Journal of Photochemistry and Photobiology A: Chemistry 199 (2008) 57-63

Contents lists available at ScienceDirect

Journal of Photochemistry and Photobiology A:
Chemistry

journal homepage: www.elsevier.com/locate/jphotochem

b
e

Photochemistry
Photobiology

Ternary lanthanide (Er3*, Nd3*, Yb3*, Sm3*, Pr3*) complex-functionalized
mesoporous SBA-15 materials that emit in the near-infrared range

Li-Ning Sun®P, Yu Zhang?, Jiang-Bo Yu?, Chun-Yun Peng?, Hong-Jie Zhang®*

a State Key Laboratory of Rare Earth Resource Utilizations, Changchun Institute of Applied Chemistry, Chinese Academy of Sciences,

5625 Renmin Street, Changchun 130022, PR China
b Graduate School of the Chinese Academy of Sciences, Beijing, PR China

ARTICLE INFO ABSTRACT

Article history:

The ternary lanthanide complexes [Ln(hfth);phen] (Ln=Er, Nd, Yb, Sm) and [Pr(tfnb)s;phen]

Received 21 January 2008

Received in revised form 8 April 2008
Accepted 26 April 2008

Available online 3 May 2008

have been successfully covalently attached in the ordered SBA-15 mesoporous materials via a
functionalized 1,10-phenanthroline group 5-(N,N-bis-3-(triethoxysilyl)propyl)ureyl-1,10-phenanthroline
(Phen-Si). The derivative materials [denoted as Ln(hfth);phen-S15 and Pr(tfnb);phen-S15; Ln=Er,
Yb, Nd, Sm; hfth=4,4,5,5,6,6,6-heptafluoro-1-(2-thienyl)hexane-1,3-dionate; tfnb =4,4,4-trifluoro-1-(2-
naphthyl)-1,3-butanedionate] were characterized by powder X-ray diffraction (XRD), transmission

Key"""rd,s" electron microscopy (TEM), and N, adsorption/desorption. The fluorescence spectra and luminescence
NIR luminescence P X X " . . .
SBA-15 lifetimes of these lanthanide-complex-functionalized materials were also recorded. After ligand-mediated

excitation, the emission spectra of the Ln(hfth); phen-S15 and Pr(tfnb); phen-S15 materials all display the
characteristic NIR luminescence of the corresponding lanthanide ions through the intramolecular energy
transfer from the ligands to the lanthanide ions. With these lanthanide-complex-functionalized materials,
the luminescent spectral region from 1300 to 1600 nm, which is of particular interest for telecommuni-

Covalently linked
Ternary lanthanide complex
B-Diketone

cation applications, can be covered completely.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Lanthanide complexes, especially Eu(lll) and Tb(III) complexes,
have attracted much attention for their unique luminescent prop-
erties in the visible region for application in organic light-emitting
diodes (OLED) [1,2]. Recently, the lanthanide ions that are emissive
in the near-infrared region (NIR) of the spectrum (800-1700 nm),
such as Er(IIl), Nd(III), Yb(III), Pr(Ill), and Sm(IIl), have received
increasing attention for their potential applications in the optical
telecommunication [3,4], laser systems [5], and medical diagnosis
[6]. The design of sensitizer-functionalized lanthanide complexes
that exhibit efficient luminescence in the NIR region is currently
of interest and much effort has been directed toward investigating
ligands for efficient sensitization of the NIR-emitting lanthanides
[7,8]. It has been reported that the NIR-emitting lanthanide ions
are particularly prone to vibrational deactivation [9]. However, lig-
ands and coordinated solvent molecules usually contain C-H and
O-H bonds that can cause vibrational quenching of the excited ions,
leading to the lower NIR-luminescent intensities. It is well known
that deuteration or fluorination of hydrogen-containing ligands,
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together with exclusion of coordinated water, can extend the life-
time of NIR luminescence and improve the luminescence intensity
from lanthanide complexes [10].

However, due to the low photo- and thermal stability of the
NIR-luminescent lanthanide complexes, for practical applications
one of the strategies to improve the thermal stability, mechanical
and light emission properties could be given by the incorporation
of the samples into a rigid matrix [11]. Since the mesoporous silica
materials were discovered in the early 1990s [12], the development
of ordered mesoporous molecular sieves has been of widespread
interest in material science. Mesostructured materials offer the
rigidity and photostability, and at the same time have a well-
defined hydrophilic/hydrophobic phase separation allowing for
more sophisticated tuning of the lanthanide complex microenvi-
ronment. In addition, in our previous report, on the basis of certain
conditions it was observed that the SBA-15-supported materials
show an overall increase in relative lanthanide luminescent inten-
sity and lifetime compared to the MCM-41-supported materials
[13].

Herein, the syntheses of NIR-luminescent SBA-15 mesoporous
materials attached with ternary lanthanide (Ln=Er, Nd, Yb, Sm, Pr)
complexes by a functionalized 1,10-phenanthroline group 5-(N,N-
bis-3-(triethoxysilyl)propyl)ureyl-1,10-phenanthroline (named as
Phen-Si) have been reported. We selected two [3-diketone
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ligands with polyfluorinated alkyl group, Hhfth and Htfnb
(Hhfth=4,4,5,5,6,6,6-heptafluoro-1-(2-thienyl)hexane-1,3-dione,
Htfnb = 4,4,4-trifluoro-1-(2-naphthyl)-1,3-butanedione) to match
with the 4f excited levels of the title lanthanide ions. Full charac-
terization and detailed studies of NIR-luminescent properties of
these mesoporous materials were investigated and discussed.

2. Experimental
2.1. Materials

Tetraethoxysilane (TEOS, Aldrich), 3-(triethoxysilyl)-propyl
isocyanate (Aldrich), tri-block copolymer poly(ethylene glyco)-
block-poly(propylene glycol)-block-poly(ethylene glycol) (Pluronic
P123,EO0,¢P079EO5q, Aldrich), ethyl trifluoroacetate (Aldrich), fum-
ing nitric acid, and ethanol were used as received. The solvent
chloroform (CHCl3) was used after desiccation with anhydrous cal-
cium chloride. 1,10-Phenanthroline monohydrate (phen H,0, 99%,
AR) was bought from Beijing Fine Chemical Co. (Beijing, China).
Ytterbium oxide (Yb;03, 99.99%), neodymium oxide (Nd,Os,
99.99%), erbium oxide (Er;03, 99.99%), samarium oxide (Sm;03,
99.99%), and praseodymium oxide (PrgO11,99.99%) were purchased
from Yue Long Chemical Plant (Shanghai, China). Hhfth and 2'-
acetonaphthone were from Acros Organics Co. (Geel, Belgium).
LnCl; (Ln=Er, Nd, Yb, Sm, Pr) were obtained by dissolving Ln,03
(Ln=Er, Nd, Yb, Sm) and PrgO1; in concentrated hydrochloric acid
(HCI) and removing the surplus HCI by evaporation.

2.2. Synthesis of phen-functionalized SBA-15 mesoporous
material (phen-S15)

The starting reagent 5-amino-1,10-phenanthroline (named
Phen-NH;) was synthesized according to Ref. [14]. The mod-
ified phen group Phen-Si was prepared by the reaction of
3-(triethoxysilyl)-propyl isocyanate and Phen-NH, in CHCl; as
described in the literature [15,16]. The phen-S15 was syn-
thesized as described in our recent report [13]. The molar
composition of the original synthetic mixture was Phen-
Si:TEOS:P123:HCl:H,0=0.04:1.0:0.0172:6:208.33.

2.3. Synthesis of the [Ln(hfth)3(H,0),] complex (Ln=Er, Yb, Nd,
Sm, Pr)

The synthesis procedure was according to the reported method
[16]. The complexes obtained were dried overnight at 80°C under
vacuum.

2.4. Synthesis of the ligand Htfnb

The ligand Htfnb was synthesized by the reaction between
2-acetonaphthone and ethyl trifluoroacetate according to the pro-
cedure described in our previous report [17].

2.5. Synthesis of the [Pr(tfnb)3(H,0),] complex

The synthesis procedure for [Pr(tfnb)3(H,0),] was similar to
that for [Ln(hfth)3;(H,0),] complex except that LnCl3 and Hhfth
were replaced by PrCl; and Htfnb, respectively.

2.5.1. Elemental analysis

For [Er(hfth)3(H,0),], calculated: C, 30.88%; H, 1.38%. Found:
C, 30.64%; H, 1.52%. For [Nd(hfth)3(H,0);], calculated: C, 31.50%;
H, 1.41%. Found: C, 31.23%; H, 1.54%. For [Yb(hfth)3(H,0),], cal-
culated: C, 30.73%; H, 1.38%. Found: C, 30.96%; H, 1.56%. For
[Sm(hfth)3(H,0),], calculated: C, 31.33%; H, 1.40%. Found: C,
31.61%; H, 1.58%. For [Pr(hfth)3(H,0),], calculated: C, 31.59%; H,
1.41%. Found: C, 31.37%; H, 1.59%. For [Pr(tfnb)3(H,0),], calculated:
C, 52.04%; H, 2.60%. Found: C, 51.89%; H, 2.84% [16].

2.6. Synthesis of SBA-15 mesoporous material covalently bonded
with [Ln(hfth)sphen] ternary complex [denoted as
Ln(hfth)3;phen-S15, Ln=Er, Nd, Yb, Sm, Pr]

Phen-S15 was soaked in an excess of [Ln(hfth);(H,0), ] ethanol
solution [12 equiv. of [Ln(hfth)3(H;0),] per phen moiety] under
stirring. The mixture was heated under reflux for 6 h and was recov-
ered by filtration. The excess reactants (such as [Ln(hfth);(H;0),]
complexes) in the Ln(hfth);phen-S15 were removed by Soxhlet
extraction with acetone heated under reflux for 10 h. The resulting
samples were dried at 80 °C under vacuum for 12 h.

2.7. Synthesis of SBA-15 mesoporous material covalently bonded
with [Pr(tfnb);phen] ternary complex [denoted as
Pr(tfnb)sphen-S15]

The synthesis method for Pr(tfnb); phen-S15 was similar to that
for Ln(hfth)sphen-S15 except that [Ln(hfth)3(H,0),] was replaced
by [Pr(tfnb)3(H;0);].

2.8. Characterization

The CH elemental analyses were carried out on a VarioEL ana-
lyzer. Small-angle X-ray diffraction (XRD) patterns were recorded
with a Rigaku-Dmax 2500 diffractometer using Cu Ka radiation
(40kV, 200mA) at a step width of 0.01°. Nitrogen (N,) adsorp-
tion/desorption isotherms were measured by using a Nova 1000
analyzer with nitrogen. The samples were outgassed for 4h at
120°C before the measurements. Surface areas were calculated
by the Brunauer-Emmett-Teller (BET) method and pore sizes by
the Barrett-Joyner-Halenda (BJH) methods. The structures of the
lanthanide-complex-functionalized mesoporous materials were
characterized by transmission electron microscopy (TEM). All of
the samples for the TEM characterization were prepared by directly
transferring the suspended products to the standard copper grid
coated with an amorphous carbon film. TEM was carried out on a
JEOL-JEM-2010 at 200KkV. The excitation and emission spectra of

Table 1

Structural parameters of phen-S15, Ln(hfth); phen-S15 (Ln =Er, Nd, Yb, Sm) and Pr(tfnb); phen-S15 materials

Sample dio0 (nm) a(nm) Sper (m? g~1) V(em?g') D (nm) hy (nm)
phen-S15 11.04 12.75 938.7 1.43 6.46 6.29
Er(hfth);phen-S15 11.47 13.24 778.4 1.22 5.74 7.50
Nd(hfth);phen-S15 11.45 13.22 732.6 1.17 5.75 7.47
Yb(hfth);phen-S15 11.33 13.08 720.5 1.17 5.70 7.38
Sm(hfth);phen-S15 11.18 12.91 766.5 1.22 5.74 717
Pr(tfnb);phen-S15 11.18 12.91 784.7 1.24 5.73 7.18

dio0 is the d(100) spacing, a the cell parameter (a = 2d; 90/+/3), Sser the BET surface area, V the total pore volume, D the average pore diameter, and h,, the wall thickness,

calculated by a —D.
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Fig. 1. XRD patterns of surfactant-extracted phen-S15 (a), Er(hfth);phen-S15
(b), Nd(hfth);phen-S15 (c), Yb(hfth);phen-S15 (d), Sm(hfth);phen-S15 (e), and
Pr(tfnb);phen-S15 (f).

the solid-state samples were measured with an Edinburgh Analyti-
cal Instruments FLS920 equipped with the laser diode (LD) from the
PicoQuant Company as the light source. The time-resolved mea-
surements, for Nd(hfth);phen-S15 and Yb(hfth);phen-S15 were
done on an Edinburgh Instruments FLS920, for Er(hfth);phen-S15,
Sm(hfth);phen-S15 and Pr(tfnb);phen-S15 were done by using
the third harmonic (355nm) of a Spectra-physics Nd:YAG laser
with a 5ns pulse width and 5mJ] of energy per pulse as the
source, and the NIR emission lines were dispersed by the emission
monochromator of the HORIBA Jobin Yvon FluoroLog-3 equipped
with liquid-nitrogen-cooled R5509-72 PMT, and the data were
analysed with a LeCroy WaveRunner 6100 1 GHz Oscilloscope.

3. Results and discussion
3.1. Powder XRD

The power XRD analyses performed on phen-S15,
Ln(hfth)sphen-S15 (Ln=Er, Nd, Yb, Sm), and Pr(tfnb);phen-S15
are compared in Fig. 1, which show three Bragg peaks in the 20
range of 0.8-2°. The prominent peak should be indexed as (100)
diffraction peak and the other two as (110) and (2 00) diffraction
peaks, which is characteristic of two-dimensional hexagonal
(p6mm) structure of SBA-15 material. The corresponding unit cell
parameters a of phen-S15, Ln(hfth);phen-S15 (Ln=Er, Nd, Yb,
Sm), and Pr(tfnb);phen-S15 are 12.75, 13.24, 13.22, 13.08, 12.91,
and 12.91 nm, respectively (see Table 1). Compared with the XRD
pattern of the parent phen-S15 material, the d; ¢ spacing values
of the Ln(hfth);phen-S15 and Pr(tfnb);phen-S15 are similar to
that of the phen-S15 material, which indicates that the framework
hexagonal ordering has been preserved well upon the introduction
of [Ln(hfth)3(H,0);] and [Pr(tfnb)3(H,0), ] complexes, respectively
[18]. In addition, it can be observed that the lanthanide-complex-
functionalized materials show decrease in diffraction intensity in
comparison with the parent phen-S15. This is probably due to the
presence of [Ln(hfth)3] and [Pr(tfnb)3; ] moieties inside the pores of

Ln(hfth);phen-S15 and Pr(tfnb); phen-S15 materials, respectively,
which results in the decrease of the mesophase order [19]. It was
reported that the introduction of guest into the pores leads to an
increased phase cancellation between the guest moiety from the
wall and the pore regions and accordingly to reduced scattering
intensities for the Bragg reflections [20].

3.2. TEM

The TEM images in Fig. 2 show the preservation of highly
ordered hexagonal mesostructure in the Ln(hfth);phen-S15 and
Pr(tfnb)sphen-S15 materials, which is in full agreement with
the results of the XRD patterns. As shown in the figure, for
all the lanthanide-complex-functionalized mesoporous materials
there are regular hexagonal array of uniform channels charac-
teristic of mesoporous SBA-15 material, which indicates that the
mesostructure of the Ln(hfth);phen-S15 and Pr(tfnb);phen-S15
materials can be substantially conserved after the complexation
process. The distances between the centers of the mesopore in
Ln(hfth);phen-S15 and Pr(tfnb);phen-S15 materials are similar
and estimated to be around 13 nm, which is in good agreement
with the value determined from the corresponding XRD data (see
Table 1).

3.3. Nitrogen adsorption/desorption

Nitrogen adsorption/desorption measurements were conducted
to investigate the pore structures further. Fig. 3 shows the nitro-
gen adsorption/desorption isotherms for the surfactant-extracted
phen-S15, Ln(hfth);phen-S15, and Pr(tfnb);phen-S15 materials.
They all show typical type IV isotherm with a H1 type hystere-
sis loop at high relative pressure similar to that of the parent
phen-S15 material, characteristic of ordered mesoporous mate-
rials according to the IUPAC classification [21]. By using BET
and BJH methods, the specific area and the pore size have
been calculated, which as well as the pore volume are shown
in Table 1. With the linking of lanthanide complexes onto the
parent material phen-S15, the pore sizes are decreased from
6.46 to 5.74, 5.75, 5.70, 5.74, and 5.73 nm for Er(hfth);phen-S15,
Nd(hfth);phen-S15, Yb(hfth);phen-S15, Sm(hfth);phen-S15, and
Pr(tfnb);phen-S15, respectively, and the BET surface area and pore
volume correspondingly decrease as well. This is consistent with
the presence of anchored [Ln(hfth);] and [Pr(tfnb)s; ] moieties in the
Ln(hfth);phen-S15 and Pr(tfnb);phen-S15 mesoporous channels.
The phenomenon originates from the dispersion of the lanthanide
complexes on the surface of the parent phen-S15 material, since
these covalently complexes that dispersed inside the channel will
always enhance the roughness of the pore surfaces and then make
the surface area, pore volume, and pore size of these materials much
smaller than those of the parent phen-S15 material [22,23].

3.4. Luminescent studies

Fig. 4 shows the excitation and emission spectra for the
Er(hfth);phen-S15 material. The excitation spectrum, monitoring
the strongest emission band of the Er3* ion, presents a large broad
band between 250 and 425 nm, which is attributed to the light
absorption of the (3-diketonate and the modified Phen-Si ligands.
Under excitation at 397 nm, the emission spectrum displays an
emission band centered at 1540 nm, and it should be attributed
to the transition of #I;35 — 41152 [24]. As shown in Scheme 1, while
emission from a number of excited states from Er3* ion is feasi-
ble, only emission from the 4113/2 state is observed, which suggests
that an efficient non-radiative decay mechanism exists from these
states to the 4113/2 state. The Er-containing materials are espe-
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Fig. 2. TEM images of Er(hfth);phen-S15 (a), Nd(hfth); phen-S15 (b), Yb(hfth); phen-S15 (c), Sm(hfth);phen-S15 (d), and Pr(tfnb); phen-S15 (e).

cially interesting for application in optical amplification, because
the transition around 1540 nm is in the right position of the third
telecommunication window. In addition, a broad emission band is
desirable to enable a wide gain bandwidth for optical amplification
[24]. For the Er(hfth);phen-S15 material, the full width at half max-
imum (FWHM) of the 4133/, — 4l;5), transition is 78 nm, and such a
broad band enables a wide gain bandwidth for optical amplifier.
The fluorescence spectra of Nd(hfth);phen-S15 material are
shown in Fig. 5. The broad band shown in the excitation spec-
trum is also assigned to the absorption of the hfth and the
modified Phen-Si ligands. After ligand-mediated excitation at
368nm, the emission spectrum displays three sets of emis-
sion bands characteristic for the Nd3* ion in the NIR-region: an
emission band at 854-942nm (*F3; > %lgp2), a strong emission
band at 1020-1130 nm (*F5; — 4I31), and a weak band at about
1290-1408 nm (4F3 — 4l332) [25]. Among the three emission
bands of the Nd(hfth);phen-S15 material, the intensity of the tran-

sition at 1065 nm is the strongest, which has potential application
in laser system, such as in the application of Nd/YAG laser. The
emission band at 1335 nm of the material offers the opportunity to
develop new materials, which are suitable for the optical amplifiers
operating at 1.3 um [25].

Yb3* ion is a special case among the NIR-emitting lanthanide
ions, because it has only one excited 4f state, namely the
2Fs, level, whose energy level is 10,200 cm~! above the ground
state (Scheme 1). The excitation and emission spectra of the
Yb(hfth)sphen-S15 material are displayed in Fig. 6. Upon excita-
tion at the ligands absorption band (Aex =397 nm), the emission
spectrum of Yb(hfth);phen-S15 material was obtained. The emis-
sion band is split into three components, the strongest of which
is centred at 980nm, and two weaker components can also be
observed, one at 1012 nm and another one at 1032 nm, assigned
to the 2Fs5, — 2F;), transition of the Yb3* ion [26]. Similar splitting
has been reported in the previously literature [26,27]. This may be
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Fig. 3. N, adsorption/desorption isotherms of phen-S15 (a), Er(hfth);phen-S15
(b), Nd(hfth);phen-S15 (c), Yb(hfth);phen-S15 (d), Sm(hfth);phen-S15 (e), and
Pr(tfnb);phen-S15 (f).

the splitting of the energy levels of Yb3* ion as a consequence of lig-
and field effects [28]. The Yb3* ion plays an important role in optical
amplifiers and laser emission, which is often used as codopants in
lasers and optical amplifiers because of its relatively broad absorp-
tion (with a relatively high absorption coefficient) and emission
band at 980 nm and the possibility of transferring this energy to
other lanthanide ions, like Pr3* [29], Er3* [30], and Tm3* [31].
With respect to NIR-luminescent materials containing the lan-
thanide complexes, most researches are limited to the Er3*, Nd3*,
and Yb3* complexes [26,27,32]. Yet, the development and exploita-
tion of the NIR-luminescent materials containing Sm or Pr complex
lags a way behind that of the lanthanide complexes mentioned
above. For Sm(hfth);phen-S15, the excitation and emission spec-
tra was displayed in Fig. 7. The excitation spectrum monitored
at 948 nm is composed of a broad band in the ultraviolet/visible
spectral range, which is due to the absorption of the ligands. By
using the excitation wavelength of 370 nm, the narrow bands are
observed in the emission spectrum, which can be assigned to the
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Fig. 4. Excitation (Aem=1540nm) and emission (Aex =397 nm) spectra for the
Er(hfth); phen-S15 material.
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Fig. 7. Excitation (Aem=948nm) and emission (Aex=370nm) spectra for the
Sm(hfth);phen-S15 material. All the transitions start from the 4Gsy, level.

transitions between the 4Gs, excited state and the SHysj, and SF
levels (J=5/2-11/2) [26]. Among these transitions, the transition of
4Gsjp — OFspp at 951 nm is the strongest.

The luminescence of Pr3* jon is more complicated compared
with that of the other lanthanide ions, such as Er3*, Nd3*, and
Yb3* ions, since Pr3* ion can show emission lines originating from
three different levels (3Pg, 1D, and 1Gy4) [33]. Transitions from the
1D, level are more probable than transitions from the 3Py level,
since radiative transitions are more likely to occur when energy
gaps are larger [34]. The 1D, level exhibits the largest energy gap
of 6950cm~! (3860cm~! for 3Py — 1D,) to the next lower lying
level 'G4. For the Hhfth ligand, the triplet state is 20,400cm™1,
which is close to the 3Py level (20,700 cm~!, see Scheme 1) of Pr3*
ion. The small energy gap then would permit energy backtransfer,
that is 3Py — Lt (L is the triplet ligand state). As a result, the 3Pg-
luminescence of the Pr3* ion is almost completely quenched by the
energy backtransfer upon excitation of the ligands absorption [33].
In addition, the energy gap between the triplet state of Hhfth and
1D, levelis large (~3600 cm~') and consequently the energy trans-
fer rate is low. Therefore, the Pr(hfth);phen-S15 material was not
further studied due to its poor luminescent property.

Recently, there has been growing interest in the design and syn-
thesis of efficient NIR luminescence materials based on lanthanide
complexes. Most researches have been focused on sensitizers with
a triplet state matching the receiving lanthanide ion energy level

~. 0]
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Fig. 8. Excitation (Aem=1038nm) and emission (Aex=365nm) spectra for the
Pr(tfnb); phen-S15 material.

so that efficient energy transfer can be obtained. For 3-diketone
ligands, they all bear two carbonyl groups that are separated by
one carbon atom. The substituent on the carbonyl function, which
has an important influence on the position of the energy levels of
the ligand (singlet and triplet states), can be an alkyl group, a flu-
orinated alkyl group, an aromatic or a heteroaromatic group [9].
To match well with the 'D, level of Pr3* ion, the Htfnb ligand,
whose triplet state lies at 19,700 cm~! [35], was synthesized as the
main sensitizer for the NIR luminescence of Pr3* ion. Fig. 8 shows
the excitation and emission spectra of Pr(tfnb);phen-S15 material.
The excitation spectrum is dominated by a broad band centered
at 365 nm, which is due to the absorption of the tfnb and Phen-Si
ligands. After ligand-mediated excitation at 365 nm, the emission
spectrum clearly shows three bands at 878, 1042, and 1502 nm,
which are attributed to the f-f transitions of 1D, — 3F,, 1Dy — 3Fy,
and 1D, — 1Gy, respectively [36]. In addition, the absence of the
emission band at about 1320nm assigned to the transition of
1G4 — 3H; indicates that the non-radiative process with phonon
assistance dominates the relaxation of G4 manifold energy lev-
els. Therefore, the emitting band at 1040 nm is not from the 1G4
level, that is, it is assigned to D, — 3F, transition, not !G4 — 3H,
transition [33-36].

Time-resolved luminescence experiments were carried out
on these NIR-luminescent mesoporous materials by moni-
toring around the strongest emission lines (at 1540nm for
Er(hfth);phen-S15, 1064 nm for Nd(hfth);phen-S15, 980 nm for
Yb(hfth);phen-S15, 948 nm for Sm(hfth);phen-S15, and 1038 nm
for Pr(tfnb);phen-S15). The decay curves of Er(hfth);phen-S15,

Ln Er, Nd, Yb, Sm Pr
O Q0
R, CsF, CF;

Scheme 2. Proposed structure of the Ln(hfth); phen-S15 (Ln=Er, Nd, Yb, Sm) and Pr(tfnb); phen-S15 mesoporous materials.
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Nd(hfth);phen-S15, and Yb(hfth);phen-S15 fit single-exponential
component well, and the corresponding lifetimes of the
4[]3/2 — 4115/2, 4F3/2 — 4]1]/2, and 2F5/2 — 2F7/2 transitions are
122, 15.6, and 12.3 us, respectively. The decay curves for
Sm(hfth);phen-S15 and Pr(tfnb);phen-S15 can be fitted by
double-exponential functions. The lifetimes of 465/2 — 6F5/2
transition of Sm(hfth);phen-S15 are 11.4 s (38.55%) and 68.1 s
(61.45%). The lifetimes of 1D, — 3F, transition of Pr(tfnb); phen-S15
are 12.5ns (75.25%) and 62.9 ns (24.75%).

In order to obtain stable lanthanide materials with better optical
properties, an important issue in the design of NIR-emitting lan-
thanide materials is to avoid water molecules from binding to the
lanthanide ion in the first coordination sphere. Water molecules
are very efficient quenchers for NIR luminescence, especially when
present in the first coordination sphere [37]. In the mesoporous
materials obtained above, the Phen-Si acts as a bidentate lig-
and and expels two water molecules from the first coordination
sphere of the introduced [Ln(hfth)3(H;0),] and [Pr(tfnb)3(H;0),]
complexes (Ln=Er, Nd, Yb, Sm). In this way, [Ln(hfth);phen] and
[Pr(tfnb)sphen] complexes are suggested to form and attach to the
SBA-15 mesoporous material, respectively (Scheme 2) [38].

Because no absorption of the lanthanide ions occurs at the
corresponding excitation wavelengths, the observed NIR lumi-
nescence can only arise from sensitization of the lanthanide
ions by the organic ligands moiety. It is reasonable to conclude
that the intramolecular energy transfer does happen between
the organic ligands and the lanthanide ions in these NIR-
luminescent mesoporous materials. This is the further evidence
that ternary complexes [Ln(hfth)sphen] and [Pr(tfnb);phen] are
formed and covalently bonded to the mesoporous network in the
Ln(hfth);phen-S15 and Pr(tfnb);phen-S15 materials, respectively.

4. Conclusions

New NIR-luminescent mesoporous materials Ln(hfth);phen
-S15 and Pr(tfnb)sphen-S15 were successfully prepared by link-
ing ternary lanthanide (Er3*, Nd3*, Yb3*, Sm3*, Pr3*) complexes
to the ordered mesoporous SBA-15 through the functionalized
Phen-Si ligand. All the derivative materials Ln(hfth);phen-S15 and
Pr(tfnb);phen-S15 preserve their mesoscopically ordered struc-
tures and show highly uniform pore size distributions. Upon
excitation at the absorption of the organic ligands, all these
materials display the characteristic NIR luminescence of the cor-
responding lanthanide ions, which shows that the (3-diketonate
ligands (hfth or tfnb) and modified Phen-Si ligands can shield
the lanthanide ions well from their surroundings and efficiently
transfer the absorbed energy to the lanthanide ions. These
NIR-luminescent mesoporous materials could have potential appli-
cations in optical amplifiers (operating at 1.3 or 1.5 wm) and laser
systems. Of importance here is the observation of efficiently NIR
luminescence in mesoporous SBA-15 materials covalently linked
with Sm and Pr complexes.
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