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bstract

A series of near-infrared (NIR) luminescent ternary lanthanide (Ln = Er, Nd, Yb) complexes covalently linked to xerogels by a chelate ligand 5-
N,N-bis-3-(triethoxysilyl)propyl)ureyl-1,10-phenanthroline (phen-Si) were synthesized in situ via a sol–gel method. The obtained xerogel materials
named xerogel-bonded Ln complex) are rigid, and appear homogeneous confirmed by SEM images. Upon excitation at the maximum absorption
avelength of the ligands, all these xerogel materials with different lanthanide complex concentration show the characteristic NIR luminescence

f the corresponding lanthanide ion, as a result of the efficient energy transfer from the ligands to the lanthanide ion. For the xerogel-bonded Er
omplex, the full width at half maximum (FWHM) of the 4I13/2 → 4I15/2 transition is 76 nm, which enables a wide gain bandwidth for the optical
mplification. Based on the Judd–Ofelt theory, the radiative properties of the xerogel-bonded Nd complex (with Nd/Si molar ratio of 1/11 in the
eaction) were studied.
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. Introduction

Recently, much attention has been paid to near-infrared (NIR)
uminescence of trivalent lanthanide complexes, such as Yb(III),
r(III) and Nd(III), due to their potential applications from
iomolecule labeling in luminescent bioassays (based on Yb
omplexes) [1,2] to functional materials for optical telecom-
unication network (based on Er complexes) [3–5] and laser

ystems (based on Nd complexes) [6–8]. For practical appli-
ations, it is advantageous to embed these NIR luminescent
omplexes in a stable rigid matrix. Sol–gel derived hybrid
aterials have attracted much interest for photonic applica-

ions, as they potentially combine the optical quality of silica,
ts thermal stability and mechanical strength, together with

he optical characteristics of active organic molecules [9–12].
he obvious advantages of the sol–gel method include the
ild reaction conditions, the feasibility to control the com-
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osition easily and the convenient preparation routes [13–16].
herefore, sol–gel hybrid materials are potential hosts for NIR-

uminescent lanthanide complexes. In the recent years, more
ffort has been devoted to covalent grafting of the ligands to
he backbone of sol–gel via Si–C bonds, because the solubility
nd homogeneous distribution of lanthanide complexes in the
aterial can be improved by covalently linking the complexes

o the matrix [17–21]. Recently, our group has reported the
ynthesis of functionalized 1,10-phenanthroline ligand 5-(N,N-
is-3-(triethoxysilyl)propyl)ureyl-1,10-phenanthroline (phen-
i), through which the binary europium phenanthroline
omplex was covalently attached to the silica-based network
22]. And Binnemans et al. reported the covalent grafting
f some ternary lanthanide complexes to the sol–gel via
he phen-Si ligand by a ligand exchange reaction [23,24].
et, in the previous reports the optical properties of the

uminescent sol–gel materials have not been studied in

etail.

In the present paper, the NIR-luminescent xerogel materi-
ls covalently bonded with lanthanide complex via the recently
eveloped in situ approach [13–15] were synthesized and the

mailto:hongjie@ns.ciac.jl.cn
dx.doi.org/10.1016/j.jphotochem.2007.06.020
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uminescent properties of the materials have been demon-
trated in detail. The NIR-luminescent materials (denoted
erogel-bonded Ln complex(N), where N is the Ln/Si molar
atio in the reaction) consist of ternary lanthanide complexes
Ln(dbm)3phen; Ln = Er, Nd, Yb; dbm = dibenzoylmethanate]
ovalently bonded to the sol–gel matrix by the phen-Si ligand.
o cracks were observed in the obtained xerogels. And the xero-
el materials were very rigid. The NIR-luminescence behavior
f these materials with different lanthanide complex concentra-
ions has been studied. Based on the Judd–Ofelt theory and the
xperimental absorption spectrum, the optical properties of the
erogel-bonded Nd complex(1/11) have been investigated.

. Experimental

.1. Materials

Tetraethoxysilane (TEOS, Aldrich), 3-(triethoxysilyl)-
ropyl isocyanate (Aldrich), fuming nitric acid and absolute
thanol were used as received. The solvent chloroform (CHCl3)
as used after desiccation with anhydrous calcium chlo-

ide. Ytterbium oxide (Yb2O3, 99.99%), neodymium oxide
Nd2O3, 99.99%) and erbium oxide (Er2O3, 99.99%) were
urchased from Yue Long Chemical Plant (Shanghai, China).
,10-Phenanthroline monohydrate (Phen·H2O, 99%, A.R.),
nd dibenzoylmethane (Hdbm, C.P.) were bought from Beijing
ine Chemical Co. (Beijing, China). LnCl3 (Ln = Er, Nd, Yb)
as obtained by dissolving Ln2O3 in hydrochloric acid.

.2. Synthesis of the xerogel-bonded ln complex (Ln = Er,
d, Yb)

The starting reagent 5-amino-1,10-phenanthroline (denoted
s phen-NH2) was prepared according to the procedure
escribed in the literature [25]. The modified phenanthroline
phen-Si) was synthesized by the reaction of phen-NH2 and 3-
triethoxysilyl)-propyl isocyanate in CHCl3 as described in ref.
21]. Analysis: calculated for C32H51N5O8Si2: C, 55.5; H, 7.4;
, 10.0%. Found: C, 55.0; H, 7.1; N, 10.9%. NMR (CDCl3),
0.520 (4H, m); 1.133 (18H, t); 1.606 (4H, m); 3.223 (4H, q);
.687 (12H, q); 7.270 (2H, brs); 7.680 (2H, m); 7.855 (1H, s),
.238 (2H, m); 9.225 (2H, m).

Phen-Si was dissolved in ethanol, and then TEOS and deion-
zed water (acidified with HCl, pH = 2) were added under
tirring. An appropriate amount of Hdbm and LnCl3 ethanol
olution were introduced into the starting solution consecu-
ively. The molar ratio of phen-Si:TEOS:H2O:Ln3+:Hdbm was
:x:4x:1:3 (x = 25 and 9). The mixed solution was stirred for
bout 4 h at room temperature to ensure homogeneous mixing
nd achieve a single phase, and then placed in a cuvette. The
recursor solution converted to wet gel after several days of
elation at 45 ◦C and then was continuously dried to obtain a
ransparent monolithic xerogel. The lanthanide complexes were

upposed to be in situ synthesized during the corresponding sol-
o-xerogel conversion accompanied with the evaporation of HCl,
espectively. Monolithic xerogel samples were ground for the
uminescence and SEM measurements. The obtained powder

c
d
r
l
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aterials were washed with acetone and ethanol for removal of
he surplus Ln3+ ion and Hdbm, and all of the complexes in the

aterials were attached to the matrix by the functionalized phen
roups. The obtained materials were denoted as xerogel-bonded
n complex(N), where N is the Ln/Si molar ratio in the initial
ixture, and it is 1/27 and 1/11 when x equals 25 and 9, respec-

ively. Before the luminescence measurements were made, the
aterials were powdered again and dried under vacuum for 24 h

t 80 ◦C.

.3. Characterization

All measurements were carried out at room temperature.
canning electron micrographs were obtained using a JSM-
700F microscope operating at 10.0 kV. FT-IR spectra were
easured within a 4000–400 cm−1 region on an American
io-Rad Company model FTS135 infrared spectrophotome-

er with the KBr pellet technique. The fluorescence spectra
ere recorded on an Edinburgh Analytical Instruments FLS920

quipped with a stablespec-Xenon lamp (450 W) as the light
ource with the samples in solid state as powder. The time-
esolved measurements, for xerogel-bonded Yb complex(1/11)
as made on the same instrument (monitored at 980 nm), for
erogel-bonded Er complex(1/11) was done on an Edinburgh
nstruments Combined Luminescence Lifetime and Steady State
pectrometer FLS920 equipped with a �F900 Lamp (moni-

ored at 1535 nm), and for xerogel-bonded Nd complex(1/11)
as done by using the third harmonic (355 nm) of a Spectra-
hysics Nd:YAG laser with a 5 ns pulse width and 5 mJ of energy
er pulse as the source, an emission monochromator (Acton
758) equipped with a Hamamatsu R5108 photomultiplier tube
nd the data were analysed with a LeCroy WaveRunner 6100
GHz Oscilloscope (monitored at 880 nm). The xerogel sam-
le, 5.30 mm in diameter and 5.26 mm in thickness, was applied
o the optical absorption measurement. The spectral optical
ensity OD(λ) = 0.4343lρσ(λ) of the xerogel-bonded Nd com-
lex(1/11) was recorded using a Shimadzu UV-3101 PC at room
emperature, where l is the thickness of the xerogel, σ(λ) the
bsorption cross-section and ρ is the concentration of Nd3+ ion
n the xerogel. The corresponding concentration is calculated to
e 3.0 × 1020 Nd/cm3, using the expression ρ = (nN)/(π(R/2)2l),
here n is the molar number of Nd3+ ion, N is 6.02 × 1023 and
is the diameter.

. Results and discussion

Because of the presence of numerous hydroxyl groups (in
i–OH and H2O) that act as nonradiative channels for the excited
tates of the lanthanide ions, the observation of NIR lumines-
ence by lanthanide ions in silica sol–gel material is not common
ompared with that of the visible luminescence by Eu(III) and
b(III), etc. The concentration of hydroxyl groups is high in
els and has strong quenching properties toward the lumines-

ence of lanthanide complexes. The most common method to
ecrease the degree of quenching is to calcine the sol–gel mate-
ials at high temperature (>900 ◦C). However, the sensitizer
igands usually decompose at such high calcination tempera-
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quite uniformly and is one-component hybrid organic–inorganic
material, so that the inorganic and organic phases might exhibit
their distinct properties together [19,20].
Scheme 1. Proposed structure of the xero

ure. In our case, the co-condensation of TEOS and phen-Si,
here some –OH groups are substituted by organic groups and
ence the increased hydrophobicity of the modified materials
s achieved, might effectively depress the nonradiative multi-
honon relaxation through –OH groups. Therefore, the phen-Si
lays a triplex role during the sol–gel process, i.e. as a precur-
or for the sol–gel, as a ligand for the lanthanide ions, and as a
ilylation agent for the precursor in the sol–gel process. During
he co-condensation of TEOS and phen-Si, the Ln3+ ion and the
ther ligand Hdbm were introduced, and thus all the composi-
ions were mixed at a molecular level. In this way, the lanthanide
omplex was supposed to be in situ synthesized and coupled to
he silica backbone during the corresponding sol-to-xerogel con-
ersion accompanied with the evaporation of HCl [16]. All the
erogels prepared are very transparent and rigid. The expected
tructure of the xerogel material formed is shown in Scheme 1.

All the xerogel-bonded Ln complex(N) (Ln = Er, Nd and Yb)
xhibit very similar FT-IR spectra, as illustrated by the repre-
entative pattern of xerogel-bonded Er complex(1/11). Fig. 1
hows the FT-IR spectra of phen-Si and xerogel-bonded Er com-
lex(1/11). In Fig. 1a, the spectrum of phen-Si is dominated by
(C–Si, 1193 cm−1) and �(Si–O, 1079 cm−1) absorption bands
hich are characteristic of trialkoxylsilyl functions. The intro-
uction of TEOS, the Ln3+ ion, and the ligand Hdbm to Phen-Si
s responsible for some changes in the IR spectrum of xerogel-
onded Er complex(1/11) as shown in Fig. 1b. This is due to
he hydrolysis/condensation of TEOS and Phen-Si and the for-

ation of complex between Ln3+ ion and ligands phen-Si and
bm. In Fig. 1b, the peak at 1080 cm−1 can be attributed to
i–O symmetric stretching vibration and the band at 450 cm−1
orresponds to the bending vibration of Si O Si band, which
ndicates the formation of the Si O Si framework. The bands
t 1651 and 1528 cm−1, originating from the CONH group of
hen-Si, can also be observed in Fig. 1b, which is consistent F
onded Ln complex(N), Ln = Er, Nd, Yb.

ith the fact that the functionalized phen group in the framework
emains intact.

The scanning electron micrographs of the xerogel-bonded Ln
omplex(N) (Ln = Er, Nd and Yb) are similar, as displayed by
he representative patterns of xerogel-bonded Er complex(1/11).
rom the SEM in Fig. 2, it is shown that the material appears
omogeneous, and no sign of any phase separation was observed
ven when the magnification was increased to 30,000. There are
wo possible factors to explain the phenomenon. One possibility
s the in situ synthesis technique we used, through which all the
ompositions are mixed at a molecular level [13–15], another
s the strong covalent bonds bridging between the inorganic
nd organic phases [26]. As a result, the material is composed
ig. 1. FT-IR spectra of (a) phen-Si and (b) xerogel-bonded Er complex(1/11).



156 L.-N. Sun et al. / Journal of Photochemistry and Photobiology A: Chemistry 193 (2008) 153–160

F
p

b
e
b
d
l
t
a
f
N
c
t
m
a
i
I
c
t
o
E
t

Fig. 3. Excitation (λem = 1541 nm) and emission (λex = 365 nm) spectra for
x
p

e
p
s
t
p
e
a
r
e
i
e
a
c
b
d
4

(

ig. 2. Scanning electron micrograph images of xerogel-bonded Er com-
lex(1/11).

Fig. 3 presents the excitation and emission spectra of xerogel-
onded Er complex(N) (N = 1/27 and 1/11) materials. The two
xcitation spectra monitored at 1535 nm are composed of a
road band in the ultraviolet/visible spectral range, which is
ue to the light absorption by the dbm and functionalized phen
igands. Compared with the pure Er(dbm)3phen complex [16],
he xerogel-bonded Er complex(N) show the narrower ligands
bsorption band, and the maximum excitation wavelengths shift
rom 415 to 365 and 356 nm for xerogel-bonded Er complex(N),

= 1/11 and 1/27, respectively. This is probably because that the
omplex molecules are dispersed and further confined strictly by
he rigid silica network after being incorporated into the silica
atrix. Due to the “cage effect”, some vibrations of ligands

re weakened. Therefore, the absorption band of the ligands
n the xerogel-bonded Er complex(N) becomes narrower [27].
n addition, in the excitation spectrum of pure Er(dbm)3phen
omplex some small peaks, originating from f to f absorption
ransitions of Er3+ ion, are observed [16], yet no f–f transition

f Er3+ ion could be observed in those of the xerogel-bonded
r complex(N) (N = 1/27 and 1/11), respectively. This suggests

hat the energy transfer from the ligands to the Er3+ ion is more

t
w
a

erogel-bonded Er complex(1/11) (dashed line) and xerogel-bonded Er com-
lex(1/27) (solid line).

fficient in the xerogel-bonded Er complex(N) than that in the
ure Er(dbm)3phen complex, i.e. an improvement of Er3+ ion
ensitized process [28]. Another possible explanation is due
o the lower Er3+ ion content in the xerogel-bonded Er com-
lex(N). After ligand-mediated excitation at 365 nm, both the
mission spectra of the xerogel-bonded Er complex(N) (N = 1/27
nd 1/11) clearly show the emission bands centered at 1535 nm,
espectively, which are attributed to the transition from the first
xcited state (4I13/2) to the ground state (4I15/2) of the Er3+

on. Recently, erbium-doped materials have attracted consid-
rable attention in optical amplification because the transition
round 1540 nm is just at the position for the telecom appli-
ations (erbium-doped fiber amplifiers). To enable a wide gain
andwidth for optical amplification, a broad emission band is
esirable [29]. The full widths at half maximum (FWHM) of the
I13/2 → 4I15/2 transition for the xerogel-bonded Er complex(N)
N = 1/27 and 1/11) both are 76 nm and are wider than that of

he sol–gel material doped with the erbium complex (72 nm), in
hich only physical interactions exist between the silica matrix

nd the complex [16]. Such wide bandwidth indicates that Er3+
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ig. 4. Emission (λex = 365 nm) spectra for xerogel-bonded Yb complex(1/11)
dashed line) and xerogel-bonded Yb complex(1/27) (solid line).

ons have different local environments in the xerogels, which
nables a wide gain bandwidth for optical amplification [30].

The excitation spectra of xerogel-bonded Ln (Nd, Yb)
omplex(N) (N = 1/27 and 1/11) are similar to those of xerogel-
onded Er complex(N) (N = 1/27 and 1/11), respectively, and
lso show broad bands due to the absorption of the organic lig-
nds. Upon excitation of the ligands absorption bands at 365 nm,
he emission spectra (Fig. 4) of xerogel-bonded Yb complex(N)
N = 1/27 and 1/11) were obtained, respectively. In both curves,
he prominent 980 nm emission band can be observed, which
s assigned to the 2F5/2 → 2F7/2 transition of the Yb3+ ion. In
omparison with other lanthanide-centered emission peaks, the
b(III) emission is broad. This is due to the vibronic coupling
etween the electronic state of Yb and the vibrational states of
he ligand. It should also be noted that the Yb3+ ion emission
and is not a single sharp band but an envelope of bands aris-
ng at lower energy side than the primary 980 nm band. Similar
plitting has been reported previously, and this may be due to
he splitting of the energy levels of the Yb3+ ion as a conse-
uence of ligand field effects [31,32]. The Yb3+ ion has some
dvantages for laser emission because of its very simple f–f
nergy level structure: besides the 2F7/2 ground state, there is
nly the 2F5/2 excited state. The smaller Stokes shift (around
50 cm−1) between absorption and emission reduces the thermal
oading of the material during laser operation [33]. In addi-
ion, the relative transparency of human tissue at approximately
000 nm suggests that in vivo luminescent probes operating at
his wavelength (based on Yb emission of the xerogels) might
ave diagnostic value [34].

The emission spectra (Fig. 5) of xerogel-bonded Nd com-
lex(N) (N = 1/27 and 1/11) were obtained with 365 nm as
he excitation wavelength. In the two spectra, both the curves
onsist of three bands, at 901, 1063 and 1336 nm for xerogel-
onded Nd complex(1/11) and at 880, 1067 and 1346 nm for

erogel-bonded Nd complex(1/27), which correspond to the
F3/2 (emitting level) → 4I9/2, 4F3/2 → 4I11/2 and 4F3/2 → 4I13/2
ransitions, respectively. Among the three bands of the emis-
ion spectra, the intensity of the transition 4F3/2 → 4I11/2 is the

r

o
o

ig. 5. Emission (λex = 365 nm) spectra for xerogel-bonded Nd complex(1/11)
dashed line) and xerogel-bonded Nd complex(1/27) (solid line).

trongest, and this center has been found potential application
n laser systems for long.

As described above, the characteristic Ln3+ ion emission was
etected in the corresponding xerogel-bonded Ln complex(N)
N = 1/27 and 1/11) upon excitation at the absorption of the
rganic ligands. It is obvious that the intramolecular energy
ransfer does happen between the organic ligands and the lan-
hanide ion. And it is reasonable to deduce that the lanthanide
omplex was synthesized in the corresponding xerogel-bonded
n complex(N). It is also noted that the relative emission

ntensity of the xerogel-bonded Ln complex(N) (Ln = Er, Nd,
b) increases when increasing the lanthanide complex con-

entration. Then we can infer, in a qualitatively way, that no
uenching effects were detected with increasing concentration
rom N = 1/27 to 1/11, as the experimental conditions (such as
xcitation power and detection slits) were kept constant during
he entire set of measurements. Time-resolved measurements
ere carried out on the xerogel-bonded Ln complex(1/11) at

oom temperature. The luminescence decays for these materials
re single-exponential functions of time, and the corresponding
ifetimes of the Er(4I13/2), Nd(4F3/2) and Yb(2F5/2) levels are
.04 �s, 443 ns and 15.03 �s, respectively.

The Judd–Ofelt theory is widely used and remarkably suc-
essful for quantitatively characterizing optical 4f transitions
n lanthanide-doped materials [35,36]. As discussed above, the
erogel-bonded Nd complex(1/11) with high intensity emission
as the possibility to be used in the laser systems. To further
valuate the potential of lanthanide-doped materials, it is essen-
ial to study the radiative properties of the lanthanide ion. As
sual, the radiative properties of the trivalent lanthanide ion in
he host can be predicted from optical absorption measurement
nd by using the Judd–Ofelt theory. As for the details of the
udd–Ofelt theory, its accuracy and drawbacks have been exten-
ively analyzed elsewhere; we present here only the essential

esults [35–38].

As discussed for parity-forbidden electric-dipole transitions
f lanthanide ion in Judd–Ofelt theory [35,36], the energy states
f the Nd3+ ion should be effectively perturbed by the odd terms
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Fig. 6. Absorption spectrum of the xerogel-bonded Nd complex(1/11).

f the Hamiltonian of the weak crystal field. Although the 4f
lectrons are partially screened by the 5s2 and 5p6 electron
hells, the perturbations can still cause the permitted transitions
f the 4f electrons between the 4f energy levels [39]. As shown
n Fig. 6, all the absorption peaks can be assigned to the transi-
ions from the ground level 4I9/2 to the higher levels of Nd3+ ion.
ive absorption bands of the Nd3+ ion in the absorption spec-

rum were selected to determine the phenomenological oscillator
trength parameters. The band positions along with their assign-
ents in the absorption spectrum are shown in Table 1. The
easured line strength, Smea(J → J′), caused by the transition

f electronic dipole can be related to the absorption coefficient
s the following equation shows [40,41]

mea(J → J ′) = 3ch(2J + 1)n

8π3λ̄e2

[
9

(n2 + 2)2

]
Γ (1)

here J (for Nd3+ ion J = 9/2) and J′ are the total angular momen-
um quantum numbers of the initial and final states, respectively,
nd λ is the mean wavelength of the specific absorption band. e, h
nd c are the electron charge, the Plancks’ constant and velocity
f light, respectively. Γ = ʃσ(λ) dλ is the integrated absorption
oefficient as a function of λ. An average index of refraction of
.5 was used [42,43], and the factor [9/(n2 + 2)2] in the equation

epresents the local field correction for electric dipole transition
or the effective field for the ion in the dielectric host medium
f isotropic refractive index n [44].

able 1
easured and calculated line strengths of Nd3+ ion in xerogel-bonded Nd com-

lex(1/11) (all transitions are from 4I9/2 state)

evel λ (nm) Smea (×10−20 cm2) Scal (×10−20 cm2)

G7/2 585 7.9677 7.9678
F9/2 684 0.1383 0.2376
S3/2 748 2.0056 2.1232
F7/2

F5/2 803 2.3438 2.1077
F3/2 877 0.8027 1.0194
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The measured line strengths are used to obtain the phe-
omenological parameters Ω2, Ω4 and Ω6 by solving a set of
ve equations simultaneously for the corresponding transitions
etween J and J′ manifolds in the following form:

cal(J → J ′) =
∑

t=2,4,6

Ωt

∣∣∣〈(S, L)J ||U(t)||(S′, L′)J ′
〉∣∣∣2

(2)

here Ω2, Ω4 and Ω6 are the oscillator strength parameters and
||U(t)||〉 are the doubly reduced matrix elements of rank t (t = 2,
and 6) between states characterized by the quantum numbers

S, L and J) and (S′, L′ and J′). The matrix elements depend only
n angular momentum of the Nd3+ ion states and are essentially
ndependent of the ion environment [45]. The squared reduced

atrix elements can be calculated. In this work, we have used
hese values for the chosen Nd3+ bands calculated by Carnall
t al. [46]. When two or more absorption manifolds overlapped,
he matrix element was taken to be the sum of the corresponding
quared matrix elements [47]. The oscillator strength parame-
ers, however, exhibit the influence of the host on the transition
robabilities since they contain the crystal-field parameters, the
nterconfigurational radial integrals, and the interaction between
he central ion and the intermediate environment [44]. They may
e regarded as phenomenological parameters that characterize
he radiative transition probabilities within the ground configura-
ion. The values of the measured line strength, Smea, are shown
n Table 1. Then the parameters Ωt can be obtained by least-
quares fitting of Eq. (2). We used the least-square fit in this study
ecause almost all the Ωt sets reported in the literature have been
etermined by this method. The parameters Ωt (t = 2, 4 and 6) in
his work have been fitted to be 94.88 × 10−20, 3.771 × 10−20

nd 2.818 × 10−20 cm2, respectively.
The interpretation of the physical meaning of the oscilla-

or strength parameters still remains to be a controversial matter
or discussion. The Ω2-parameter is associated with short-range
oordination effects, and its value increases with increasing
oordination number and higher covalence of the bonding [48].
n the sense of the dynamic coupling contribution to the total
ntensity, the polarization of the ligand field induces stronger
anthanide–ligand bonds and an increase in electric dipolar tran-
itions for noncentrosymmetric ligand fields [49]. It is suggested
hat upon covalently bonded to the xerogel, the Ω2-parameter
f the xerogel-bonded Nd complex(1/11) increased when com-
ared with the material doped of the Nd complex [50]. The
arger value for Ω2 in this work suggests that the dbm and
hen-Si ligands bind more strongly with the Nd3+ ion and
hield the Nd3+ ion from the water molecules [48,51]. In addi-
ion, Jørgensen and Reisfeld concluded that the Ω6-parameter
s related to the rigidity of the medium in which the lanthanide
on is embedded. More rigid matrices have lower Ω6 values
51]. In this work, as the Nd complex is covalently linked to
he xerogel, the Ω6 value decreases when compared with that
f the material doped of the Nd complex. This suggests that

he more rigid material was obtained in our work, as it is the
ase.

The values of the parameters are then used to recalculate
he transition line strengths Scal of the electric-dipole transition
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Table 2
The spectral parameters for 4F3/2 → 4IJ transition of Nd3+ ion in xerogel-bonded Nd complex(1/11)

4F3/2 → (S̄, L̄)J̄ λp (nm) Scal (×10−20 cm2) A (s−1) β σp (×10−20 cm2)

4F3/2 → 4I9/2 901.4 1.0191 780.6 0.481 0.413
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F3/2 → I11/2 1063.2 1.5849
F3/2 → 4I13/2 1336.2 0.5876

r (�s) 616

etween the initial J manifold |(S,L)J〉 and the final J′ manifold
(S′,L′)J′〉 by using Eq. (2). The calculated line strengths Scal of
he five absorption bands are tabulated in Table 1. To justify the
esults obtained, a measure of the accuracy of the fit is given
y the root-mean-square (rms) deviation of the measured and
alculated line strengths, which is obtained by

Srms =
[
(P − Npara)−1

∑
(Smea − Scal)

2
]1/2

, (3)

here (Smea − Scal) is the deviation, P the number of spectral
ands analyzed and Npara is the number of parameters deter-
ined. In this case Npara is three. The values in Table 1 provide

n rms deviation of 0.251 × 10−20 cm2.
Using the obtained Ωt-parameters, the radiative decay rates,

(J ′ → J̄), for electric dipole transitions between an excited
′ state |(S′,L′)J′〉 and the lower-lying terminal J̄ manifolds
(S̄, L̄) J̄

〉
can be obtained using the following expression:

A[(S′, L′)J ′; (S̄, L̄)J̄]

= 64π4e2

3h(2J ′ + 1)λ
3

n(n2 + 2)
2

9

×
∑

t=2,4,6

Ωt

∣∣∣〈(S′, L′)J ′
∥∥∥U(t)

∥∥∥ (S̄, L̄)J̄
〉∣∣∣2

(4)

here (S′,L′)J′ and (S̄, L̄)J̄ are the quantum numbers of the
xcited state and lower states, respectively, J′ = 3/2 and λ̄ is the
ean wavelength of the emission transition (Fig. 5). The related

educed matrix elements of the emissive transitions are cited
rom the ref for Nd3+ ion [52]. In fact, Nd3+ ion has an emis-
ion band at 1900 nm (4F3/2 → 4I15/2) except the obtained three
mission bands. Our setup did not allow us to record the 1900 nm
mission band, but it is known on the basis of Judd–Ofelt the-
ry that this transition is exceedingly weak and can therefore be
afely neglected [53].

The radiative lifetime of an emitting state is related to the
otal spontaneous emission probability for all transitions from
his state by [54]

r = 1∑
S̄,L̄,J̄A[4F3/2; (S̄, L̄)J̄]

(5)

he fluorescence branching ratio of transitions from initial man-
4

∣∣ ¯
〉

fold F3/2 to lower levels (S, L̄) J̄ is given by

[4F3/2; (S̄, L̄)J̄] = A[4F3/2; (S̄, L̄)J̄]∑
S̄,L̄,J̄A[4F3/2; (S̄, L̄)J̄]

= A[4F3/2; (S̄, L̄)J̄]τr. (6)

T
e
T
t
T

708.3 0.437 1.161
132.6 0.082 0.325

The fluorescence branching ratio is a critical parameter to the
aser designer, because it characterizes the possibility of attain-
ng stimulated emission from any specific transition [38]. The
adiative lifetime represents an effective average over site-to-
ite variations in the local Nd3+ ion environment and it has been
alculated to be 616 �s, which is an important parameter in con-
ideration of the pumping requirement for the threshold of laser
ction [55]. The estimated quantum yield of Nd luminescence
f the xerogel-bonded Nd complex(1/11) may be calculated by
omparison of the observed luminescence lifetime (τ) with the
adiative lifetime (τr). By using the equation Φ = τ/τr, the value
f quantum yield is calculated to be 0.072%.

With the corresponding emission spectrum, for a Lorentz line,
he stimulated emission cross-section σp can be related to the
adiative transition rate by

p = λp
2

4π2n2 �ν
A (7)

here λp is the wavelength of the fluorescent peak and �ν is the
requency full width at half maximum. The values of radiative
ransition rates A, the fluorescence branching ratios β, the radia-
ive lifetime τr and stimulated emission cross-section σp of the
F3/2 → 4IJ transition are presented in Table 2. In general, peo-
le are interested in the transition 4F3/2 → 4I11/2 of the Nd3+ ion
or its use in the laser systems. The emission cross-section σp of
F3/2 → 4I11/2 transition of Nd3+ ion is one of the most important
arameters for laser design. In this work, the stimulated emis-
ion cross-section of 4F3/2 → 4I11/2 fluorescence transition of
d3+ ion is 1.16 × 10−20 cm2, which is comparable with those

hown by glasses used in solid state laser applications [56].

. Conclusions

The NIR-luminescent xerogels covalently bonded with
ernary lanthanide (Ln = Er, Nd, Yb) complex were prepared
ia in situ synthesis method. No cracks were observed in the
btained xerogel-bonded Ln complexes, and these xerogel mate-
ials appear homogeneous as shown by SEM images. The
IR-luminescent properties of these materials show that the

igands shield the lanthanide ions well from their surround-
ngs and efficiently transfer energy from their triplet states to
he lanthanide ions. No quenching effects were detected with
ncreasing the concentration of Ln ion from N = 1/27 to 1/11.
he wide FWHM (76 nm) for the xerogel-bonded Er complex

nables a wide gain bandwidth for the optical amplification.
he Judd–Ofelt model has been applied to study the radia-

ive spectral properties of xerogel-bonded Nd complex(1/11).
he interactions between the lanthanide complex and the sil-
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