Downloaded by University of California- Los Angeles on 01 January 2013

Published on 08 August 2005 on http://pubs.rsc.org | doi:10.1039/B504707B

DOI: 10.1039/b504707b

View Article Online / Journal Homepage / Table of Contentsfor thisissue

PAPER

Incorporation of luminescent lanthanide complex inside the
channels of organically modified mesoporous silica via template-ion

exchange method

Xianmin Guo,” Lianshe Fu,*“* Hongjie Zhang,** L. D. Carlos,” Chunyun Peng,”
Junfang Guo,” Jiangbo Yu,” Ruiping Deng” and Lining Sun”

2(u/BI0™ 2SI MMM
DIN

“ Key Laboratory of Rare Earth Chemistry and Physics, Changchun Institute of Applied
Chemistry, Chinese Academy of Sciences, Graduate School of the Chinese Academy of
Sciences, Changchun, 130022, P. R. China. E-mail: fu@ciac.jl.cn, hongjie@ ciac.jl.cn;

Fax: +86 431 5698041; Tel: +86 431 5262135

b Departamento de Fisica, CICECO, Universidade de Aveiro, 3810-193 Aveiro, Portugal

Received (in Montpellier, France) 7th April 2005, Accepted 12th July 2005

First published as an Advance Article on the web 8th August 2005

Luminescent lanthanide complex, Eu(phen),Cls - 2H,O (Euphen, phen = 1,10-phenanthroline) has been
incorporated inside the channels of mesoporous silica MCM-41 with its external surface modified by
phenyltriethoxysilane (Ph-Si(OEt);) via a simple template-ion exchange method. The passivation of active
groups such as silanols in the external surface ensures that the ion exchange reaction occurs between the
surfactant cations and the lanthanide complex ions inside the channels of the modified MCM-41. The
passivation result is confirmed by *’Si MAS NMR spectroscopy. FT-IR demonstrates that the cationic
surfactants are completely removed. XRD and N, adsorption—desorption measurements are employed to
characterize the mesostructure of Euphen-Ph-MCM-41. Luminescence and stability studies on the materials
of Euphen and Euphen-Ph-MCM-41 show that the resultant hybrid material Euphen-Ph-MCM-41 exhibits
the characteristic emission of Eu®" ions under UV irradiation with higher °D, luminescence quantum
efficiency, longer lifetime and better thermal stability than the corresponding pure complex Euphen.
Moreover, the characterization results show that the local symmetry and the first coordination shell of Eu*
ions are changed after the complex ions become incorporated into the MCM-41 channels and that a more
symmetric environment is occupied by the Eu*" ions in Euphen-Ph-MCM-41 than in Euphen. There is also
a more efficient ligand-to-Eu(in1) intramolecular energy transfer process in Euphen-Ph-MCM-41.

Introduction

The sol-gel process is a well-known promising technique for
preparing inorganic/organic hybrids due to its mild synthetic
conditions, processing versatility and capacity for mixing the
inorganic and organic precursor components at the nanometer
scale.! The resultant inorganic/organic hybrids combine excel-
lent mechanical properties and good thermal- or photo- stabi-
lities.>™* When functional active molecules such as optical,
electronic, magnetic and biological components are incorpo-
rated by embedding or grafting into these kinds of matrices,
functional organic/inorganic hybrid nanocomposites will be
obtained.>® So far, great progress has been made in the
incorporation of luminescent molecules into organic/inorganic
hybrid matrices for fundamental spectroscopic studies on
luminescent properties and development of optical materials.”®

Luminescent materials are very important in a variety of
applications such as display systems and lighting technologies.
Lanthanide complexes, in particular, are a useful class of
luminophores since they exhibit very efficient emission under
ultraviolet excitation through protecting metal ions from vi-
brational coupling and increasing light absorption cross sec-
tion by the “antenna effect”.”!" However, they have so far
been excluded from practical applications as tunable solid-state
lasers or phosphor devices, essentially due to their poor
stabilities under high temperature or moisture conditions and
low mechanical strength.'? In order to circumvent these short-
comings, the lanthanide complexes should be incorporated into
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inorganic or organic/inorganic matrices by low-temperature
soft-chemistry processes, including the sol-gel method and
hydrothermal synthesis process. To do this, different strategies
can be employed: (1) a simple embedding of preformed lantha-
nide complexes within sol—gel derived hosts; (2) in situ synth-
eses of lanthanide complexes during formation of the oxide
network e.g. silica, ormosil or inorganic/polymer matrix; and
(3) through hydrolysis and condensation of doubly functional
trialkoxysilyl units grafted to the sol-gel host. Indeed, to date,
much work has focused on this field and many lanthanide
complexes have been incorporated into sol—gel derived silica,'® ¢
SiO,/ MO, (M = Zr or Ta),"” ormosil,'® and SiO,/polymer'®
matrices or other solid hosts such as zeolite,?’ layered,?!
mesoporous matrices’” or nanometer silica spheres.?
Incorporation of lanthanide complexes into these matrices
has improved the photo- and thermal-stabilities of the
complexes and avoided the self-quenching due to the concen-
tration effect.

Besides the luminescent hybrid materials mentioned above,
interesting approaches are to design the functional hybrid
materials hierarchically. Zink et al. took advantage of the
different chemical and physical properties of the regions in
the sol-gel films and developed new strategies to place the
active molecules, e.g. lanthanide complex luminescent mole-
cules, in desired regions.?* Corriu er al. studied the complexa-
tion of Eu®" ions inside the channels of ordered mesoporous
silica containing chelating groups derived from 3-chloropropyl
group-functionalized SBA-15 and cyclam moieties.?
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MCM-41, one member of the mesoporous materials family,
M41S, contains a hexagonal array of one-dimensional chan-
nels of uniform mesopores with a pore diameter of 20-100 A.2°
This perfect periodic nanostructure renders it an ideal host for
incorporation of active molecules and some work has already
been devoted on this field.?” As well known, for the as-
synthesized MCM-41, the cationic surfactant ions are orga-
nized in the form of a cylindrical micellar structure, with its
positive ion interacting with the negatively charged silica pore
surfaces through Coulombic forces. The weak Coulombic force
can be easily broken and the cationic surfactants are replaced
by other cations through ion exchange reaction.?® For instance,
Dai et al.?® delivered molecular imprints inside the mesopores
using ion exchange reaction, and Badiei er al.>® reported the
modification of mesoporous silica by direct template ion
exchange using cobalt complex. Functionalization of ordered
mesoporous silica materials by organic molecules and control
of the location of the guest species within the host architecture
in order to achieve the desired properties have recently received
considerable interest and are also a great challenge. Through
the passivation of the active sites on the external surface of the
mesoporous materials MCM-41% or SBA-15! controlled
synthesis of CdS nanoparticles inside ordered mesoporous
silica using ion exchange reaction has been reported.

To our best knowledge, no lanthanide complex has been
incorporated before inside the channels of MCM-41 using an
ion exchange method. In this work, the surface active silanols
(Si-OH) were passivated by reaction of the as-synthesed
MCM-41 (with template) with organosilane and the cationic
surfactants were ion-exchanged with lanthanide complex ions.
This was confirmed by structural and spectroscopic character-
izations. The main objective of this work is to develop a novel
preparation method for organic/inorganic hybrid materials
doped with lanthanide complexes and to investigate their
luminescent properties.

Experimental

Materials

Tetraethoxysilane (TEOS), phenyltriethoxysilane (Ph-Si
(OEt)3) cetyltrimethylammonium bromide (CTAB) and 1,10-
phenanthroline (phen) were used as received. Absolute ethanol
(CH5;CH,OH), methanol (CH30H), chloroform (CHCl;) and
dichloromethane (CH,Cl,) were dried over molecular sieves
prior to use at room temperature (RT). Europium(in) chloride
(EuCl; - 6H,0) was obtained by reaction of europium oxide
(Euy03, 99.99%) with hydrochloric acid (HCI), followed by
evaporation of the excess HCl on a water bath, and was then
dissolved in EtOH. The molar concentration of EuCls - 6H,O
was determined by EDTA volumetric method using hexam-
ethylenetetramine ((CH,)¢N,4) as the buffer agent and xylenol
as the indicator. Ammonium hydroxide solution (NH; - H,O,
28%) was used for modulation of the solution basicity when
MCM-41 was prepared. All reagents were of analytic grade
and purchased from Beijing Chemical Factory except for Ph-

OH Cl)H CH
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Si(OEt); from Aldrich. Distilled water was used throughout
the experiments.

Synthesis

The incorporation of lanthanide complex Eu(phen),Cls - 2H,O
(designated as Euphen) inside the channels of mesoporous
material MCM-41 involved two steps: (1) selective functiona-
lization of the external surfaces of MCM-41 thus leaving the
inner wall of the channels intact due to the protecting rule of
the surfactant;®> (2) template-ion exchange with lanthanide
complex ions ([Eu(phen),]’*). In detail, in the first step, the
active silanols (Si-OH) on the external surface were passivated
by reaction with ethoxy groups of Ph-Si(OEt); in CHClIs. In the
second step, the surfactant cations (cetyltrimethylammonium-
CTA™) were exchanged by [Eu(phen),]*". The protocol for this
two-step synthesis is shown in Scheme 1, and the typical
preparation process is as follows.

(1) Synthesis of Euphen. Euphen was synthesized according
to a method similar to the literature:*® 1.5858 g (8.00 mmol) of
phen was dissolved in 21.0 mL of CH3;CH,OH. To this
solution, 2.00 mmol of EuCl; - 6H,O was added under stirring.
The mixture was further stirred at room temperature for 3 h
and then left overnight. The resulting precipitate was filtered,
washed with CH;CH,OH, and dried at 50 °C in vacuo for 12 h.

(2) Synthesis of MCM-41 with template (designated as as-
synthesized MCM-41). 1.100 g of CTAB was added to 26.0 mL
of distilled water and heated under stirring until its complete
dissolution, followed by addition of 12.0 mL of concentrated
NHj; - H>O. Then 5.00 mL of TEOS was added dropwise to the
above solution under vigorous stirring. The molar composition
of TEOS:CTAB:NH5:H,01is 1:0.13:7.9:83.4. The mixture
was stirred for a further 4 h at room temperature and then
transferred to a Teflon-lined autoclave and heated at 100 °C for
48 h. The resulting precipitate was filtered, washed with
copious amounts of water, and dried at 70 °C in vacuo for 10 h.

(3) Synthesis of functionalized MCM-41 by Ph-Si(OEt);
(designated as Ph-MCM-41). 0.800 g of as-synthesized
MCM-41 was added to a mixed solution of 16.0 mL of Ph-
Si(OEt); and 64.0 mL of CHCIs. The slurry was refluxed at
35 °C in nitrogen (N,) atmosphere for 10 h. The resulting
product was recovered by filtration, washed with CHCl; and
CH,Cl, respectively four times in order to remove the remain-
ing Ph-Si(OEt);, and dried at 60 °C in vacuo for 10 h.

(4) Synthesis of Ph-MCM-41 without template (named as
DPh-MCM-41). Into a 100 mL round-bottom flask, 0.2179 g
of Ph-MCM-41 was mixed with 0.31 mL of concentrated HCI
and 18.0 mL of CH;CH,OH (corresponding to 0.20 mol L™!
HCI). The mixture was refluxed at 80 °C for 12 h. The resulting
product was recovered by filtration, washed with CH;CH,OH
four times, and dried at 60 °C in vacuo for 10 h.

Scheme 1 Schematic diagram of incorporation of lanthanide complex into the channels of functionalized mesoporous material MCM-41 with

L = phen, the charge in Euphen was omitted for simplification.
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(5) Synthesis of functionalized MCM-41 containing Euphen
inside the channels (designated as Euphen-Ph-MCM-41). 0.7339
g (1.11 mmol) of Euphen was added to 0.3416 g of Ph-MCM-
41 in 16.0 mL of CH3;OH. The mixture was stirred at room
temperature for 10 h. The resulting product was filtered,
washed with CH3OH four times, and dried at 60 °C in vacuo
for 10 h.

Characterization

The powder X-Ray diffraction (XRD) patterns were recorded
in the 20 range of 0.50 to 10.0° with a Rigaku-D/Max 2500
diffractometer using Cu Ko radiation (1 = 1.5418 A) at 40 kV
and 200 mA.

Fourier transform infrared spectra (FT-IR) were measured
with a Bruker Vertex 70 spectrophotometer within the wave-
number range 4000-400 cm ™' using KBr pressed pellet tech-
nique.

Solid-state 2°Si magic-angle spinning (MAS) NMR spectra
were recorded at 79.46 MHz using a Bruker Avance 400
spectrometer. The chemical shifts were quoted in ppm from
tetramethylsilane (TMS).

N, adsorption—desorption isotherms were measured at li-
quid nitrogen temperature (77 K) using a Nova 1000 analyzer.
Samples were degassed at 120 °C overnight before measure-
ments. Specific surface areas were calculated using the Bru-
nauer—-Emmett-Teller (BET) model and pore size distributions
were evaluated from the desorption branches of the nitrogen
isotherms using the Barrett-Joyner—Halenda (BJH) model.
Pore volumes were estimated at a relative pressure of 0.98
(P/Py), assuming full surface saturation with nitrogen.

Diffuse reflection UV-Visible (DR UV-Vis) spectra were
acquired from Hitachi F-4100 with tungsten and deuterium
lamps.

The content of Eu®" in samples was carried out using ICP-
AES method on a TJA POEMS ICP atomic emission spectro-
meter.

TG analysis was performed on an SDT 2960 analyzer
(Shimadzu, Japan) from 40 to 800 °C at a heating speed of
10 °C per min under air atmosphere.

The excitation and emission spectra were carried out at room
temperature with a Hitachi F-4500 spectrophotometer
equipped with a 150 W Xenon lamp as the excitation source.
Luminescence lifetimes were measured with a Lecroy Wave
Runner 6100 digital oscilloscope (1 GHz) using laser radiation
(pulse width = 4 ns) as the excitation source (Continuum
Sunlite OPO).

Results and discussion

XRD patterns

The XRD patterns for the as-synthesized MCM-41, Ph-MCM-
41 and Euphen-Ph-MCM-41 are shown in Fig. 1. The patterns
for as-synthesized MCM-41 and Ph-MCM-41 display four
well-defined peaks in the 20 range of 2-6° with d spacings of
ca. 40, 24, 20 and 15 A. The well-resolved peaks with the
d-value ratio of 1:1/\/3:1/2:1/,/7 can be indexed as (100),
(110), (200) and (210) reflections of a highly ordered hexagonal
mesostructure, respectively.?® The pattern for Euphen-
Ph-MCM-41 presents three well-resolved peaks with d spacings
of 41, 24 and 20 A, which are similarly indexed as (100), (110)
and (200) reflections of hexagonal mesostructure. However, the
peak intensity for Euphen-Ph-MCM-41 in XRD pattern de-
creases after Euphen was incorporated into the channels of Ph-
MCM-41. The decrease of peak intensity and nearly disap-
pearance of the reflection (210) in the XRD pattern of Euphen-
Ph-MCM-41 suggest that the guest ions in the channels
distribute randomly, which would reduce the periodicity, and
that the mesoporous structure partially collapses after ion

View Article Online
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Fig. 1 XRD patterns for as-synthesized MCM-41 (a), Ph-MCM-41

(b) and Euphen-Ph-MCM-41 (c).

exchange of the template by the Euphen complex ions, which
is probably caused by the high content of lanthanide complex
through formation of macropores in the solid. Compared to
the modified MCM-41, all peaks shifted slightly to higher
angles when the surfactant molecules were exchanged by the
Euphen complex ions. A similar phenomenon has also been
observed in other work.®* This is probably because the
siloxane polycondensation was not complete, which led to a
contraction of the silicious network during the ion exchange
process. The hexagonal unit cell parameter, g, (the internal
pore diameter plus one pore wall thickness) can be calculated
according to the formula ay = 2d|00/\/3, where dg is obtained
from 20 angle of the first reflection peak in the XRD pattern by
Bragg’s equation: 2d;oo sin 0 = 4 (4 = 1.5418 A for the Cu Ka
line). The values of d;oy and a, for the materials at different
stages during the preparation process are listed in Table 1. As it
can be seen, the @y value for Euphen-Ph-MCM-41 is slightly
smaller than that of Ph-MCM-41 and larger than that of as-
synthesized MCM-41, the same result being published pre-
viously.?*

Nitrogen adsorption measurements

The N, adsorption—desorption isotherm and pore size distri-
bution for Euphen-Ph-MCM-41 (a) and DPh-MCM-41 (b) are
shown in Fig. 2. They all exhibit Type IV isotherms with H;-
type hysteresis loops at low relative pressure, which is related
to the capillary condensation of nitrogen within the pores. This
is characteristic of mesoporous materials according to the
TUPAC classification.** From the two branches of adsorp-
tion—desorption isotherms, the presence of a sharp adsorption
step in the P/P, region 0.2 to 0.4 shows that all solids possess a
well-defined array of regular mesopores. The specific area and
the pore size are calculated by the BET method and BJH
model, respectively. Samples display a narrow pore size dis-
tribution. The values of estimated pore size (PS), pore volume
(PV) and BET surface area (SA) are also summarized in Table
1. It can be clearly seen that the SA, PV and PS decrease from
1262m’ g7 !, 1.36 cm® g 7! and 27.9 A for template-free sample
DPh-MCM-41 to 1027 m® g ', 1.02 cm® g~ and 25.6 A
for Euphen-Ph-MCM-41, respectively. This is simply due
to the presence of the organic complex in the channels of
Ph-MCM-41, as was also observed in the literature.®>

Solid-state >°Si MAS NMR spectra

The solid-state °Si MAS NMR spectra for the as-synthesized
MCM-41 and Ph-MCM-41 are shown in Fig. 3. The spectrum
for the as-synthesized MCM-41 mesoporous solid reveals three
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Table 1 Structural parameters of as-synthesized MCM-41, Ph-MCM-41, Euphen-Ph-MCM-41 and DPh-MCM-41

Samples dm()/z& ao"/A PS[’/A PV/em® g7! SA/m? g~!
MCM-41 39.6 45.7

Ph-MCM-41 42.1 48.6

Euphen-Ph-MCM-41 40.9 47.2 25.6 1.02 1027
DPh-MCM-41 42.6 49.1 27.9 1.36 1262

¢ Calculated using the equation ay = 261100/\/3 b Pore size distribution by desorption branch (BJH).

signals at —110.9, —100.9 and —92.7 ppm, corresponding to
(=Si0),Si (Q* siloxane), (=Si0);SiOH (Q3, single silanol) and
(=Si0),Si(OH), (Q? geminal silanol) environments of silicon
atoms, respectively.>® For the spectrum of Ph-MCM-41, the
very strong resonances at —110.6 and —101.2 ppm represent
silicon atoms in positions Q* and Q?, respectively, while the
very weak shoulder appearing at around —96 ppm is assigned
to Q. The resonance at ca. —70 ppm in the spectrum of Ph-
MCM-41 is due to the organosiloxane atom (=Si0);SiR (T?).
The appearance of T> functionalities indicates the existence of
a covalent linkage between the organic group and the silica
surface. In order to study in detail the as-synthesized and Ph-
Si(OEt)s-functionalized MCM-41, the spectral deconvolutions
are carried out using the ORIGIN® package. The relative
concentrations (integrate areas) of all silicon sites are obtained
from the deconvolution results. The ratio of 0* + 0Q° to 0*
(0% + 0%)/0% indicates the degree of polycondensation. The
external surface coverage (ESC) by organic moieties can be
estimated from ESC = S.7/5.0 = T3/(Q* + Q° + ot + 17 +
T%), which can allow the quantitative assessment of the mod-
ification degree of the organic moiety.>” The chemical shifts,
relative concentration, the value of (Q> + 0°)/Q* ratio and
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Fig. 2 Nitrogen adsorption—desorption isotherms of Euphen-Ph-
MCM-41 (a) and DPh-MCM-41 (b). The corresponding BJH pore
distributions are shown in the insets.
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ESC are summarized in Table 2. As expected, the modification
process results in the decrease of the intensities 0> and Q> and
the increase of the intensity of Q% i.e. the relative concentra-
tion of Q* increases by 10.5% from MCM-41 to Ph-MCM-41,
indicating that some silanols still continue to condense during
the modification process, which is well in agreement with the
result obtained from XRD patterns. The relative lower value of
ESC is due to the fact that the modification reaction took place
only on the external surface whereas the inner surface was
protected by the surfactant from reaction with Ph-Si(OEt)s.

FT-IR spectra

The FT-IR spectra of as-synthesized MCM-41, Ph-MCM-41
and Euphen-Ph-MCM-41 are shown in Fig. 4. The evident
peaks appearing at 2958 cm ™' and 2854 cm ! are due to the
asymmetric stretching vibrations of -CH3 and —CH, aliphatic
moieties of the surfactant cations,>® while the broad bands
centered at ca. 1480 cm ™! are arising from —CH5 deformation
and —CH, scissoring vibrations. These absorption bands have
totally disappeared upon template-ion exchange reaction with
Euphen complex ions, indicating that the template removal
and incorporation of lanthanide complex ions inside the
channels of the mesoporous materials occur simultaneously.
The broad band peaking around 3390 cm™' corresponds to
mainly water molecules adsorbed onto or maybe inside chan-
nels; its intensity for Euphen-Ph-MCM-41 is particularly large,
which indicates that some water molecules still exist in Euphen-
Ph-MCM-41 even after heat treatment at 393 K, since they are
adsorbed and rapidly coordinated to Eu** ions in air. Bands at
ca. 1068 cm ™! and 1232 cm ™! for as-synthesized MCM-41 and
Ph-MCM-41 are assigned to the asymmetric Si—O-Si stretch-
ing vibrations and around 800 cm ™' allocated to symmetric Si—
O-Si stretching vibrations. The former band undergoes a blue
shift from 1068 to 1080 cm~' for Euphen-Ph-MCM-41, sug-
gesting the change of microchemical circumstance of silicon
atoms. Moreover, the latter becomes less obvious and almost

QS Q4

Ph-MCM-41

T T T 1
0 -50 -100 -150

ppm

Fig. 3 Solid-state *’Si MAS NMR spectra for as-synthesized MCM-
41 and Ph-MCM-41.
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Table 2 Chemical shifts, relative concentrations (RC) of 7™ and Q" groups, (Q* + 0°)/0* ratios and ESC for MCM-41 and Ph-MCM-41

Chemical shifts/ppm (RC/%)

Samples T T 0? 0’ o* (Q* + 0H/0* ESC?
MCM-41 —92.7/12.5 —100.9/43.3 —110.9/44.2 1.26
Ph-MCM-41 —69.4/6.1 —96.2/9.7 —101.2/29.5 —110.6/54.7 0.72 6.1

“ Calculated using by the equation ESC = S_7/3.0 = T3/(Q* + 0° + 0* + T* + T°).

forms a wide band with the ca. 1068 cm™' band after incor-
poration of Euphen in the channels. Bands at ca. 460 cm ™! are
attributed to Si—O-—Si symmetric bending vibrations. The
band at 965 cm ™' is associated with silanol (Si-OH) stretching
vibrations. In order to study the degree of modification,
deconvolutions are calculated from 1290 cm™' to 870 cm™
for as-synthesized MCM-41 and Ph-MCM-41, and the relative
intensities of Si—O-Si and Si-OH can be acquired from the
deconvolution results. The intensity ratio of Si—-OH to Si—O-Si
decreases nearly by 50 percent from 0.12 for MCM-41 to 0.056
for Ph-MCM-41, which is similar to the result of (0> + 0%)/0*
value change from MCM-41 to Ph-MCM-41 in solid-state 2°Si
MAS NMR spectra, suggesting that some remaining silanols
still polycondense during the functionalization process. The
absorption bands corresponding to Euphen were not clearly
shown in the spectrum, perhaps because of the lower concen-
tration of Euphen in the hybrid material or the shielding of
Euphen vibrations by the surrounding host. A similar phenom-
enon was also observed in other work.?*

Thermal stability

Thermogravimetric analyses of pure complex Euphen and
Euphen-Ph-MCM-41 samples were carried out in air from 40
to 800 °C. These are shown in Fig. 5, including the weight loss
(TGA) and derivative weight loss (DrTGA) curves. Euphen-
Ph-MCM-41 sample exhibits a weight loss of about 4.4%
below 175 °C due to the desorption of adsorbed water or other
solvent on the material surface. This is followed by a weight
loss of ca. 11.8% between 175 and 430 °C, corresponding to the
decomposition of the organic components of the mesoporous
pore wall material.*® At higher temperature (500-650 °C), a
weight loss of about 13.0% is observed, which results from the
organic decomposition of Euphen complex in the channels of
the modified MCM-41. However, for the weight loss curve of
the pure complex Euphen, the dominant decomposition of
organic ligands occurs in the temperature region of 290 to
520 °C, which can be seen more obviously from DrTGA curve,
indicating that the stability of the template-ion exchanged
product has been improved compared to the corresponding
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Fig. 4 FT-IR spectra of as-synthesized MCM-41 (a), Ph-MCM-41
(b), and Euphen-Ph-MCM-41 (c).

pure complex. In addition, compared to the analogous lumi-
nescent hybrids obtained by covalently grafting europium
complex to the silica network, this hybrid material seems to
show higher stability.??

DR UV-Vis absorption spectra

Fig. 6 shows the DR UV-Vis absorption spectra for the pure
complex Euphen and the template-ion exchanged product
Euphen-Ph-MCM-41. The two curves exhibit a broad band
from 200 to 400 nm. The spectrum of the pure complex Euphen
displays the maximum peak at 330 nm with a shoulder located
at around 268 nm, while the spectrum of Euphen-Ph-MCM-41
presents a maximum peak at 304 nm together with the same
shoulder at ca. 268 nm. These almost completely overlapped
absorption bands could be assigned to n — ©*(S;) and n(So) —
n*(S;) transitions of the phen ring. It should be noted that
there are also some weaker peaks at 395, 465 and 535 nm
appearing in the spectrum of Euphen, which are due to the
excitation transitions 'Fy — °Lg, 'Fy — °D, and 'Fy — °Dy,
respectively. Due to the weaker intensity of 'Fy — °Ds, it can
be conjectured that this peak was masked by the noise. This
result is well in agreement with the result from the photolumi-
nescence excitation spectra, and will be discussed later. The
adsorption band of Euphen-Ph-MCM-41 shows a blue shift
compared to that of Euphen, implying that the S; state shifts to
a higher energy state. A parallel phenomenon was attained by
other previous reports,** the reason for which is probably due
to the hypsochromic effect resulting from the polar change of
the surrounding environment after the Euphen complex was
incorporated into the pore channels of the modified MCM-41.

Photoluminescence characterization

The excitation and emission spectra for the pure complex
Euphen and Euphen-Ph-MCM-41 are presented in Fig. 7.
The excitation spectra at room temperature were obtained by
monitoring the most intense emission wavelength of Eu*" ions
at 613 nm. For both excitation spectra, broad bands are
exhibited ranging from 200 to 400 nm and attributed to
electronic transitions from the ground state level (7)S, to the
excited level (1*)S; of the organic ligand phen. The excitation

100 0.5

Weight (%)

Derivative Weight (% min'l)

20

T T T T T T
200 400 600 800
Temperature / °C

Fig. 5 TGA and derivative TG curves of Euphen (a and a’, respec-
tively) and Euphen-Ph-MCM-41 (b and b/, respectively).
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Fig. 6 DR UV-Vis spectra for Euphen and for Euphen-Ph-MCM-41.

spectrum for Euphen displays a distinct band at 336 nm and a
shoulder located at around 275 nm, while the excitation
spectrum for Euphen-Ph-MCM-41 presents the maximum
band at ca. 280 nm. In addition, for Euphen, the excitation
spectrum also shows some weak sharp peaks at 398 and 468
nm, respectively, assigned to 'Fy — °Lg and 'Fy — °D, within
the measurement range, which are characteristic of absorption
line of Eu®* ions, while the weak line near 420 nm probably
corresponds to the F, > D; excitation band. However, these
small sharp peaks almost vanish in Euphen-Ph-MCM-41 ex-
citation spectrum. The emission spectra were obtained by
irradiation of samples using the maximum excitation wave-
lengths 334 nm and 295 nm for Euphen and Euphen-Ph-
MCM-41, respectively. They all exhibit the characteristic emis-
sion bands at ca. 579, 592, 613, 650 and 698 nm corresponding
to °Dy — 'F; (J = 0-4), respectively, with the Dy — F,
emission as the dominant band, so-called “‘europium red”
luminescence. From the emission spectrum of Euphen, besides
D, — ’F; transitions, two weak bands at 535 and 555 nm are
also observed, which are tentatively assigned to the transitions
D, - F, and °D; — ’F,, respectively. These two peaks
decrease greatly and become very weak in Euphen-Ph-MCM-
41 emission spectrum, indicating a more efficient non-radiative
relaxation to the Dy level when the complex was incorporated
in MCM-41 framework.

The Dy — ’F, transition is a typical electric dipole transi-
tion and strongly varies with the local symmetry of Eu®" ions,

2
Ex Em
5 7
a Do_' FJ
=1
<
<
2
2z
[
E
1
J=0 3 4
T T T T T T v T T 1
200 300 400 500 600 700

Wavelength / nm

Fig. 7 Excitation and emission spectra for Euphen (a) and for
Euphen-Ph-MCM-41 (b) at room temperature.
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while the °Dy — F; transition corresponds to a parity-allowed
magnetic dipole transition, which is practically independent of
the host material. Therefore, the intensity ratio (R) of D, —
"F, to Dy — 'F, is sensitive to the symmetry around Eu®*
ions and gives valuable information about environment
change.** When the R value is higher, the Eu®" ions occupy
sites of lower symmetry without inversion center (more asym-
metric local environment). However, this ratio is also influ-
enced by other factors like the polarizability of the ligands.*!
The values found decrease from 4.6 for Euphen to 3.4 for
Euphen-Ph-MCM-41. This fact suggests that the local symme-
try changed as the complex was incorporated into the channels
of MCM-41 and indicates a more symmetric environment
occupied by the Eu®* ions in Euphen-Ph-MCM-41 than in
Euphen, probably due to the effect of confinement. Compared
to the pure complex, the emission lines for Euphen-Ph-MCM-
41 are wider. This is probably because the local environment of
Eu®" ions was changed. The different coordination environ-
ments of the central Eu’" ions due to their unsaturated
coordination number lead to the wider emission lines of
Euphen-Ph-MCM-41. A similar result has been obtained
before.*?

The luminescence decay curves of Eu®" ions related to the
>Dy — 'F, emission are shown in Fig. 8. The decay curves for
both Euphen-Ph-MCM-41 and the corresponding pure com-
plex Euphen are singly exponential, confirming that all Eu®*
ions lie in the same average environment. The luminescence
lifetime was determined to be 0.52 ms and 0.38 ms for Euphen-
Ph-MCM-41 and Euphen, respectively. The longer lifetime of
Eu’" ions in Euphen-Ph-MCM-41 in comparison with that of
Euphen suggests that there is another surrounding for the Eu®*
ions, which corresponds to the R value modification. This also
corresponds to the decrease in the amount of water near the
Eu®" ions.

In order to further discuss these features, the lanthanide
luminescence quantum efficiency ¢ and the number of water
molecules n,, coordinated to the Eu®" ions in the Euphen-Ph-
MCM-41 and Euphen were calculated. The quantum efficiency
q is defined by the competition between k,,, and k. processes:

kr
=— 1
Ay (1)
where k, and k,, denote the radiative and non-radiative prob-
ability constants, respectively.
According to Horrocks,* n,, can be estimated from the
experimental decay time by the empirical formula:

Ny = 1.1(kexp— ke — 0.31) 2)
a
=
<
>
é
E b
T T T T T T
0.5 1.0 1.5 2.0
Time / ms

Fig. 8 °D, fluorescence decay curves of Euphen (a) and Euphen-Ph-
MCM-41 (b) at room temperature.
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Table 3 Experimental (k.,) and calculated radiative (k,) and non-
radiative (k) Do decay rates (ms™!), decay time (r, ms), quantum
efficiency (¢ ) and number of water molecules coordinated to Eu** ions

(nw)

Samples Euphen-Ph-MCM-41 Euphen
7/ms 0.52 0.38
Kexp/ms ™' 1.92 2.63
ky/ms™! 0.41 0.19
kpy/ms ™! 1.51 2.44
q/% 21 7
1/ £0.1 13 23
kcxp = T;clp = kr + knr (3)

The radiative contribution, k,, can be calculated from the
relative intensities of the Dy — 'Fy (J = 0-4) transitions,
and it can be expressed as:**

4
ke = (Ao-1Eo-1/So-1) Z (So-3/Eo-y) (4)
ey

J

where A4, is Einstein’s coefficient of spontaneous emission
between Dy and F; levels, and E, j and So j are the energy
and the integrated intensity of the D, — ’F; transitions,
respectively. Since the Dy — 'F; transition does not depend
on the local ligand field, it can be used as a reference for the
whole spectrum. Since in vacuo, (Ay1)vac = 14.65 s71,% if an
average index of refraction n equal to 1.5 was considered, the
value of Ay = °A(y_1)vac & 50 57144 Using eqn (1)~(4), the
parameters k., k.., ¢ and n,, can be obtained, as reported in
Table 3. The lower number of water molecules in Euphen-Ph-
MCM-41 than in Euphen indicates an alteration of the Eu()
first coordination shell occurring when Euphen was incorpo-
rated into MCM-41 framework, which is in agreement with the
results obtained from the R values. In the meanwhile, the
decrease of the non-radiative transition probability k. (around
38%) in Euphen-Ph-MCM-41 results in a longer Eu®" lifetime.
The decrease of k,, together with the increase of k, (around
54%) in Euphen-Ph-MCM-41 results in an increase of ¢ by ca.
66%, suggesting that there is a more efficient intramolecular
energy transfer process (from ligand-to-Eu(1n)) in Euphen-Ph-
MCM-41 than in Euphen.

The Eu** content was determined to be 74 mg g~ !, corre-
sponding to 2.9 mol% of complex Euphen in the hybrid
material Euphen-Ph-MCM-41. On the other hand, the
Dy — ’F, emission intensity in Euphen-Ph-MCM-41 is
ca. 0.28 of the pure complex Euphen obtained from the
deconvolution results, which indicates that the luminescence
intensity per Euphen molecule in Euphen-Ph-MCM-41 was
enhanced after it was incorporated into the mesoporous
channels although perhaps some pure complex molecules were
adsorbed on the matrix.

Conclusions

The lanthanide complex Euphen was incorporated into meso-
porous material Ph-Si(OEt);-modified MCM-41 through a
template-ion exchange method. The preparation process in-
volves two steps: the passivation of silanol groups on the
external surface of as-synthesized MCM-41 with Ph-Si(OEt);
and ion-exchange of template by Euphen complex ions. The
cationic surfactants removal is confirmed by FT-IR. The
resultant hybrid material exhibits the characteristic emission
of Eu®" ions under UV irradiation with higher °Dj, lumines-
cence quantum efficiency, longer lifetime and better thermal
stability than the corresponding pure complex. Moreover,
there is a more efficient ligand-to-Eu(m) intramolecular energy
transfer process in Euphen-Ph-MCM-41. The present method

View Article Online

provides a convenient approach for preparation of lumines-
cence hybrid materials containing lanthanide complex with
tailored surface properties.
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