pentadecanone (9 %) as major compounds in 
the oil of the roots harvested from Ceará state, Brazil. The 
aim of this work was to analyze the chemical composition of 
the essential oil from seeds of B. virgilioides and evaluate its 
antibacterial activity against seven microorganisms. To the best 

of our knowledge, there are no previous reports on B. virgilioids 
volatile composition from seeds and its antibacterial activity.

Experimental

Plant material: The seeds were collected from Sergipe 
state, Northeastern Brazil. The voucher specimen #ESA 07215 
has been deposited in the Herbarium of the Department of 
Biology, Federal University of Sergipe, Brazil. 

Isolation of the essential oil:The oil from dried seeds was 
obtained by hydrodistillation for 3 h using a Clevenger–type 
apparatus. The oil was extracted from the distillation water 
with Et2O, dried over anhydrous sodium sulfate, filtered, and 
reduced the ca. 0.5 mL at room temperature under reduced 
pressure on a rotatory evaporator. The oil was kept at -4°C 
until GC analysis. 

Gas chromatography: GC analysis was carried out us-
ing a Shimadzu model 17A gas chromatograph, fitted with an 
FID (supplied with air and hydrogen of high purity) and split 
inlet (split ratio 1:100). The system was equipped with a J&W 
Scientific DB-5MS fused silica capillary column (30 m x 0.25 
mm x 0.25 mm); column temperatures were programmed from 
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60–200°C at 4°C/min, then raised to 280°C at 15°C/min. GC 
injector and detector temperatures were 250°C and 280°C, 
respectively; He was used as the carrier gas at a flow rate of 2 
mL/min. The percentage composition of each component was 
determined from the area of the component divided by the 
total area of all components isolated under these conditions.

Gas chromatography/mass spectrometry: GC/MS 
analysis was performed in a Shimadzu model QP5050A system 
equipped with J&W Scientific DB-5MS fused silica capillary 
column (30 m x 0.25 mm, 0.25 mm film thickness). The oil (0.5 
mL) was injected using the split injection method (split ratio 
1:100). The column temperature was initially 50°C, then raised 
to 200°C at a rate of 4°C/min, held at 200°C for 5 min, and 
then heated to 280°C at 20°C/min. Helium was used as the 
carrier gas at a flow rate of 1.2 mL/min. Ionization potential 
was 70eV; scanning speed was 0.84 scan/s from m/z 40-550. 

Identification procedure: The oil was analyzed by gas 
chromatography (GC) and gas chromatography/mass spec-
trometry (GC/MS). The constituents were identified by their 
retention indices as well as by computerized matching of the 
acquired mass spectra with those stored in the NIST 21 and 
NIST107 mass spectral library of the GC/MS data system, and 
other published mass spectra (18). The retention indices were 
obtained by co-injection of the oil sample with a C8-C19 linear 
hydrocarbons mixture according to Van den Dool and Kratz 
(19) under the same operating conditions. The percentage of 
the oil components (Table I) was computed from GC (FID) 
peak areas without correction factors. 

Antibacterial bioassay: Disc diffusion method was 
employed for the determination of antibacterial activities of 
the oil (20). For the bioassays, four Gram-positive bacteria 
(Bacillus subtillis ATCC6633, Bacillus bulgaricus ATCC11842, 
Enterococcus faecalis ATCC4883 and Staphylococcus aureus 
ATCC29737) and three Gram-negative bacteria (Pseudomonas 
aeruginosa ATCC19424, Salmonella enteritidis ATCC13076 and 
Escherichia coli ATCC10536) were used. Each microorganism 
had been previously suspended in physiological saline solution 
0.9% w/v. A suspension of the tested microorganism (0.1 mL 
of 108 cells/mL) was spread on the solid media plates. Six mil-
limeter diameter wells were punched into the agar and filled 
with 20 mL of the oil solution at a concentration of 20 mg/mL 
in dimethylsulphoxide (DMSO) and distilled sterile water 1:1. 
Pure DMSO and standard antibiotic of streptomycin sulfate 1 
mg/mL in physiological saline solution were individually used as 
negative and positive controls for bacteria, respectively. These 
plates, after staying at 4°C for 2 h, were incubated at 37°C for 
24 h. The antimicrobial activity was evaluated by measuring 
the inhibition-zone diameter observed in millimeters. All the 
tests were performed in triplicate and repeated twice.

Results and Discussion

The oil isolated by hydrodistillation from the seeds of 
Bowdichia vigilioides Kunt was found to be yellow liquid at 
a yield of 2.2% v/w, based on dry weight. As shown in Table 
I, 17 components were identified in the seed oil representing 
95.8 % of the oil composition. The main components of the oil 
were b-elemene (6.9%), b-caryophyllene (44.1%), germacrene 
D (7.9%), bicyclogermacrene (6.4%) and b-caryophyllene 

Table I. The chemical constituents of the seed oil of Bowdichia
vigilioides Kunt

Compoundsa RIb Peak area (%)

a-cubebene 1352 0.4
a-copaene 1378 5.8
b-cubebene 1393 3.0
b-elemene 1394 6.9
b-caryophyllene 1422 44.1
a-humulene 1456 4.6
allo-aromadendrene 1463 2.0
g-muurolene 1478 0.3
germacrene D 1483 7.9
viridiflorene 1491 0.3
bicyclogermacrene 1498 6.4
a-muurolene 1502 0.3
germacrene A 1507 0.4
d-cadinene 1525 0.2
spathulenol 1580 4.1
caryophyllene oxide 1585 8.9
a-cadinol 1656 0.2
Total 95.8

a  Compounds listed in order of elution from a J&W Scientific DB-5MS; b Retention 
index.

oxide (8.9%). Thus, the results showed that the seed oil of B. 
virgiloides was characterized by the presence of large amounts 
of sesquiterpene hydrocarbons (82.5%) and oxygen containing 
sequiterpenes (13.2%).

As expected, the chemical composition of the seed oil 
showed both qualitative and quantitative differences when 
compared to other plant parts. Thus, farnesol, geraniol and 
b-caryophyllene predominated in the oil from fruits (16), while 
4-ethyl-2-methoxyphenol, 2-tridecanone and 2-pentadecanone 
were major components from the root oil (17). 

The results of the antibacterial activity of the seed oil of B. 
virgilioides are summarized in Table II. The oil showed activity 
against Gram-positive Bacillus subtilis, Bacillus bulgaricus,
Enterococcus faecalis and Staphylococcusaureus. However, the 
oil had low activity against Gram-negative Pseudomonas aeru-
ginosa, Salmonella enteretidis and Escherichia coli. Recently, 
Almeida et al. (21) reported the weak antimicrobial activity of 
the leaf oil of B. virgilioides. However, to our knowledge, this is 
the first report on the chemical composition and antibacterial 
activity of the seed oil of this species.

Table II. Halos diameter (mm) of the evaluation of the seed oil 

of Bowdichia vigilioides against bacteria

Bacteria Diameter of inhibition (mm)

EO ST

Gram-positive

Bacillus subtilis 28.3 28.6
Bacillus bulgaricus 33.3 36.0
Enterococcus faecalis 32.5 25.0
Staphylococcus aureus 11.3 10.0
Gram-negative

Pseudomonas aeruginosa - 35.5
Salmonella enteritidis - 22.0
Escherichia coli - 18.0

EO = Essential oil from the seed of B. virgilioids (20 mg/mL); ST = Standard 
(Streptomycin sulfate – positive control).
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a b s t r a c t

A short chain di-urea cross-linked poly(oxyethylene) (POE)/siloxane hybrid host (di-ureasil), designated

as d-U(600), was doped with the Na3[Eu(dipic)s]·xH2O (where dipic2− is the dipicolinate ion) complex.

The resulting material is non-porous, semi-crystalline and thermally stable up to 145 ◦C. Because of the

presence of the bulky dipic2− ligands, the addition of the complex to d-U(600) leads to the partial destruc-

tion of the hydrogen-bonded POE/urea aggregates of the hybrid matrix and to the formation of extra

urea/urea aggregates. The incorporation of the complex into d-U(600) accounts for an increase of both

the 5D0 lifetime and quantum efficiency values (1.950 ± 0.007 ms and 0.50, respectively) with respect to

those of the isolated complex (1.7 ms and 0.46, respectively). The addition of the complex also contributes

to an enhancement of the absolute emission quantum yield value, whose maximum value (0.66 excited at

280 nm) is the highest value reported for organic–inorganic hybrids modified by lanthanide complexes.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

The lanthanide (Ln) ions possess characteristic 4f open-shell

configurations, +3 being the most stable oxidation state, and exhibit

a close chemical resemblance across the periodic series due to the

small and regular decrease in their ionic radii. The Ln3+ ions are

attractive from the optical standpoint, owing to the shielding of the

4f electrons from interaction with the chemical environment pro-

vided by the filled 5s2 and 5p6 sub-shells. The emission bands, that

range from the ultraviolet (UV) to the near infrared (NIR) spectral

regions, are quasi monochromatic and long-lived. Large pseudo-

Stokes shifts are observed and high luminescence quantum yields

may be obtained. However, because the parity and spin-forbidden

4f–4f transitions have low molar absorption coefficients that may

severely limit the light output, the direct photoexcitation of Ln3+

ions is not very efficient.

A significant enhancement of the Ln3+ luminescence inten-

sity may be achieved through the design of lanthanide complexes

comprising sensitizing ligands, i.e., molecules able to absorb the

excitation energy and transfer it to Ln3+ ions, which in turn

∗ Corresponding author. Tel.: +351 259 350253; fax: +351 259 350480.
∗∗ Co-corresponding author. Tel.: +351 234 370946; fax: +351 234 424695.

E-mail addresses: lcarlos@ua.pt (L.D. Carlos), vbermude@utad.pt

(V. de Zea Bermudez).

undergo the typical radiative emitting process. This process is

known as antenna effect [1]. A further advantage of these lig-

ands is that they act as protecting cages, shielding the Ln3+ ions

from deleterious quenching processes. Such complexes emit in

the near-UV (Ce3+ and Gd3+), visible (vis) (blue, Tm3+; green,

Tb3+ and Er3+; yellow, Dy3+; orange, Sm3+; red, Eu3+) and NIR

(Nd3+, Er3+, Tm3+ and Yb3+) spectral regions and thus are of

great interest for a wide range of photonic applications [2].

In these compounds the Ln3+ species (hard acids) are strongly

bonded to organic molecules bearing adequate donor species

(hard bases), typically oxygen and/or nitrogen atoms. Calixarenes,

�-diketones, cryptands, podands and heterocyclic and aromatic

carboxylic acids have been extensively explored in this context.

The pyridinecarboxylate (typically named picolinate (pic−))-based

molecules, which are based on the latter class of ligands, are

particularly interesting owing to their chemical stability and pho-

tophysical properties [3–5]. These attractive features explain the

significant number of systematic studies carried out on lan-

thanide dipicolinates [4–11]. Complexes formed between Eu3+

and pyridine-2,6-dicarboxylic acid (or dipicolinic acid (H2dipic))

have been proposed for applications in biological systems and

immunoassays [12–14].

The incorporation of lanthanide complexes into sol–gel derived

organic/inorganic hybrid frameworks [15] represents a suitable

strategy that has been adopted in recent years to produce mate-

rials with improved luminescence properties [16,17]. A few hybrid

1010-6030/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
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materials incorporating lanthanide dipicolinate complexes have

been investigated by several authors [18–20].

In the present paper we report for the first time the ther-

mal behaviour, morphology and optical features of a hybrid

sample based on a low molecular weight di-urea cross-linked

poly(oxyethylene) (POE)/siloxane hybrid matrix (di-ureasil) com-

prising POE segments with about 8.5 oxyethylene repeat units

(designated as d-U(600)) and Na3[Eu(dipic)3]·xH2O, a complex in

which the Eu3+ coordination sphere includes dipicolinate ligands.

The properties of di-ureasil structures [21,22] doped with lan-

thanide ions have been widely explored [23]. So far, the ligands of

the few Eu3+-based complexes that have been added to [24–29]

or formed within [30] di-ureasil matrices belong to the classes

of heterocyclic compounds [24,25,30], �-diketonates [24–29] and

phosphine oxides [27].

We will use here an attractive synthesis strategy that we have

explored recently in the context of our investigation of the di-

ureasils [26,29]. It relies on the addition of lanthanide complexes to

these POE/siloxane hybrid networks whose available cation coor-

dinating sites – the carbonyl oxygen atoms of the urea cross-links

and/or the ether oxygen atoms of the POE chains – enable in situ

formation of new complexes devoid of water ligands and improved

optical features.

2. Experimental

2.1. Materials

Europium nitrate (Eu(NO3)3·6H2O), pyridine-2,6-dicarboxylic

acid (H2dipic, Aldrich, 99,99%) and 3-isocyanatepropyltriethoxy-

silane (ICPTES, Fluka) and sodium hydroxide (NaOH, PA Pronalab)

were used as received. The O,O′-bis-(2-aminopropyl) polypropy-

lene glycol-block-polyethylene glycol-block-polypropylene glycol

employed, commercially designated as Jeffamine ED-600® (Fluka,

average molecular weight 600 g mol−1), ethanol (CH3CH2OH,

Merck, PA grade) and tetrahydrofuran (THF, Merck, puriss. PA grade)

were stored over molecular sieves. High purity distilled water was

used in all the experiments.

2.2. Synthesis

2.2.1. Synthesis of Na3[Eu(dipic)3]·xH2O

The europium dipicolinate complex was prepared according to

a procedure reported elsewhere [10].

2.2.2. Synthesis of the di-ureasil samples

A xerogel with a concentration of Eu:Si = 1:146 (g/g) was syn-

thesized using a method described in detail previously [29]. The

sample was obtained as a transparent, flexible monolith with an

orange-like hue. In agreement with the terminology used in pre-

vious papers [22], the hybrid matrix of the material obtained has

been designated as d-U(600), where d indicates di, U denotes the

urea group and 600 corresponds to the average molecular weight

of the starting organic precursors. The doped sample will be hence-

forth described by the d-U(600)@Eu notation. A non-doped sample

(d-U(600)) was also obtained.

2.3. Characterization

The Fourier Transform infrared (FT-IR) spectrum of the doped

di-ureasil sample was acquired at room temperature on a Uni-

cam FT-IR spectrophotometer. The spectra were collected in the

4000–500 cm−1 range by averaging 120 scans at a resolution of

4 cm−1. About 2 mg of each sample was mixed with potassium

bromide (Merck, spectroscopic grade) finely ground and pressed

into pellets. The xerogel pellet was kept at 80 ◦C under vacuum to

minimize the levels of absorbed water.

The thermal characteristics of the sample were determined by

means of differential scanning calorimetry (DSC) and thermogravi-

metric analysis (TGA). For the DSC experiment a disk section of

the xerogel with a mass of approximately 10 mg was placed in a

30 �l aluminium can and stored in a desiccator over phosphorous

pentoxide (P2O5) for 1 week at room temperature under vacuum.

After this drying treatment the can was hermetically sealed and

the thermogram was recorded using a DSC131 Setaram differential

scanning calorimeter. The sample was heated at 10 ◦C min−1 from

25 to 190 ◦C. For the TGA experiments the xerogel was first stored in

a desiccator over P2O5. It was subsequently transferred to an open

platinum crucible and analyzed from 25 to 800 ◦C using a TA Instru-

ments Q50 thermobalance at a heating rate of 10 ◦C min−1. In both

experiments the purge gas used was high purity nitrogen supplied

at a constant 30 (DSC)/20 (TGA) cm3 min−1 flow rate.

To evaluate the morphology of the xerogel film, scanning

electronic microscopy (SEM) micrographs were obtained using a

SEM/ESEM-FEI Quanta 400 scanning electron microscope at high

acceleration voltage (20 kV). A small portion of the sample was cut,

fixed on an aluminium stub with carbon tape and then coated with

Au/Pd.

X-ray diffraction (XRD) measurements were performed at

room temperature with a PANalytical X’Pert Pro equipped with

a X’Celerator detector using monochromated CuK� radiation

(� = 1.541 Å) over the 2� range between 10◦ and 70◦. The xerogel

sample, analyzed as a film, was not submitted to any thermal pre-

treatment.

The photoluminescence features were recorded at room temper-

ature with a modular double grating excitation spectrofluorimeter

with a TRIAX 320 emission monochromator (Fluorolog-3, Jobin

Yvon-Spex) coupled to a R928 Hamamatsu photomultiplier, using

the front face acquisition mode. The excitation source was a 450 W

Xe arc lamp. The emission spectra were corrected for detection

and optical spectral response of the spectrofluorimeter and the

excitation spectra were weighted for the spectral distribution of

the lamp intensity using a photodiode reference detector. The life-

time measurements were acquired with the setup described for the

luminescence spectra using a pulsed Xe–Hg lamp (6 �s pulse at half

width and 20–30 �s tail).

The absolute emission quantum yields were measured at room

temperature using a quantum yield measurement system C9920-02

from Hamamatsu with a 150 W Xe lamp coupled to a monochroma-

tor for wavelength discrimination, an integrating sphere as sample

chamber and a multichannel analyzer for signal detection. Three

measurements were made for each sample so that the average value

is reported. The method is accurate to within 10%.

3. Results and discussion

In an attempt to elucidate the role played by the complex on

the hydrogen-bonded array of d-U(600) we inspected the “amide

I” region of the non-doped and doped xerogels. Classical deconvo-

lution techniques of the 1750–1600 cm−1 interval [31] allowed us

to resolve the “amide I” band profile of d-U(600) and d-U(600)@Eu

hybrid into five and four components, respectively (Fig. 1). The spec-

tral data indicate that the addition of an extremely small amount of

Na3[Eu(dipic)3]·xH2O to d-U(600) affects the global profile of the

“amide I” band. The intensity maximum of the “amide I” envelope

is shifted from approximately 1653 to 1645 cm−1, a proof that the

hydrogen bonds in the doped sample are globally stronger than

those in the non-doped host matrix. Doping results in considerable

band redistribution, meaning that the proportion of hydrogen-

bonded aggregates in the material suffers marked changes. Upon
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Fig. 1. Curve fitting results of the FT-IR spectra of d-U(600) (a) and d-U(600)@Eu

(b).

incorporation of Na3[Eu(dipic)3]·xH2O into the d-U(600) frame-

work the 1707 cm−1 band (Fig. 1(a)), attributed to the presence of

weak hydrogen-bonded POE/urea aggregates [22,32–34] vanishes

(Fig. 1(b)), revealing that the most disordered hydrogen-bonded

aggregates of d-U(600) are completely destroyed. Concomitantly

the amount of stronger aggregates increases. The absence of a band

at 1750 cm−1 band in the “amide I” region of the doped material

(Fig. 1(b)), associated with urea groups free from any interaction

[22,32–34], suggests that all the cross-links of the d-U(600)@Eu

sample are involved in hydrogen bonding interactions, similarly

to the situation observed in the non-doped matrix. Given the

extremely low concentration of the complex in the doped sam-

ple examined (cf. Section 2.2) and considering the bulkiness of the

dipic2− ligand, we may venture that the rupture of the hydrogen

bonds observed appears to be solely a consequence of the exis-

tence of severe steric constraints [35,36]. Thus, one of the most

critical points that will remain unconfirmed in the present work is

the coordination of the Eu3+ ions to the urea carbonyl groups in the

europium complex. In lanthanide complex-doped di-ureasils the

coordination of the lanthanide ions to the carbonyl oxygen atoms

of the urea cross-links of the hybrid matrix may be easily moni-

tored in the “amide I” region through the detection of a new event

that emerges typically around 1620 cm−1 [24,25]. In the “amide I”

region of d-U(600)@Eu this Eu3+ coordination-sensitive feature is

not detected (Fig. 1(b)). It is very likely, however, that the concen-

tration of Eu3+ is too low to yield a detectable band by FT-IR.

The XRD patterns of the d-U(600)@Eu hybrid are reproduced in

Fig. 2. The diffractogram of the hybrid displays the characteristic

broad, Gaussian band centred around 21◦, associated with ordering

within the siliceous domains [37]. In addition, several Bragg peaks

are distinctly seen in this diffractogram. As these peaks do not cor-

respond to those of the free complex (not shown), the nature of the

new crystalline phase formed in the hybrid medium will remain

unknown.

Fig. 2. XRD patterns of the Na3[Eu(dipic)3]·xH2O complex (a) and of the d-

U(600)@Eu hybrid (b).

The DSC curve of the d-U(600)@Eu hybrid material (not shown)

reveals that this sample is entirely amorphous within the range of

temperatures examined. On the basis of the conclusions drawn from

the XRD data, we may deduce that the new crystalline phase formed

within the amorphous hybrid d-U(600) structure upon addition of

the complex has a melting temperature higher than the maximum

temperature examined by DSC. The d-U(600)@Eu hybrid starts to

decompose at about 145 ◦C (Fig. 3). The thermal degradation takes

place in only two stages.

The SEM micrograph reproduced in Fig. 4 demonstrates that the

doped hybrid sample displays a non-porous texture. The morphol-

ogy of this sample is composed of a homogeneous, smooth surface

of the hybrid host material in which complex-containing spherical

particles with an average diameter of 1.34–0.67 �m are uniformly

dispersed, as confirmed by an EDX probe. This type of morphology

is similar to that reported very recently for dextrin microparticles

incorporating [Eu(dipic)3]3− ions [38].

The excitation spectrum of the d-U(600)@Eu was monitored

within the 5D0 → 7F2 transition (Fig. 5). This spectrum displays a

large broad band ascribed to the overlap between the � → �* tran-

sitions of the organic ligands [9] with the hybrid host excited states

as we will discuss next. Fig. 5 also shows the typical excitation spec-

trum monitored within the hybrid host intrinsic emission, which is

formed of a broad band between 280 and 450 nm, attributed to

donor–acceptor pairs recombination occurring in the siliceous and

urea-cross-linkages, respectively [37–42]. The overlap between the

hybrids’ broad band and the excitation spectrum monitored within

the Eu3+ emission lines (Fig. 5) indicates the existence of hybrid-to-

Fig. 3. TGA curve of the d-U(600)@Eu hybrid.
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Fig. 4. SEM image of the d-U(600)@Eu hybrid.

Eu3+ energy transfer. The negligible intensity of the Eu3+ intra-4f6

lines in the excitation spectrum monitored within the Eu3+ emis-

sion lines (Fig. 5) points out that the Eu3+ sensitization process is

more efficient than direct excitation into the 4f lines.

Fig. 6 displays the Eu3+ emission features of the d-U(600)@Eu

hybrid under UV excitation. The spectrum shows a series of lines

ascribed to the 5D0 → 7F0–4 transitions and a low-relative inten-

sity broad band whose peak position deviates to the red as the

excitation wavelength increases (280–420 nm) (inset in Fig. 6).

Such broad band was already detected for the non-doped d-(600)

di-ureasil [37,39–42], and other analogous hybrids, such as the di-

urethanesils [25,39] and the mono- [43] and di-amidosils [44]. Its

origin has been ascribed to the overlap of two distinct emissions

mediated by donor–acceptor pair transitions that occur within the

urea, urethane or amide, respectively, cross-linkages and within the

siliceous skeleton, due to the presence of oxygen related defects,
•O O Si (CO2) [37–42].

The experimental values for the intensity parameters (˝2, ˝4)

for the hybrid were determined from the emission spectrum fol-

lowing a methodology detailed elsewhere [24,27,45]. The obtained

values for ˝2 and ˝4 are 5.80 × 10−20 and 1.48 × 10−20 cm2, respec-

tively. The values obtained for ˝2 suggest that Eu3+ is in a less

polarisable chemical environment when compared with efficient

systems including �-diketonate ligands [24,27,45,46]. The value of

˝2 for the hybrid reflects, not only the hypersensitive behaviour

of the 5D0 → 7F2 transition, but also that it is in a low polarisable

Fig. 5. Excitation spectra of the d-U(600)@Eu hybrid monitored at (1) 460 nm and

(2) 615.0 nm. The shadow region assigns the overlap between the two spectra.

Fig. 6. Emission spectrum of the d-U(600)@Eu hybrid excited at 280 nm. The inset

shows the emission spectra excited at (1) 280 nm, (2) 330 nm, (3) 360 nm, (4) 380 nm,

and (5) 420 nm.

chemical environment in comparison to the situation found in the

complex, which displays a higher ˝2 value (6.125 × 10−20 cm2) [9].

The 5D0 emission decay curve was monitored within the
5D0 → 7F4 transition excited at 280 nm (Fig. 7). For time val-

ues below 1.00 ms the emission decay curve displays a rise time

behaviour (inset in Fig. 7) followed by a single exponential func-

tion characterized by a lifetime value of 1.950 ± 0.007 ms. This value

is higher than that found for the isolated complex, suggesting an

effective interaction between the hybrid host and the complex. The

higher value found for the hybrid material relatively to that of the

isolated complex (1.7 ms) [9] may be further interpreted through

the estimation of the 5D0 radiative (Ar) and non-radiative (Anr) tran-

sition probabilities, and the quantum efficiency (q) [q = Ar/Ar + Anr]

based on the emission spectrum and 5D0 lifetime (�−1 = Ar + Anr)

[17]. The radiative contribution is calculated from the relative inten-

sities of the 5D0 → 7F0–4 transitions (the 5D0 → 7F5,6 branching

ratios are neglected due to their poor relative intensity with respect

to that of the remaining 5D0 → 7F0–4 lines). The 5D0 → 7F1 transition

does not depend on the local ligand field and thus may be used as a

reference for the whole spectrum. An effective refractive index of 1.5

was used leading to A01≈50 s−1, where A01 stands for the Einstein’s

coefficient of spontaneous emission between the 5D0 and the 7F1

Stark levels. The estimated values for Ar, Anr and q are 0.256 ms−1,

Fig. 7. Emission decay curve of the d-U(600)@Eu hybrid excited at 280 nm and

monitored at 615 nm. The solid line corresponds to the data best fit using a sin-

gle exponential function (R > 0.99). The inset shows a magnification of the emission

decay curve in the time interval 0.00–5.00 ms plotted in semi-log scale.
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0.256 ms−1 and 0.50, respectively. Comparing these values with

those previously reported for the isolated complex (Ar = 0.276 ms−1,

Anr = 0.312 ms−1 and q = 0.46) [9] we may conclude that the complex

incorporation into the d-U(600) host leads to an increase in the q

value, essentially, due to an increase in the Ar value.

The absolute emission quantum yield (�) for the d-U(600)@Eu

hybrid was measured under 280 and 370 nm excitation wave-

lengths being 0.66 and 0.15, respectively. Both values are higher that

the quantum yield known for the isolated complex (0.06 excited

at 370 nm) [9], reinforcing that its incorporation into the hybrid

network enhances the overall emission features. In particular, we

should give emphasis that the increase of the measured absolute

emission quantum yield values for the hybrid, when compared with

the values obtained for the isolated complex, may be attributed to

the effective interaction between the hybrid host and the complex

[26,29] and to the contribution of the hybrids’ intrinsic emission to

the overall photoluminescence features (Fig. 6). Moreover, we stress

the maximum quantum yield value (0.66 under 280 nm excitation

wavelength) is the highest value reported for organic–inorganic

hybrids modified by lanthanide complexes [17]. We should note

that, although by definition q ≥ �, the observation of a lower q value

(0.50) relatively to the � value (0.66) under the same excitation

wavelength (280 nm) results from the contribution of the hybrids’

intrinsic emission to the overall luminescence features.

4. Conclusion

A europium dipicolinate complex was added to the short chain

d-U(600) di-ureasil POE/siloxane hybrid structure prepared by the

sol–gel method. The addition of the Na3[Eu(dipic)3]·xH2O com-

plex to d-U(600) has major consequences in terms of hydrogen

bonding interactions, leading to a significant breakdown of the

most disordered hydrogen-bonded aggregates of d-U(600) and

to the concomitant formation of stronger aggregates. This effect

was associated with the bulkiness of the ligands. The hybrid

sample is thermally stable up to 145 ◦C and has a non-porous tex-

ture, being composed of a homogeneous, smooth surface of the

hybrid host material and 1.34–0.67 �m-diameter spherical par-

ticles of complex. In spite of the low complex concentration, a

crystalline phase of unknown nature is formed in the doped xero-

gel. Upon incorporation of Na3[Eu(dipic)3]·xH2O into the di-ureasil

matrix, an increase of both the 5D0 lifetime and quantum effi-

ciency values (1.950 ± 0.007 ms and 0.50, respectively) with respect

to those of the isolated complex (1.7 ms and 0.46, respectively)

results. The complex incorporation also contributes to enhance the

absolute emission quantum yield value, whose maximum value

(0.66 excited at 280 nm) is the highest value reported so far for

lanthanide-containing organic–inorganic hybrids. This quantum

yield enhancement can be attributed to the effective interaction

occurring between the hybrid host and the complex and to the

contribution of the hybrids’ intrinsic emission to the overall photo-

luminescence features.
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We report on the hydrothermal synthesis of the [Eu(DPA)(HDPA)(H2O)2]‚4H2O lanthanide-organic framework
(where H2DPA stands for pyridine-2,6-dicarboxylic acid), its full structural characterization including single-
crystal X-ray diffraction and vibrational spectroscopy studies, plus detailed investigations on the experimental
and predicted (using the Sparkle/PM3 model) photophysical luminescent properties. We demonstrate that the
Sparkle/PM3 model arises as a valid and efficient alternative to the simulation and prediction of the
photoluminescent properties of lanthanide-organic frameworks when compared with methods traditionally
used. Crystallographic investigations showed that the material is composed of neutral one-dimensional
coordination polymers ∞1[Eu(DPA)(HDPA)(H2O)2] which are interconnected via a series of hydrogen bonding
interactions involving the water molecules (both coordinated and located in the interstitial spaces of the
structure). In particular, connections between bilayer arrangements of ∞

1[Eu(DPA)(HDPA)(H2O)2] are assured
by a centrosymmetric hexameric water cluster. The presence of this large number of O-H oscillators intensifies
the vibronic coupling with water molecules and, as a consequence, increases the number of nonradiative
decay pathways controlling the relaxation process, ultimately considerably reducing the quantum efficiency
(η ) 12.7%). The intensity parameters (Ω2, Ω4, and Ω6) were first calculated by using both the X-ray and
the Sparkle/PM3 structures and were then used to calculate the rates of energy transfer (WET) and back-
transfer (WBT). Intensity parameters were used to predict the radiative decay rate. The calculated quantum
yield obtained from the X-ray and Sparkle/PM3 structures (both of about 12.5%) are in good agreement with
the experimental value (12.0 ( 5%). These results clearly attest for the efficacy of the theoretical models
employed in all calculations and create open new interesting possibilities for the design in silico of novel and
highly efficient lanthanide-organic frameworks.

Introduction

The use of lanthanide ions in the construction of coordination
polymers, also known as metal-organic frameworks (MOFs),
has recently received much attention,1-3 since the intrinsic
magnetic and photoluminescence (PL) properties of these
materials render them as potential candidates for the develop-
ment of functional devices.4-6 In particular, these framework-
based materials can efficiently be used in light conversion
molecular devices (LCMD),7 in which light is absorbed by the
coordinated ligands and then transferred to the emitting metal
ion, ultimately increasing the overall PL properties.8 Europium-
based systems are of particular interest because they usually
have long lifetimes and quantum efficiencies.9 In addition, the
Eu3+ (4f-4f) transitions are particularly sensitive to the
coordination modes of the organic ligands and, therefore, can
be efficiently used to infer structural features of individual

coordination environments.10 These photophysical characteristics
have been extensively explored in materials science, in par-
ticular, in the development of luminescent probes in biomedical
assay,11 organic light-emitting diodes (OLEDs),12 and sensors.13

A great diversity of organic ligands have been strategically
developed and used on the synthesis of new europium com-
plexes, among which the pyridinecarboxylate-based molecules
are of particular interest due to their chemical stability and
photophysical properties.14-15 For example, pyridine 2,6-dicar-
boxylic acid (H2DPA) has been widely employed on the
preparation of complexes with Eu3+ cations which find applica-
tions in biological systems and immunoassays.16-17 Moreover,
H2DPA also plays a decisive role on the construction of
coordination polymers since it can establish bridges between
metals centers and adopt several coordination modes.18 It is
important to emphasize that, even though a number of reports
on the synthesis of MOFs with Eu3+ and H2DPA residues are
available in the literature, a detailed study of the PL properties
of these compounds is, to date, nonexistent.19-20

In silico methods are nowadays particularly efficient address-
ing interesting chemical problems associated with structure
prediction and anticipation of photophysical properties.21 For
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example, quantum chemical methods are able to calculate the
ground state geometry of lanthanide centers, and first principles
methods using effective core potentials (ECPs) have proven their
effectiveness in lanthanide chemistry.22-24 Nevertheless, these
methodologies are computationally very demanding and, thus,
inappropriate for expanded systems such as MOFs. Sparkle/
AM1 algorithms25 are instead based on a sophisticated param-
etrization scheme for semiempirical calculations, allowing the
prediction of coordination geometries whose accuracy is com-
parable to those obtained from ab initio/ECP calculations but
at much smaller expense of computational power.25-26 The
Sparkle/AM1 model has been successfully applied to the
prediction of the ground state geometries of lanthanide com-
plexes, the corresponding ligand field parameters,27-29 plus a
number of other spectroscopic properties such as electronic
spectrum, singlet and triplet energy positions,30-32 and intensity
parameters.33-35 By using the two latter series of calculated
parameters, we have recently built up rate equations involving
energy transfer mechanisms which allowed the determination
of PL efficiencies and quantum yields,36,37 and, in a more recent
study, we have reported the design of a highly photoluminescent
europium complex simply based on theoretical studies.37

In this paper, we report a detailed (theoretical and experi-
mental) photophysical study of the properties of the one-
dimensional coordination polymer, [Eu(DPA)(HDPA)(H2O)2]‚
4H2O, recently described very briefly by Harrowfield and
collaborators.38 Spectroscopic properties such as intensity
parameters Ωλ (λ ) 2, 4 and 6), rates of energy transfer (WET)
and back-transfer (WBT), branching ratios (�OJ), radiative (Arad)
and nonradiative (Anrad) decay rates, quantum efficiency (η),
and quantum yield (q) of this material were theoretically
predicted using the Sparkle/PM3 geometry and data derived
from single-crystal X-ray diffraction investigations. We decided
to use the Sparkle/PM3 parametrization25 model since it has a
better quantum chemical description of the coordinated ligands,
which ultimately is reflected in the overall quality of the
predicted PL properties.

Experimental Details

Synthesis of Eu(DPA)(HDPA)(H2O)2]‚4H2O. A mixture of
pyridine-2,6-dicarboxylic acid, H2DPA, (0.8 mmol, 0.134 g),
Eu2O3 (0.070 g, 0.2 mmol), and H2O (ca. 4 mL) was placed in
a 8 mL Teflon-lined stainless autoclave at 180 °C for 72 h.
The final compound (0.123 g) was obtained in a yield of ca.
60% (based on Eu) after being washed with water and acetone
and being air-dried. Anal. calcd for C14H14N2O14Eu (%): C,
28.68; H, 2.41; N, 4.78. Found (%): C, 27.38; H, 2.52; N, 4.90.
IR (cm-1): 3565-3065 (s), 1613 (s), 1566 (s), 1450 (s), 1395
(s), 1377 (s), 1284 (m), 1191 (w), 1076 (m), 1016 (w), 916
(w), 700 (m), 591 (w), 506 (w), 408 (w). The IR spectra
(coordination polymer and H2DPA ligand) are presented in
Supporting Information (Figure S3).

General Instrumentation. Elemental analysis was performed
on a CHNS-O analyzer Flash 1112 Series EA Thermo
Finnigam. FT-IR spectra were recorded on KBr pellets (spectral
range 4000 to 400 cm-1) using a BRUKER IFS 66.

Photoluminescence spectra at room temperature and 77 K
were obtained using a ISS PC1 spectrofluorometer. The excita-
tion device was equipped with a 300 W xenon lamp and a
holographic grating. Emission spectra were collected with a 25
cm monochromator (resolution of 0.1 nm) connected to a
photomultiplier. The excitation and emission slit width were
fixed at 1.0 mm, with all used monochromators having 1200
grooves/mm. The experimental quantum yield (q) was deter-

mined by employing the method developed by Bril et al.,39 for
which the q value for a give sample can be calculated by a
direct comparison with standard phosphors whose q values were
previously determined by absolute measurements. q can thus
be determined by:

where rST and rx correspond to the amount of exciting radiation
reflected by the standard and the sample, respectively, and qST

is the quantum yield of the standard phosphor. The terms ΔΦx

and ΔΦST correspond to the respective integrate photon flux
(photon‚s-1) for the sample and standard phosphors. As standard
phosphor we used sodium salicylate (Merck PA), whose qST is
55% at room temperature as reported by Malta and co-workers.40

Differential scanning calorimetry (DSC) data was recorded
in a DSC 50 cell (Shimadzu) in the 25-400 °C temperature
range, under dynamic nitrogen atmosphere (50 mL‚min-1), and
by using an aluminum crucible with ∼2.0 mg of the sample
and a heating rate of 10 °C‚min-1. The DSC cell was calibrated
with indium (mp 156.6 °C; ΔHfus ) 28.54 J‚g-1). The
thermoanalytical curves were obtained in duplicate with a
thermobalance model TGA 50 (Shimadzu) in 25-1200 °C
temperature range, using a platinum crucible with approximately
3.0 mg of sample, under dynamic nitrogen atmosphere (50
mL‚min-1) and with a heating rate of 10 °C‚min-1.

Single-Crystal X-ray Diffraction. A detailed description of
the crystallographic characterization of the compound is pre-
sented in Supporting Information.

Theoretical Studies

Geometry Optimization and Transition Energies. The
Sparkle/PM325 model, implemented in the Mopac2007 software
package,41 was used to calculate the ground state geometry of
the [Eu(DPA)(HDPA)(H2O)2]‚4H2O compound. MOPAC key-
words: PRECISE, GNORM) 0.25, SCFCRT ) 1.D-10 (to
increase the SCF convergence criterion) and XYZ (for Cartesian
coordinates).

The X-ray and Sparkle/PM3 optimized geometries were used
to calculate the singlet and triplet excited states using config-
uration interaction single (CIS) based on the intermediate neglect
of differential overlap/spectroscopic (INDO/S) method42-43

implemented in the ZINDO program.44

Judd-Ofelt Intensity Parameters Calculation. The experi-
mental intensity parameters, Ωλ, for [Eu(DPA)(HDPA)(H2O)2]‚
4H2O were determined from:

where A0J are the coefficient of spontaneous emission for the5D0

f 7FJ transition, � is the Lorentz local-field correction term
given by � ) n(n2 + 2)2/9, n is the refractive index of the
medium (in this case n ) 1.5), and |〈5D0|U(λ)|7FJ〉|2 are the
square reduced matrix element whose values are 0.0032, 0.0023,
and 0.0002 for λ ) 2, 4, and 6, respectively.45,46 The transition
5D0f 7F6 is not observed experimentally thus the experimental
Ω6 parameter cannot be estimated.

The coordinative interaction between a lanthanide cation and
a ligand L can be described by the Judd-Ofelt theory,47-48 after
which the intensity parameters Ωλ (λ ) 2, 4, and 6) are defined
by:

q ) (1 - rST

1 - rx
)( ΔΦx

ΔΦST
)qST (1)

Ωλ )
4e2ω3A0J

3p�〈7F|Uλ|5D0〉
2

(2)
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with

Details on the parameters of eqs 3 and 4 are widely discussed
in the literature.49-52

The values of charge factors (g) and the polarizability of the
ligand L (R) (Table 2) used for the calculation of γp

t and Γp
t ,

respectively, were adjusted using a nonlinear minimization of
an eight-dimension response surface. The generate simulating
annealing (GSA) method was employed in order to find one of
its local minima, which ideally should be the global one and
be chemically feasible. During the minimization stage, both the
Sparkle/PM3 and the single-crystal X-ray diffraction geometries
were used. The response function, Fresp, was thus defined as:

where i runs over the Sparkle/PM3 and crystallographic
geometries, Ω2

Calc and Ω4
Calc correspond to the intensity pa-

rameters calculated for each structure, and Ω2
Exp and Ω4

Exp to
the intensity parameters obtained from the collected emission
spectra. As stated above, the Ω6 parameter was not considered
in the minimization procedure because it is not observed
experimentally. All values were found to be in the range of
those physically acceptable.

Energy Transfer Rates. The theoretical procedure adopted
to describe the energy transfer processes between the ligands
andthelanthanideionwasdevelopedbyMaltaandcollaborators.53-54

According to their model, the energy transfer rates, WET, can
be inferred from the sum of two terms:

where WET
mm corresponds to the energy transfer rate obtained

from the multipolar mechanism, and given by:

where G is the degeneracy of the ligand initial state and R
specifies a given 4f spectroscopic term, J is the total angular
momentum quantum number of the lanthanide ion. The RL

parameter (eq 7) has been calculated by:

with ci being the molecular orbital coefficient of the atom i
contributing to the ligand state (triplet or singlet) involved in

the energy transfer, and RL,i corresponding to the distance from
atom i to the Eu3+ ion.

The second term of the eq 6, WET
em, corresponds to the energy

transfer rate obtained from the exchange mechanism. This term
is calculated by:

where S is the total spin operator of the lanthanide ion, μZ is
the z component of the electric dipole operator and sm (m ) 0,
(1 is a spherical component of the spin operator (both for the
ligand electrons), and σ0 is a distance-dependent screening
factor.51

The quantities F and γλ are given by:

where γL is the ligand state bandwidth-at-half-maximum, and
Δ is the transition energy difference between the donor and
acceptor involved in the transfer process.

The 〈rλ〉 quantity is the expected radial value of rλ for 4f
electrons (eq 11), 〈3|C(λ)|3〉 is a reduced matrix element of the
Racah tensor operator C(λ),45,55 and the σλ are screening factors
due to the 5s and 5p filled sub-shells of the lanthanide ion.

Branching Ratios and Radiative Decay Rate. The fluores-
cence branching ratio, �0J, consisting of the relative contribution
of each 5D0 f 7FJ transition to the emission spectrum, can be
quantified as the ratio of the area of each band to the sum of
areas of the all bands in the experimental emission spectrum.
This quantity can be estimated using the Judd-Ofelt theory:45

where A0,J is the spontaneous emission of the each band and
Arad is the experimental radiative decay rates.

The 5D0 f 7F1 transition can be considered as reference
because it is independent of the chemical environmental, and
therefore it is used in the calculus of the A0J (where J ) 2 and
4) and other intensity parameters. The spontaneous emission
coefficient A01 is determined from emission spectra and can be
estimated according to:52

The experimental radiative rate of the spontaneous emission,
Arad, can be determined by summing of the all spontaneous
contributions. For this purpose, each spontaneous emission
coefficient A02 and A04 is obtained from:56

where S01 and S0J are the integrated intensities of the 5D0f 7F1

and 5D0 f 7FJ (J ) 2 and 4) transitions, and σ01 and σ0J are
their barycentered energies, respectively.

Ωλ ) (2λ + 1) ∑
t,p

|Bλtp|2

(2t + 1)
(3)

Bλtp )
2

ΔE
〈rt+1〉θ(t, p)γtp -

[(λ + 1)(2λ + 3)
2λ + 1 ]〈rt〉(1 - σλ)〈f|C

(λ)|f〉Γp
t δt,λ+1 (4)

Fresp ) ∑
i)1

2

|Ω2
Calc - Ω2

Exp| + |Ω4
Calc - Ω4

Exp| (5)

WET ) WET
mm + WET

em (6)

WET
mm )

2π

p

e2SL

(2J + 1)G
F ∑

λ

γλ〈R′J′|U(λ)|RJ〉2 +

2π

p

e2SL

(2J + 1)G RL
6

F ∑
λ

Ωλ
e.d.〈R′J′|U(λ)|RJ〉2 (7)

RL )

∑
i

ci
2RL,i

∑
i

ci
2

(8)

WET
em )

8π

3p

e2(1 - σ0)
2

(2J + 1)RL
4
×

F〈R′J′|S|RJ〉2 ∑
m

|〈φ| ∑
k

μZ(k)sm(k)|φ′〉|2 (9)

F ) 1
pγL

�ln2
π

exp[-( Δ
pγL

)2
ln2] (10)

γλ ) (λ + 1)
〈rλ〉2

(RL
λ+2)2

〈3|C(λ)|3〉2(1 - σλ)
2 (11)

�0,J )
A0,J

ARad
(12)

A01 ) 0.31 × 10-11 × η3 × (σ1)
3 (13)

A0J ) A01 ∑
J

S0J × σ1/S01 × σJ (14)
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The lifetime (τ) of the excited state 5D0 was determined from
single-exponential fittings of decay curves and is consistent with
the presence of a single crystallographically independent Eu3+

center (see crystallographic details). The experimental set up
used for these lifetime measurements comprises a Nd:YAG
(third harmonic) coherent laser with λ ) 355 nm used as the
excitation source (frequency of 5 Hz and pulse width of 7 ns),
a Tektronix TDS a 1012 oscilloscope and a fast detector ET
2000. The experimental arrangement used for lifetime measure-
ments is presented in Figure S4 of Supporting Information.

The experimental nonradiative rate Anrad is determined from:

The theoretical fluorescence branching ratio is similar to the
spontaneous emission probability (A) of the transition and can
be obtained from the Einstein coefficient to express the rate of

relaxation from an excited state 5D0 to a final state 7FJ, with J
) 0-6. The spontaneous emission probability taking into
account both the magnetic dipole mechanisms and the forced
electric dipole is then given by:

where ν is the energy gap between the 5D0 and 7FJ states (in
cm-1), h is Planck’s constant, 2J + 1 is the degeneracy of the
initial state, and n is the refractive index of the medium. Sed

and Smd are the electric and magnetic dipole strengths, respec-
tively. Sed is given by:

The 5D0 f 7FJ transitions (J ) 0, 3, and 5) are forbidden in
the magnetic and induced electric dipole schemes, that is, their

Figure 1. (a) Perspective view of the 1D ∞
1[Eu(DPA)(HDPA)(H2O)2] coordination polymer running along the [100] direction of the unit cell. (b)

Schematic representation of the distorted tricapped trigonal prismatic coordination environment of the crystallographically independent Eu3+ center.
Symmetry transformation used to generate equivalent atoms: (i) 1/2 + x, 1/2 - y, z.

TABLE 1: Spherical Atomic Coordinates for the Single-Crystal X-ray and Sparkle/PM3 (Inside the Parentheses) {EuN2O7}
Coordination Polyhedron, Unsigned Deviation Obtained for the Lanthanide-Coordinated-Atom Distances, Charge Factors (g)
and the Polarizability (r) of the Coordinated Atom

atom R (Å) θ (degree) � (degree) unsigned deviation ga Ra

Eu 0.000 (0.000) 0.000 (0.000) 0.000 (0.000) 0.000
O 2.459 (2.459) 9.000 (19.153) 99.879 (129.115) 0.000 0.74 2.42
O 2.509 (2.486) 119.852 (139.906) 223.790 (226.316) 0.023 0.74 2.42
N 2.563 (2.486) 60.326 (79.589) 204.908 (228.174) 0.077 2.08 0.01
O 2.507 (2.461) 87.463 (91.071) 142.119 (146.336) 0.046 0.74 2.42
O 2.436 (2.470) 146.482 (127.018) 333.225 (344.470) 0.034 0.74 2.42
N 2.564 (2.582) 147.440 (133.418) 120.821 (97.443) 0.018 2.08 0.01
O 2.439 (2.469) 75.275 (61.155) 359.611 (358.940) 0.030 2.00 6.49
O 2.434 (2.475) 86.136 (59.874) 70.491 (72.742) 0.041 1.59 0.23
O 2.399 (2.465) 76.870 (109.035) 285.642 (306.221) 0.066 1.59 0.23

a Obtained using a nonlinear minimization technique.

TABLE 2: Theoretical Intensity Parameters Ω2, Ω4, Ω6, Radiative (Arad) and Nonradiative (Anrad) Decay Rates, Quantum
Efficiency (η) and Quantum Yield (q) Values Derived from the Single-Crystal X-ray Diffraction and Optimized Sparkle/PM3
Models Where Related Experimental Data, Including the Lifetime (τ) of the Eu3+ Center, Were Obtained at Ambient
Temperature for the As-Synthesized [Eu(DPA)(HDPA)(H2O)2]‚4H2O Material

Ω2 (10-20cm2) Ω4 (10-20cm2) Ω6 (10-20cm2) Arad (s-1) Anrad (s-1) τ (ms) η (%) q (%)

experimental data 4.32 1.51 211.84 1454.80 0.6 12.7 12.0
X-ray structure 4.31 2.18 6.53 217.10 1449.54 13.0 12.5
Sparkle/PM3 structure 4.32 1.52 12.10 211.74 1454.90 12.7 12.5

τ -1 ) Arad + Anrad (15)

A(5D0 -
7FJ) )

64π4ν3

3h(2J + 1) [n(n2 + 2)2

9
Sed + n3‚Smd] (16)

Sed ) e2‚ ∑
λ)2,4,6

Ωλ|〈5D0|U
(λ)|7FJ〉|2 (17)
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strengths are taken as zero. The 5D0f 7F1 is the only transition
which does not have electric dipole contribution and can be
theoretically determined: Smd ) 9.6 × 10-42 esu2‚cm2.58

Therefore, the theoretical radiative decay rate (Arad) of eq 15
is ultimately calculated as the sum of all individual spontaneous
emission coefficient for the 5D0 f 7F0,1,2,4 transitions:

The emission quantum efficiency η can be expressed as

The numerical solution of the rate equations describing the
kinetics of the 4f-4f luminescence was carried out according
to the model developed by Malta and collaborators, 55 thus
yielding the time dependence of the energy level populations,
which reach the steady-state regime after 10-6-10-5 s. These
steady-state populations were further used to calculate the
emission quantum yield given by:

where the sub-indices 1 and 2 indicate the ground state and the
emitting level of the complex, AT corresponds to the sum of
the coefficients of spontaneous emission for the 5D0 f 7F0,1,2,4

transitions and φ is the pumping rate.

Results and Discussion

Crystal Structure and Sparkle/PM3 Geometry Prediction.
The structure of [Eu(DPA)(HDPA)(H2O)2]‚4H2O contains a
single crystallographically independent Eu3+ cation bound to
two H2-xDPAx- residues (where x ) 1, 2) which exhibit slightly
distinct coordination fashions (Figure 1a), even though both the
mono-deprotonated, HDPA-, and the fully deprotonated, DPA2-,
residues are anti,anti-chelated to the lanthanide; one carboxylate
group from the latter residue further establishes a syn-bridge
with a symmetry-related Eu3+ cation, imposing a Eu‚‚‚Eui

separation of 6.4971 Å [symmetry transformation: (i) 1/2 + x,
1/2 - y, z]. This leads to the formation of a neutral one-
dimensional coordination polymer, ∞

1[Eu(DPA)(HDPA)(H2O)2]
(Figure 1a), running parallel to the [100] direction of the unit
cell. The coordination sphere of Eu3+ also comprises two water
molecules and can be best described as a distorted tricapped
trigonal prism, {EuN2O7} (Figure 1b), with local C2V symmetry

which deviates from the typical D3 reported for similar
compounds.59 The registered Eu-O bond lengths were found
in the 2.394(2)-2.508(2) Å range, and the two Eu-N are
identical and of 2.564(2) Å. These values are well within the
expected ranges found for similar compounds in which Eu3+

coordinated to H2DPA residues,38,60-64 while the Eu-O bond
lengths are usually in the 2.40-2.51 Å range (median of 2.45
Å), the Eu-N distances are instead in the 2.49-2.57 Å range
(median of 2.54 Å).

Spherical atomic coordinates for the crystallographic and
Sparkle/PM3 {EuN2O7} coordination polyhedra are summarized
in Table 1, with the optimized geometry obtained from the
Sparkle/PM3 model being represented in Figure 2. It is important
to emphasize that the Sparkle/PM3 model agrees well with the
data derived from the crystallographic studies, with the mini-
mized Eu‚‚‚Eu internuclear distance across the chain being of
6.694 Å, and the Eu-O and Eu-N distances found in the
2.459-2.486 Å and 2.582-2.584 Å ranges, respectively. This
good agreement between the two structural models is further
supported by an unsigned average error of only 0.037 Å (Table
1).

Thermal Analysis. In Figure S5 of Supporting Information,
there are presented the TG/DTG curves recorded in dynamic
nitrogen atmosphere. The thermal decomposition of [Eu(DPA)-
(HDPA)(H2O)2]‚4H2O develops in three consecutive stages. The
average of first weight loss of approximately 15.3% occurs in
the 40-190 °C temperature range and is attributed to the release

Figure 2. Optimized molecular structure of ∞
1[Eu(DPA)(HDPA)-

(H2O)2] obtained from the Sparkle/PM3 model.

Arad ) ∑
J)1

6

A(5D0 -
7FJ) (18)

η )
Arad

Arad + Anrad
(19)

q )
ATη2

φη1
(20)

Figure 3. Excitation spectra of [Eu(DPA)(HDPA)(H2O)2]‚4H2O
recorded at 300 K by monitoring emission of Eu3+ at 615 nm.

Figure 4. Emission spectrum of [Eu(DPA)(HDPA)(H2O)2]‚4H2O
recorded at 77K and upon excitation at 280 nm.
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of uncoordinated water molecules housed in the channels
(calculated value for five water molecules of ca. 15.2%).
Decomposition of the dehydrated phase proceeds with two
further weight losses to give a residue (ca. 32.4%) attributed to
the formation of the stoichiometric amount of Eu2O3 (calculated
residue of ca. 29.8%). DSC measurements agree well with the
thermogravimetric behavior, with a deep and broad endothermic
peak being registered in the 58-99 °C temperature range.
Noteworthy is the fact that DSC further shows that no other
phase transition is registered up to approximately 400 °C at
which time thermal decomposition of the organic component
starts to settle in. This is a clear indication that the dehydrated
material is indeed stable up to this temperature.

Photophysical Properties. The excitation spectra of [Eu-
(DPA)(HDPA)(H2O)2]‚4H2O was registered in the 200-400 nm
range by monitoring the emission of Eu3+ at 615 nm, and it is
showed in Figure 3. The [Eu(DPA)(HDPA)(H2O)2]‚4H2O
excitation exhibits a broad band between 200 and 310 nm (λmax

) 280 nm) from π f π* electronic transition of the ligand.
The peaks observed in the 310-400 nm range result from the
f-f transitions of the Eu3+ ion, and they are very weak in
comparison to the ligand absorption. It is clearly indicate that
a typical antenna effect involving the organic ligand is the most
probable photophysical pathway responsible for the lumines-
cence of the sample.

Figure 4 shows the emission spectra recorded in the 500-
720 nm range, displaying the typical narrow bands correspond-
ing to the centered Eu3+ 5D0 f 7FJ transitions, with the main
emission centered at approximately 615 nm and corresponding
to the 5D0f 7F2 transition. The relative intensities and splitting
of the emissions bands are particularly influenced by symmetry
of the first coordination sphere.

The emission spectrum has a single peak at approximately
578 nm attributed to the 5D0 f 7F0 transition, which remains
unaltered once the temperature is lowered to 77 K. This clearly
indicates the presence of a single Eu3+ center, which in good
agreement with the crystallographic and Sparkle/PM3 models
(see section dedicated to crystal description). Selection rules
for the electric dipole transition indicate that the 5D0 f 7F0 is
only observed if the point symmetry of Eu3+ is either CnV, Cn

or Cs,67 again in accord with the structural models presented
above. The 5D0 f 7F1 transition, which is ruled by a magnetic
dipole mechanism and being largely independent of the ligand
field effects, exhibits four well-defined Stark components, thus
supporting the presence of a low site symmetry for Eu3+.68 The
presence of a fourth emission line on the 5D0 f 7F1 transition
can be attributed to electron/phonon coupling, caused by non-
coordinated water molecules, delocalized from equilibrium
position after the decreasing temperature.10 Moreover, the 5D0

f 7F2/5D0 f 7F1 ratio for [Eu(DPA)(HDPA)(H2O)2]‚4H2O is
of approximately 2.8, which is considerably higher than 0.67
typical of europium center exhibiting centrosymmetric.69 The
emission spectrum, at 300 K, of the coordination polymer is
presented in Supporting Information (Figure S6).

Table 2 summarizes the theoretical (derived from the expres-
sion depicted in Experimental Section) and experimental values

for the intensity parameters (Ω2, Ω4, and Ω6 radiative and
nonradiative rates of spontaneous emission (Arad and Anrad,
respectively), quantum efficiency (η) and yield (q), and experi-
mental lifetime (τ) for [Eu(DPA)(HDPA)(H2O)2]‚4H2O. The
short lifetime of 0.6 ms can be directly associated to the
nonradiative decay channels controlling the relaxation process
(see Table 2) and arising from the vibronic coupling with the
water molecules present in the structure. Indeed, it is well-known
that O-H oscillators are the most effective quenchers of the
Eu3+ excited state, both in solution and in the solid state.71,72

This quenching effect is particularly important in the solid state,
with even uncoordinated water molecules can contribute to the
overall effect. For example, the single uncoordinated water
molecule in compound [Eu(oda)3]‚H2O (oda ) oxidiacetate),
located at 5.05 Å from the optical center, has an astonishing
rate of contribution to the overall quenching of 260 s-1.73 Since
in [Eu(DPA)(HDPA)(H2O)2]‚4H2O two of the four crystallo-
graphically independent water molecules of crystallization have
an effective distance to the lanthanide center smaller than 5.0
Å, it is thus feasible to assume that the same effect can also
occur in the material in study. Therefore, the water clusters have
a dual structural function: while on the one hand they stabilize
the supramolecular framework of [Eu(DPA)(HDPA)(H2O)2]‚
4H2O, on the other they also constitute a nonradiative channel.
Indeed, this later function provides a plausible explanation for
the observed short lifetime and experimental radiative rate (Arad

) 211.84 s-1), the high value for experimental nonradiative rate
(Anrad ) 1454.83 s-1) and the low experimental quantum
efficiency (η ) 12.7%). These results are also consistent with
the theoretical considerations proposed by Föster and Dexter,74,75

which predict that the probability of energy transference scales
to 1/R6, where R is the distance between the donor and the
acceptor (the water cluster in this case).

The theoretical intensity parameters Ωλ (λ ) 2, 4, and 6)
calculated using the Sparkle/PM3 and crystallographic models
are summarized in Table 2. The theoretical values are in
excellent agreement with those obtained experimentally. It is
worth mentioning that the values for Ω2 are relatively small
when compared with those of Eu-�-diketonates.76 This is a clear
indication of a reduced degree of covalence involving the
metal-ligand coordination bond and also of a slightly polariz-
able chemical environment for the lanthanide center.77-79

The ligand-to-metal energy transfer may occur through either
the singlet or triplet ligand states. The energies of the triplet
and singlet states calculated for the crystallographic structure
using the INDO/CIS method are 22 313.7 cm-1 and 37 126.6
cm-1, respectively. The same physical quantities obtained using
the Sparkle/PM3 structure are 21 774.3 cm-1 and 35 812.3 cm-1,
respectively. As clearly depicted in Figure 5, the singlet state
of the ∞

1[Eu(DPA)(HDPA)(H2O)2] coordination polymer does
not have appropriate resonance conditions with the europium
trivalent ion. Thus, we decided to consider the singlet f 5D4

channel in all our calculations. The parameters needed to
calculate the energy transfer rates and emission quantum yield
have been obtained from the Sparkle/PM3 and X-ray structures
and from spectroscopic calculations.

TABLE 3: Calculated Values of Intramolecular Energy Transfer and Back-Transfer Rates in [Eu(DPA)(HDPA)(H2O)2‚4H2O]
Polymer

singletf5D4 tripletf 5D1 tripletf 5D0

WET1
a (s-1) WBT1

b (s-1) WET2
a (s-1) WBT2

b (s-1) WET3
a (s-1) WBT3

b (s-1)

X-ray structure 2.13 × 104 0.00 2.39 × 107 4.72 8.98 × 106 3.85 × 10-4

Sparkle/PM3 structure 1.88 × 104 1.92 × 10-13 1.13 × 108 2.93 × 102 4.82 × 107 2.70 × 10-2

a WET, transfer rate. b WBT, back-transfer rate.
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The triplet state of the ligand was determined from the
phosphorescence spectrum at 77 K from Gd compound. Since
Gd3+ has no energy levels below 32 000 cm-1, it cannot accept
energy from the ligand triplet state. The triplet state energy was
estimated from shortest-wavelength phosphorescence band,
which was assumed as being 0-0 transition.80 The Figure 6
shows the low-temperature phosphorescence spectrum of the
Gd compound obtained in the range 370-720 nm when excited
at 340 nm. As can be observed from Figure 6, the triplet state
is centered at 460 nm (21 740 cm-1), whose the theoretical
values are in good agreement.

The energy transfer rates are larger for those levels dominated
by the exchange mechanism, 5D0 and 5D1, than for those
dominated by the dipole-dipole. Typical values of the remain-
ing transfer rates were assumed to be identical to those found
for coordination compounds, namely, Φ ) 104, Φ(1) ) 106, Φ(2)

) 108, and Φ(3) ) 105 s-1.54 The energy transfer rates from the
ligand triplet state (T1) to the 5D1 and 5D0 levels and energy
transfer rates from the singlet state (S1) to the 5D4 level are
summarized in Table 3. Clearly, the values of the energy transfer
rate indicate it is predominant from the triplet state of the ligand
to the 5D1 and 5D0 levels of the Eu3+ ion.

The comparison between branching ratio, �0J, values for the
5D0 f 7FJ transitions obtained from experimental spectrum

emission, with those estimated from the Judd-Ofelt theory and
also those theoretically calculated the from crystallographic and
simulated Sparkle/PM3 models is represented in Figure 7. As
expected, the theoretical values are in very good agreement with
those obtained experimentally.

The lifetime value (τ) of the 5D0 level, the radiative (Arad)
and nonradiative (Anrad) rates used in the quantum yield
calculations, plus the theoretical quantum yields (derived from
the Sparkle/PM3 and crystallographic structural models) are all
given in Table 2. Notably, all values for the latter physical
property are in perfect agreement with each other.

Conclusions

We have successfully reacted H2DPA with Eu3+ under typical
hydrothermal conditions to produce a photoluminescent material,
[Eu(DPA)(HDPA)(H2O)2]‚4H2O, whose crystal structure was
elucidated by single-crystal X-ray crystallography and showed
to be composed by one-dimensional ∞

1[Eu(DPA)(HDPA)-
(H2O)2] coordination polymers, mutually interacting via an
extensive hydrogen-bonding network composed of water clus-
ters. The optimized molecular geometry for this material was
obtained by employing the Sparkle/PM3 model, and shows a

Figure 5. Energy level diagram for [Eu(DPA)(HDPA)(H2O)2]‚4H2O showing the most probable channels for the intramolecular energy transfer
process.

Figure 6. Emission spectrum of [Gd(DPA)(HDPA)(H2O)2]‚4H2O
recorded at 77K and upon excitation at 280 nm. Figure 7. Data comparison for emission spectra of [Eu(DPA)(HDPA)-

(H2O)2]‚4H2O, expressed by branching ratios �OJ.
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very good agreement with crystallographic structure, thus
rendering this in silico approach as a new and more efficient
alternative over the traditional concepts used in the investigation
of coordination polymers containing lanthanides ions.

The intensity parameters acquired experimentally (from
emission spectra) are in excellent agreement with those calcu-
lated from both crystallographic and Sparkle/PM3 structures.
The values of Ω2 denote low covalent nature of the metal-
ligand bonds thus showing that chemical environment around
the Eu3+ metallic center is slightly polarizable. This observation
was further confirmed by using the intensity ratio 5D0 f 7F2/
5D0 f 7F1. Values for the intermolecular energy transfer rate
indicate that the energy transfer is predominant from the triplet
state of the ligand to the 5D1 and 5D0 levels of the Eu3+ ion.
The small values calculated for the quantum efficiency, lifetime
and quantum yield can be directly associated with nonradiative
decay channels controlling the relaxation process of 5D0 level,
namely, the presence of water clusters which provide a
structurally important source of O-H oscillators.

The calculated quantum yields obtained from the crystal-
lographic and Sparkle/PM3 structural models (both of about
12.5%) are in good agreement with the experimental value (12.0
( 5%). These results, associated with the excellent predictions
of the intensity parameters, radiative rate, and quantum efficien-
cies certify the efficacy of the theoretical models used in all
calculations and open new and interesting possibilities for the
design in silico of highly efficient lanthanide-organic frame-
works.
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K.; Pastré, J. J. Mater. Chem. 2006, 16 (7), 626-636.
(3) Grant, A. B.; Marc, A. K.; Robin, D. R. J. Alloys Comp. 2002,

344, 123-127.
(4) Pan, L.; Huang, X.; Li, J.; Wu, Y.; Zeng. N. Angew. Chem., Int.

Ed. 2000, 39, 527-530.
(5) Hifumi, H.; Yamaoka, S.; Tanimoto, A.; Citterio, D.; Suzuki, K.

J. Am. Chem. Soc. 2006, 128, 15090-15091.
(6) Viswanathan, S.; Bettencourt-Dias, A. Inorg. Chem. 2006, 45,

10138-10146.
(7) Parvithran, R.; Kumar, N. S. S.; Biju, S.; Reddy, M. L. P.; Junior,

S. A.; Freire, R. O. Inorg. Chem. 2006, 45, 2184-2192.
(8) Alpha, B.; Ballardinni, R.; Balzani, V.; Lehn, J. M.; Perathoner,

S.; Sabbatini, N. Angew. Chem., Int. Ed. 1987, 26, 1266-1267.
(9) Shi, Q.; Zhang, S.; Wang, Q.; Ma, H.; Yang, G.; Sun, W. S. J.

Mol. Struct. 2007, 837, 185-189.
(10) Choppin, G. R.; Bünzli, J. C. G. Lanthanides Probes in Life

Chemical and Earth Sciences Theory and Practice; Elsevier: Amsterdam,
1989.

(11) Richardson, F. S. Chem. ReV. 1982, 82, 541-552.
(12) Kido, J.; Okamoto, Y. Chem. ReV. 2002, 102, 2357-2368.
(13) Zhao, B.; Chen, X. Y.; Cheng, P.; Liao, D. Z.; Yan, S. P.; Jiang,

Z. H. J. Am. Chem. Soc. 2004, 126, 15394-15395.

(14) Wang, F. Q.; Zheng, X. J.; Wan, Y. H.; Sun, C. Y.; Wang, Z. S.;
Wang, K. Z.; Jin, L. P. Inorg. Chem. 2007, 46, 2956-2958.

(15) Qin, C.; Wang, X. L.; Wang, E. B.; Su, Z. M. Inorg. Chem. 2005,
44, 7122-7129.

(16) Meskers, S. C. J.; Ubbink, M.; Canters, G. W.; Dekkers, H. P. J.
M. J. Phys. Chem. 1996, 100, 17957-17969.

(17) Liu, M.; Zhao, L.; Lin, J. M. J. Phys. Chem. A 2006, 110, 7509-
7514.

(18) Zhao, B.; Yi, L.; Dai, Y.; Chen, X. Y.; Cheng, P.; Liao, D. Z.;
Yan, S. P.; Jiang, Z. H. Inorg. Chem. 2005, 44, 911-920.

(19) Fernades, A.; Jaud, J.; Dexpert-Ghys, J.; Brouca-Cabarrec, C.
Polyhedron 2001, 20, 2385-2391.

(20) Brayshaw, P. A.; Hall, A. K.; Harrison, W. T. A.; Harrowfield, J.
M.; Pearce, D.; Shand, T. M.; Skelton, B. W.; Whitaker, C. R.; White, A.
H. J. Eur. Inorg. Chem. 2005, 1127-1141.
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Single-Crystal X-ray Diffraction (crystallographic characterization of the compound) 

A suitable single-crystal of [Eu(DPA)(HDPA)(H2O)2]·4H2O (where H2DPA stands for 

pyridine-2,6-dicarboxylic acid) was manually harvested from the crystallization vial and 

mounted on a glass fibre.(1) Data were collected at ambient temperature on a Nonius Kappa 

charge-coupled device (CCD) area-detector diffractometer (Mo K  graphite-monochromated 

radiation,  = 0.7107 Å) controlled by the Collect software package.(1) Images were processed 

using the software packages Denzo and Scalepack,(3) and data were corrected for absorption 

by the empirical method implemented in SADABS.(4) The structure was solved using the 

direct methods implemented in SHELXS-97,(5) which allowed the immediate location of the 

majority of the heavy atoms.  All the remaining non-hydrogen atoms were directly located 

from difference Fourier maps calculated from successive full-matrix least squares refinement 

cycles on F2 using SHELXL-97.(6) All non-hydrogen atoms were successfully refined using 

anisotropic displacement parameters. 

Hydrogen atoms associated with all water molecules (both coordinated and housed 

within the channels present in the structure) were directly located from difference Fourier 

maps, and included in the final structural model with the O–H and H H distances restrained 

to 0.95(1) Å and 1.55(1) Å, respectively (in order to ensure a chemically reasonable geometry 

for these molecules), and using a riding model with an isotropic displacement parameter fixed 

at 1.5 times Ueq of the atom to which they are attached. Even though an approximate position 

for the hydrogen atom of the protonated carboxylic acid group of HDPA- could also be 

determined from determined from difference Fourier maps, the atomic parameters for this 

atom were instead restrained to produce the final structural model by using the HFIX 147

instruction in SHELXL.  Hydrogen atoms attached to carbon were located at their idealized 

positions by employing the HFIX 43 instructions in SHELXL, and included in subsequent 

refinement cycles in riding-motion approximation with isotropic thermal displacements 

parameters (Uiso) fixed at 1.2 times Ueq of the carbon atom to which they are attached. 

The last difference Fourier map synthesis showed the highest peak (1.291 eÅ-3) and 

deepest hole (-1.838 eÅ-3) located at 0.91 Å and 0.81 Å, respectively, from Eu. 

Information concerning crystallographic data collection and structure refinement details 

is summarized in Table S1. Hydrogen bonding geometric details is given in Table S2. 
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Table S1 -  Crystal and Structure Refinement Data for [Eu(DPA)(HDPA)(H2O)2]·4H2O. 

Formula C14H19EuN2O14
Formula weight 591.27 
Crystal system Monoclinic 
Space group P21/a
a/Å 12.8310(2) 
b/Å 11.2170(4) 
c/Å 13.9930(4) 

/º 90 
/º 102.474(2) 
/º 90 

Volume/Å3 1966.41(9) 
Z 4
Dc/g cm-3 1.997 

(Mo-K )/mm-1 3.268
Crystal size/mm 0.21 0.16 0.11 

  range 2.67 to 27.49 
Index ranges -16 h  16 

-14 k  13 
-14 l  18 

Reflections collected 14940 
Independent reflections 4467 (Rint = 0.0432) 
Completeness to  = 27.49º 98.8% 
Final R indices [I>2 (I)]a,b R1 = 0.0271 

wR2 = 0.0707 
Final R indices (all data)a,b R1 = 0.0293 

wR2 = 0.0723 
Weighting schemec m = 0.0366

n = 2.4610 
Largest diff. peak and hole 1.291 and -1.838 eÅ-3

a 1 /o c oR F F F ; b 2 22 2 22 /o c owR w F F w F

c 22 21/ ow F mP nP  where 2 22 / 3o cP F F

The hydrothermal reaction between Eu2O3 and pyridine-2,6-dicarboxylic acid 

(H2DPA) led to the isolation of a large amount of a single-crystalline phase composed by 

crystals exhibiting a parallelepipedic morphology, whose structure was ultimately unveiled 

from single-crystal X-ray diffraction studies at ambient temperature and formulated as 

[Eu(DPA)(HDPA)(H2O)2]·4H2O (Table 1). 
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Table S2 - Hydrogen bonding geometry (distances in Å and angles in degrees) for 

[Eu(DPA)(HDPA)(H2O)2]·4H2O.a

D–H···A d(D···A) <(DHA) 
   

O(2)–H(2)···O(3W) 2.478(4) 175(1) 
O(1W)–H(1A)···O(4)i 2.733(3) 167(4) 
O(1W)–H(1B)···O(6) 2.718(3) 155(3) 
O(2W)–H(2A)···O(5W)ii 2.723(3) 161(3) 
O(2W)–H(2B)···O(6W) 2.744(3) 165(3) 
O(3W)–H(3A)···O(4)iii 2.641(4) 174(5) 
O(3W)–H(3B)···O(4W)iii 2.799(5) 143(4) 
O(4W)–H(3B)···O(3) 2.950(4) 157(5) 
O(5W)–H(3B)···O(8)iv 2.686(3) 172(4) 
O(5W)–H(3B)···O(6W)v 2.903(4) 147(3) 
O(6W)–H(3B)···O(7)vi 2.916(3) 162(3) 
O(6W)–H(3B)···O(8)vii 2.893(3) 175(4) 

   
a Symmetry transformations used to generate equivalent 
atoms: (i) ½-x, -½+y, 1-z; (ii) ½-x, ½+y, 2-z; (iii) 
x, -1+y, z; (iv) ½+x, ½-y, z; (v) -½+x, ½-y, z; (vi) 1+x, y, z;
(vii) ½-x, -½+y, 2-z.

   

It is noteworthy to mention that a previous report of this material has been recently 

published by Harrowfield and collaborators(7) during their investigations of novel materials to 

be used as precursors for the isolation of lanthanide/transition metals mixed oxides. Since in 

that paper the structural features of this material were not described in the context of the 

Crystal Engineering of MOFs, we have redetermined its crystal structure and summarize in 

the following paragraphs the most relevant aspects which are of considerable importance for 

the theoretical studies performed and here described. A search in the literature and in the 

Cambridge Structural Database (CSD, Version 5.28, November 2006)(8)-(9) also reveals that 

H2DPA has been widely employed in the isolation of multi-dimensional MOF materials(10)-(23).

The supramolecular structure of [Eu(DPA)(HDPA)(H2O)2]·4H2O is essentially mediated 

by the extensive hydrogen bonding network involving the various types of water molecules 

present in the structure. The coordinated water molecule O(1W) acts as a bifurcated donor 

promoting, on the one hand, structural cohesion of the 1[Eu(DPA)(HDPA)(H2O)2]

coordination polymer via the O(1W)–H(1B)···O6 interaction with a neighboring coordinated 

PDA2- residue and, on the other, it establishes a hydrogen bonding bridge with an adjacent 

polymer by donating the H(1A) hydrogen to the HPDA- (Figure S1a and Table S2 for details 

on the hydrogen bonding geometry). These recursive supramolecular interactions along the 
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[100] direction of the unit cell lead to the formation of a bilayer arrangement of 
1[Eu(DPA)(HDPA)(H2O)2] coordination polymers as depicted in Figure S1b. 

Figure S1 – (a) Schematic representation of the hydrogen bonding interactions establishing 

physical links between neighboring 1[Eu(DPA)(HDPA)(H2O)2] coordination polymers and 

which lead to (b) bilayers placed in the ab crystallographic plane. Hydrogen bonds are 

represented as ligh-blue dashed lines.  
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Another interesting structural feature of the compound in study resides in the fact that 

supramolecular connections along the [001] crystallographic direction between adjacent 

bilayers of polymers are remarkably assured by a typical centrosymmetric hexameric water 

cluster involving the coordinated water molecule O(2W) plus another two solvent molecules 

housed within the interlayer space [O(5W) and O(6W)] (see Figure S2 and Table S2 for 

details on the hydrogen bonding geometry of each individual interaction).  This cluster, 

characterized by a graph set motif of R2
6(12), exhibits a chair-like configuration with a very 

much identical to that commonly found in a number of compounds reported in the literature 

and also in Ih ice.  

Figure S2 –Schematic representation of the centrosymmetric hexameric water clusters 

[composed by the O(2W) coordinated water molecule plus O(5W) and O(6W) located in the 

interlayer space] interconnecting neighboring 1[Eu(DPA)(HDPA)(H2O)2] coordination 

polymers via a recursive R2
6(12) decorated by two identical R3

3(8) graph set motifs. Hydrogen 

bonds are represented as ligh-blue dashed lines. For geometrical details on the hydrogen 

bonds see Table S2.
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Figure S3: Comparison of the FTIR spectrums between the compounds 

[Eu(DPA)(HDPA)(H2O)2].4H2O and H2DPA at 300K.  
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Figure S4.  The experimental arrangement used to lifetime measurement of 

[Eu(DPA)(HDPA)(H2O)2]. 4H2O complex. 
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Figure S5: TG/DTG curves recorded in dynamic nitrogen atmosphere (50 ml.min-1), and 

heating rate 10°C.min-1
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Figure S6- Emission spectra of [Eu(DPA)(HDPA)(H2O)2]·4H2O recorded at 300  K by 

monitoring excitation  of ligand at 280 nm. 
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