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Lanthanide complex-incorporated periodic
mesoporous organosilica hanospheres with
tunable photoluminescencer

Ning Yuan,? Yucang Liang,*® Egil Severin Erichsen® and Reiner Anwander*?

A series of nanoscale periodic mesoporous organosilica spheres (PMOSs) have been synthesized via the
co-condensation of N,N-bis(trimethoxysilylpropyl)-2,6-pyridine dicarboxamide (DPA-Si) and tetraethyl
orthosilicate (TEOS) in the presence of the surfactant hexadecyltrimethylammonium bromide (CTAB)
under alkaline conditions. All PMOSs were characterized by FT-IR and solid state **C and 2°Si MAS NMR
spectroscopy, powder X-ray diffraction (PXRD) as well as nitrogen physisorption, confirming the
successful incorporation of the bridging functional organic DPA moieties and the formation of ordered
mesostructures. Scanning electron microscopy (SEM) and transmission electron microscopy (TEM)
revealed a spherical morphology (diameter ca. 70 nm) and ordered structures of the PMOSs.
Incorporation of Eu(n) or Tbh(m) ions into the PMOS frameworks by coordination to the DPA “ligands”
generated lanthanide-hybrid PMOS with tunable photoluminescent properties that could make them
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Introduction

Periodic mesoporous silicas (PMSs) have emerged as intriguing
(host) materials due to their high specific surface area, uniform
pore diameter, large pore volume, various topologies, and
controlled morphologies.’ Geared to the seminal discovery of
such purely siliceous PMSs, materials scientists and chemists
alike have put tremendous efforts into developing respective
materials carrying functional groups.*® As a result PMS post-
treatment and co-condensation of tetraethyl orthosilicate
(TEOS) with functional organosilane molecules as well as other
approaches accomplished (metal)organogroup-functionalized
inorganic-organic hybrid materials,>”** which have been
widely applied in heterogeneous catalysis,"**> drug delivery,"*"*
biomedical imaging,'>'® adsorption,"” and sensing.'* The
synthesis methods, comprising simple doping and immobili-
zation protocols, are categorized according to the interactions
between the (metal)organic components and silica host.*
Hybrid materials fabricated by the former approach often suffer
from leakage of the (metal)organic functional groups, due to
their weak interactions with the host, such as electrostatic
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promising candidates for applications in optical devices.

forces and hydrogen bonding.*"** By contrast, the introduction
of (metal)organic components via covalent attachment using
grafting as well as co-condensation (one-pot synthesis)
approaches successfully impeded any leaching issues. In the
small mesopore regime, however, the “dangling” (protruding)
functionalities often led to restricted pore access (pore blocking
phenomena).”

Deliberate choice of bridged organosilanes as silica source
can subtly counteract such pore blocking and has established a
new class of periodic mesoporous silica, so-called periodic
mesoporous organosilicas (PMOs).>*?* Every silicon atom in
PMO materials is connected to three oxygen atoms and one
carbon atom of a bridging organic moiety. The organic func-
tionality now acts as an integral part of the framework showing
a regular and uniform distribution. Controlling the functional
groups of such hybrid materials is beneficial to their applica-
tions in optical devices*® and catalytic performance.”” At
present, a variety of organosilane derivatives, ranging from
simple organic bridges to complicated functional groups, have
been embedded within PMOs,>?° displaying potential for
applications in optics, adsorption and separation, and catal-
ysis.**** Terminal or bridged pyridine derivative-based PMOs
have been assessed only recently due to their strong coordina-
tion ability with metal ions and emerging fluorescent
properties.**°

Lanthanide complexes display excellent candidates for light-
emitting applications because of their large Stokes shift,
narrow-band emission, and high emission intensity.**** The
most popular ions are trivalent europium and terbium due to
their sizable energy gap, which makes them ideally suited for

This journal is © The Royal Society of Chemistry 2015
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visible light emitting. Over the past decades, numerous Eu(im)
and Tb(umr) coordination compounds with strong luminescence
have been designed and synthesized by employing ligands with
aromatic chromophores to light up the central lanthanide ions
through the well-known “antenna effect”.*>** From the view-
point of practical applications, luminescent lanthanide(m)
complexes have been incorporated into tailor-made inorganic
or organic solid hosts which can significantly improve their
chemical and thermal stability.****** Particularly, sol-gel-
derived mesoporous silica materials are popular candidates to
be loaded with lanthanide complexes via simple doping or
chemical immobilization. However, most reported lanthanide
complex-incorporated hybrid silica materials prepared by
grafting and co-condensation approaches were either amor-
phous or without any regular morphology and uniform particle
size.

Recently, bridged 1,10-phenanthroline and 2,2-bipyridine-
functionalized PMO materials were reported for chelation of
lanthanide ions/complexes (Chart 1).***** The one-pot
synthesis employing lanthanide complex and organosilane
molecule in the presence of a structure-directing agent made all
lanthanide complexes integrate into the silica framework or
onto the surface of the pore walls. On the other hand, post-
synthesis impregnation can be used to coordinate lanthanide
ions to the functional organic moiety of the hybrid mesoporous
materials affording stable lanthanide-modified luminescent
materials that retain the ordered mesostructure and shape of
the parent material. Hence, the synthesis of long-range-ordered
mesoporous parent materials with uniform shape and size is
crucial. Up to now, lanthanide complex-integrated hybrid PMOs
with regular morphology and a particle size <100 nm are still
very rare.”® Moreover, functional organosilica precursors
capable of efficiently coordinating Ln(u) centers are not
commercially available. Herein, used N,N-
bis(trimethoxysilylpropyl)-2,6-pyridine dicarboxamide (DPA-Si)
and TEOS to fabricate functional nanosized PMOSs in the
presence of hexadecyltrimethylammonium bromide (CTAB)
under basic conditions. Coordination of lanthanide ions
(Eu(m), Tb(m)) by donor atoms of the functional organic moiety
of the hybrid mesoporous organosilica generated hybrid PMOSs
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Chart1 Representative bridged organosilane precursors for chelation
of lanthanide ions/complexes reported in the literature.383%4°
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with tunable photoluminescence (Scheme 1). The obtained
hybrid materials were fully characterized and their optical
properties were investigated in detail.

Experimental section
Materials and measurements

All reagents, dipicolinic acid, (3-aminopropyl) trimethoxysilane,
EuCl;-6H,0 and TbCl;-6H,0 from Alfa Aesar, CTAB, sodium
hydroxide, concentrated HCI (37%), TEOS and ethanol from
Sigma Aldrich, pyridine from TCI and thionyl chloride from
Merck, were used as received. Diethyl ether was purified by
using Grubbs columns (MBraun SPS, solvent purification
system) before use.

Powder X-ray diffraction (PXRD) patterns were obtained
using a Bruker D8 ADVANCE instrument in the step/scan mode
(step width = 0.00825; accumulation time = 2 s per step; range
(26) = 0.50-10.00°) using monochromatic Cu-K,, radiation (1 =
1.5406 A). '"H NMR spectra were recorded at 25 °C in CDCl,
solution on a Bruker-ADVANCE-DMX400 (5 mm BB, "H: 400.13
MHz), and '"H chemical shifts were referenced to internal
solvent resonances and reported in parts per million relative to
TMS. >C CP MAS NMR spectra were recorded at ambient
temperature with a Bruker 200 MHz Ultrashield Plus instru-
ment (4.7 T) equipped with CP magic-angle-spinning (MAS)
hardware and using ZrO, rotors with a diameter of 4 mm; **C
chemical shifts were referenced to glycine (**C: 50.288 ppm).
9Si MAS NMR spectra were obtained at ambient temperature
on a Bruker ASX 300 instrument equipped with MAS hardware
and using a ZrO, rotor with an inside diameter of 7 mm. IR
spectra were recorded on a NICOLET 6700 FTIR spectrometer
using a DRIFT chamber with KBr/sample mixtures. Nitrogen
physisorption was carried out on an ASAP 2020 volumetric
adsorption apparatus (Micromeritics) at 77.4 K [a,(N,, 77 K) =
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Scheme 1 Schematic diagram showing the preparation of lanthanide
complex-incorporated luminescent PMOSs. A representative coordi-
nation of the Ln(in) centres is shown comprising DPA moieties, chloride
ions and water as ligands. The grey, red, green and yellow porous
spheres represent DPA-PMOS, Eu-DPA-PMOS, Tb-DPA-PMOS, and
Eu/Tb-DPA-PMOS respectively. Ln = Eu or Tb, DPA = 2,6-pyridine
dicarboxamide.
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0.162 nm?). All samples were degassed at an expected temper-
ature under a vacuum <10~ Torr for 6 h prior to measurement.
The Brunauer-Emmett-Teller (BET) and Barrett-Joyner—
Halenda (BJH) methods were used to determine the specific
surface areas and the pore size distributions of the samples,
respectively. The excitation and emission spectra were recorded
in Hellma® fluorescence quartz cuvette in ethanol at ambient
temperature on a Varian Cary Eclipse Fluorescence Spectro-
photometer. Scanning electron microscopy (SEM) was con-
ducted on a JEOL JSM-5900LV microscope operated at an
accelerating voltage of 15 kV. Transmission electron microscopy
(TEM) observations were obtained using a JEOL JEM2010
operated at 160 kV. The lanthanide contents were measured via
the inductively coupled plasma mass spectrometry (ICP-MS)
method by WESSLING GmbH. Thermogravimetric analysis
(TGA) measurements were performed on a Netzsch STA 449F3
instrument equipped with a quartz crucible at a heating rate of
2 K min~" under Ar/O,/Ar atmosphere.

Synthesis of pyridine 2,6-dicarbonyl chloride

Pre-dried dipicolinic acid (5.014 g, 30 mmol) and thionyl
chloride (50 ml, 688 mmol, 23 equiv.) were placed into an oven-
dried round-bottom Schlenk flask and refluxed for 15 h under
argon. After the reaction mixture had cooled to ambient
temperature, unreacted thionyl chloride was distilled off under
reduced pressure. The solid residue was further dried in a
vacuum oven overnight to yield pyridine 2,6-dicarbonyl chloride
as a white powder (5.6 g, 92%). "H NMR (CDCl;, 400 MHz):
8.37 (d, 2H, Ar-H), 8.16 (t, 1H, Ar-H).

Synthesis of N,N-bis(trimethoxysilylpropyl)-2,6-pyridine
dicarboxamide (DPA-Si)

This organobridged silane precursor was synthesized according
to a slightly modified literature procedure.’®** Briefly, pyridine
2,6-dicarbonyl chloride (5.030 g, 24.6 mmol) was dissolved in dry
diethyl ether (180 ml) in a round-bottom flask, and a mixture of
(3-aminopropyl) trimethoxysilane (8.841 g, 49.3 mmol) and
pyridine (4.291 g, 54.2 mmol) in dry diethyl ether (70 ml) was
then added dropwise under argon. After having stirred at
ambient temperature for 4 h, the reaction solution was filtered.
The diethyl ether and pyridine were removed by rotary evapo-
ration. N,N-Bis(trimethoxysilylpropyl)-2,6-pyridine  dicarbox-
amide (DPA-Si) was obtained as a yellow oil in 65% yield (8 g,
16 mmol). "H NMR (CDCl;, 400 MHz): 8.34 (d, 2H, Ar-H), 8.13
(bs, 2H, NH), 8.01 (t, 1H, Ar-H), 3.57 (s, 18H, CH,Si), 3.50 (t, 4H,
CH,NH), 1.80 (m, 4H, CH,CH,CHy,), 0.75 (t, 4H, CH,Si).

Synthesis of PMOSs

PMOSs were synthesized by co-condensation of DPA-Si and
TEOS using CTAB as a template and catalytic amounts of
sodium hydroxide. In a typical procedure, CTAB (600 mg, 1.646
mmol) was stirred into a solution of water (288 g, 16 mol) and
sodium hydroxide aqueous solution (2 M, 2.1 ml, 4.2 mmol).
After having stirred at 80 °C for 30 min, a mixture of DPA-Si (66
mg, 0.1348 mmol) and TEOS (2.771 g, 13.30 mmol) in ethanol (1
ml) was added dropwise under vigorous stirring. The final
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suspension was continuously stirred at 80 °C for 2 h. A white
powder was recovered by filtration (using several layers of
filtration paper, 2-4 um mesh), washed with water and ethanol
twice, and dried in air. The surfactant was removed by solvent-
extraction. The detailed procedure is as follows: as-synthesized
material (ca. 1 ) was stirred into a solution of ethanol (200 ml)
and concentrated hydrochloric acid (0.4 ml) at 65 °C for 4 h.
This process was repeated twice to completely remove all
surfactant. The obtained product was denoted as DPA-PMOS-1,
for which the molar ratio of DPA-Si to TEOS was 1:99. By
varying this ratio to either 2 : 98,5 : 95 or 8 : 92, a series of DPA-
PMOS materials denoted as DPA-PMOS-2, DPA-PMOS-3, and
DPA-PMOS-4, were obtained, respectively. DRIFT (KBr, cm ™ ):
3340 (vo.n), 2980 and 2936 W (Vasc.n), 1667 (Vc—o), 1540
(Onmven), 1070-1200 (Vassi-o-si), 949 (Vassi-on), 798 and 455
(vo-si-o). Elemental analysis (wt%): C 8.20, H 2.46, N 1.11 for
DPA-PMOS-1, C 8.94, H2.94, N 1.46 for DPA-PMOS-2, C 15.38, H
3.07, N 3.01 for DPA-PMOS-3, and C 17.39, H 4.00, N 4.02 for
DPA-PMOS-4.

Synthesis of europium(m) or terbium(m)-incorporated
periodic mesoporous organosilica nanospheres

In a typical procedure, to 25 ml of an ethanolic solution of
EuCl;-6H,0 (198 mg), a fine powder of DPA-PMOS-3 (250 mg)
was added and stirred at 80 °C for 15 h. The product was
collected by filtration, washed with an excess of ethanol, and
dried in a vacuum oven to yield europium(m)-hybridized lumi-
nescent PMOS, Eu-DPA-PMOS-3. Employing TbCl;-6H,0
instead of EuCl;-6H,0 formed Tb-DPA-PMOS-3, whereas using
an equimolar mixture of TbCl;-6H,0 and EuCl;-6H,0 gave
Eu/Tb-DPA-PMOS-3. DRIFT (KBr, cm '): 3332 (vo_p), 2980 and
2939 W (Vascon)y 1653 (vc—o), 1540 (Onpven), 1070-1200
(Vas,si-o-si)y 953 (Vassi-on), 796 and 450 (vo_si-o). Elemental
analysis (wt%): C 15.66, H 2.94, N 2.99 for Eu-DPA-PMOS-3, C
15.71, H 3.17, N 2.99 for Th-DPA-PMOS-3, C 14.50, H 2.71, N
2.91 for Eu/Tb-DPA-PMOS-3. ICP-MS (wt%): Eu 2.0 for Eu-DPA-
PMOS-3, Tb 1.9 for Tb-DPA-PMOS-3 as well as Eu 0.89 and Tb
1.1 for Eu/Tb-DPA-PMOS-3.

Results and discussion

DPA-functionalized periodic mesoporous organosilica
spheres (DPA-PMOSSs)

The DPA-bridged bis(trimethoxysilane) (=DPA-Si) under
study was successfully synthesized according to slightly
modified literature procedures and characterized by "H NMR
and FTIR spectroscopy. DPA moieties are known to efficiently
coordinate rare-earth metal centres as proven by X-ray crys-
tallography.®®*® A series of DPA-Si derivatives was previously
used as ligands for lanthanide nitrate salts of Eu(u) and Gd(i)
to prepare lanthanide-hybridized amorphous organosilica
with luminescent properties.”® Moreover, hybrid materials
obtained from co-condensation of TEOS with a DPA-Si deriv-
ative and subsequent treatment with europium(m) nitrate
were examined for the fabrication of lanthanide-incorporated
silica films.”* These hybrid materials did not possess any

This journal is © The Royal Society of Chemistry 2015
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regular morphology but their long-range ordered structure
was emphasized. In the present study, nanostructured DPA-
functionalized PMOSs, denoted as DPA-PMOS-n, were
prepared in a controlled manner using different ratios of
TEOS and DPA-Si. The co-condensation was performed in the
presence of CTAB as a structure-directing agent under basic
conditions. The low angle PXRD patterns of the surfactant-free
materials clearly showed a strong diffraction peak at a 26 angle
of about 2° indexed as (100) reflection and a poorly resolved
broad peak at a 26 angle of around 4° (Fig. 1) indicating the
formation of a two-dimensionally ordered PMO of hexagonal
symmetry.*”*® With increasing amounts of DPA-Si the inten-
sity of the (100) reflection gradually decreased and the full
width at half maximum slightly became broader, suggesting a
lower long-range order of these materials.”® This can be
attributed to the relatively large molecular size of the DPA-Si
group, which affects the packing structure of the surfactant
micelles in the reaction mixture via charge (mis)matching
between surfactant CTAB and the functional inorganic silica
framework. For comparison, Table 1 summarizes slight vari-
ations of the d-spacings and unit cell parameters a, for all four
materials.

In order to monitor the morphology and further confirm the
ordered mesoporous structure SEM and TEM studies were
performed on DPA-PMOS-x. Representative SEM and TEM

Intensity (a.u.)

2 theta (deg)

Fig.1 Low-angle PXRD patterns of (a) DPA-PMOS-1, (b) DPA-PMOS-
2, (c) DPA-PMOS-3, and (d) DPA-PMOS-4.
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images of materials DPA-PMOS-2 and DPA-PMOS-3 are shown
in Fig. 2. For DPA-PMOS-2, uniform spheres with an average
particle size of 67 nm were observed as well as chain-like
aggregations of spheres (Fig. 2a). For DPA-PMOS-3 a similar
particle morphology was found (Fig. 2c). The TEM image of
DPA-PMOS-2 (Fig. 2b) clearly corroborates a long-range ordered
mesoporous structure, while material DPA-PMOS-3 with an
higher DPA-Si loading reveals a slightly decreased periodicity in
the mesoporous structure (Fig. 2d).

Moreover, incorporation of the functional DPA-Si moieties
into the PMOS framework was confirmed by FTIR spectroscopy
(Fig. 3). Characteristic stretching vibrations of the pure DPA-Si
molecular precursor at 3340 cm ' (vny), 1680 cm T’
(vc—o), 2975-2885 cm ™' (Vcuoaliphatc) and at 3070 cm™ '
(vcH,aromatic/pyridine) are known from literature.”®*® Hybrid
materials DPA-PMOS-x (x = 1, 2, 3 and 4) showed very similar IR
spectra (ESI, Fig. S11) and that of DPA-PMOS-3 is representa-
tively shown in Fig. 3b. The strong and broad band which
appeared at around 1070-1200 cm ™' can be attributed to the
asymmetric stretching vibrations of the Si-O-Si framework as
well as the stretching vibrations of Si-C bonds originating from
the hydrolysis and co-condensation of functional DPA-Si and
TEOS. The bands at 455 and 798 cm ™' are assigned to the
rocking and symmetric stretching vibrations of O-Si-O units,
respectively, at 949 cm ™" to the asymmetric stretching vibration
of the Si-OH group and in the range of around 3440-3740 cm ™"
to characteristic O-H stretching vibrations of silanol and/or
residual water molecules. While these findings confirm the
formation of siloxane bonds and hydrolysis of TEOS and DPA-Si
molecules, the characteristic absorption bands of C=0 (1667
em ') and 6(NH)-»(CN) moieties (1540 cm™')*° evidence intact
DPA functionalities. Note that a red shift of the C=0 vibration
(about 13 cm ') and the band at 1590 cm ' (pyridine ring)
further prove the successful incorporation of the DPA-Si
molecular unit. As expected, increasing amounts of the DPA-Si
molecular precursor in the original reaction mixture, led to
more intense absorption bands in the IR spectra of the hybrid
materials (Fig. S17).

Furthermore, the functional DPA-Si group in obtained
materials DPA-PMOS-x (x = 1, 2, 3, 4) can also be characterized
by solid-state **C and >°Si NMR spectroscopy. For example, the
3C CP MAS NMR spectrum of DPA-PMOS-3 shown in Fig. 4a

Table1 Lattice spacings, unit cell parameters and pore characteristics of DPA-PMOS-x (x =1, 2, 3, 4) and Ln-DPA-PMQOS-3 (Ln = Eu, Tb, Eu/Tb)

Sample d100"/mMm a,’/nm as per’/m® g Vpadtlem® gt dpad’/mm wynm
DPA-PMOS-1 4.32 4.98 977 1.16 2.4 2.58
DPA-PMOS-2 4.23 4.89 942 1.37 2.3 2.59
DPA-PMOS-3 4.21 4.87 921 1.32 2.2 2.67
DPA-PMOS-4 4.18 4.83 727 0.99 2.1 2.78
Eu-DPA-PMOS-3 3.93 4.54 870 1.21 2.2 2.34
Tb-DPA-PMOS-3 3.96 4.57 859 1.29 2.2 2.37
Eu/Tb-DPA-PMOS-3 3.96 4.57 861 1.22 2.2 2.37

“ Lattice spacings djo = 1.5406/(2 sin ). * Unit cell parameter a, = 2d,00/(3)"/. ¢ Specific BET surface area. ¢ Single point adsorption total pore
volume at relative pressure P/P, = 0.99. ¢ Pore diameter according to the maximum of BJH pore size distribution from adsorption branch.

f Pore wall thickness Wy = ag — dpad-

This journal is © The Royal Society of Chemistry 2015
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Fig. 2 Representative SEM (a and c¢) and TEM (b and d) images for
DPA-PMOS-2 (a and b) and DPA-PMOS-3 (c and d). All scale bars
represent 100 nm.

clearly displays nine well-resolved signals revealing complete
incorporation of DPA-Si molecular fragments without cleavage
and hydrolysis of the amide groups.*® The chemical shifts can be
assigned to the carbonyl group (6 = 166.4 ppm), the pyridine
ring (0 = 150.6, 140.1, and 126.2 ppm), the propyl group (6 =
44.0, 24.7, and 11.7 ppm) as well as residual/unhydrolyzed
ethoxyl groups of the TEOS precursor (6 = 59.6 and 18.1 ppm).

Solid-state *°Si MAS NMR spectroscopy is routinely used to
confirm the covalent linkage of bridging organic groups
within the hybrid materials and to assign the chemical

1654 cm
(e) :

1654 cm
A

1654 cm™
\
(c) '

Kubelka-Munk

1667 cm
A

(b)
(1680 cm”

(@)

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm)

Fig. 3 IR spectra of (a) precursor DPA-Si, (b) DPA-PMOS-3, (c)
Eu-DPA-PMOS-3, (d) Tb-DPA-PMQOS-3, and (e) Eu/Tb-DPA-PMOS-3.
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Fig. 4 (a) ¥*C and (b) 2°Si CP MAS NMR spectra of DPA-PMOS-3.

environment of the silicon atoms. As shown in Fig. 4b for the
*si CP MAS NMR spectrum, two different types of silicon
species corresponding to Q" (Q" = Si(OSi),(OH),_,, n = 2, 3
and 4) and T" (T" = CSi(0Si),(OH);_,, n = 2 and 3) are
observed, respectively. For the Q"-type silicon species, three
signals at ¢ = —109.2, —100.2, and —91.2 ppm are assigned to
the silicon resonances of Si(0Si), (Q*), HOSi(0Si); (Q?), and
(HO0),Si(0Si), (Q?), respectively, showing a complete or partial
condensation of pure silicon species of the mesoporous silica
framework.®* The T"-type silicon species observed at § =
—64.9 and —57.1 ppm can be assigned to the silicon reso-
nances of completely condensed CSi(SiO); (T?) and of
partially condensed CSi(Si0),(OH) (T?), respectively, revealing
the integration of the functional organic groups into the pore
walls.?> When applying solid-state *°Si MAS NMR measure-
ments using single-pulse excitation and high-power decou-
pling (Fig. S57), the integral ratios of T" to Q" for DPA-PMOS-2
and DPA-PMOS-3 could be determined as 0.048 and 0.092,
respectively, which is very close to the molar ratios of initial
DPA-Si precursor to TEOS, further confirming extensive
hydrolysis of the DPA-Si precursor and a successful cross-
linking with hydrolyzed silicon species from TEOS. This
result can be used to quantitatively assess the degree of
incorporation of the organic moiety.

To further characterize the pore structure of materials DPA-
PMOS-x (x = 1, 2, 3, 4) nitrogen adsorption-desorption
measurements were carried out. As can be seen in Fig. 5a, the
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Fig. 5 (a) Nitrogen adsorption—desorption isotherms and (b) the BJH
pore size distributions of DPA-PMOS-1 (black squares), DPA-PMOS-2
(red circles), DPA-PMOS-3 (green diamonds), and DPA-PMOS-4 (blue
triangles).
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nitrogen sorption isotherms of all materials are of type IV
according to the IUPAC classification without clear hysteresis
loops but with comparatively steep capillary condensation/
evaporation steps at relative pressures in the range from 0.25
to 0.35,°* indicating a characteristic mesoporous structure with
a narrow pore size distribution (Fig. 5b).** Note that with
increasing amounts of the DPA-Si precursor in the initial reac-
tion mixture, the occurrence of the first capillary phenomenon
of materials DPA-PMOS-x (x = 2, 3, 4) shifted slightly toward
lower relative pressure, suggesting a reduction of the pore
diameter. Moreover, for all materials, another condensation
step was observed at high relative pressures (P/P, > 0.90), indi-
cating high textural porosity or the existence of interparticle
porosity.®*®” Correspondingly, increasing DPA-Si contents
considerably changed the pore parameters, such as the specific
BET surface area (977 to 921 and finally to 727 m> g~ "), pore
volume (1.37 to 0.99 cm® g™ ') and pore diameter (2.4 nm to 2.1
nm), as well as the pore wall thickness (2.6 to 2.8 nm) (Table 1).
These findings further verified the successful integration of the
functional organic moieties. Note that materials DPA-PMOS-2
and DPA-PMOS-3, which were obtained by DPA-Si precursor
loadings of 2 and 5%, respectively, did not show any significant
changes in structure and pore characteristics, although their
chemical composition as confirmed by CHN elemental analysis
is different. This suggests that at a certain level of bridging
organic groups homogeneously integrated into the pore walls
the topology and pore characteristics change only marginally.
Because high surface areas and large pore volumes as well as
high loadings of functional groups are beneficial for applica-
tions of materials in biomedicine, adsorption and separation,
the material DPA-PMOS-3 was selected as a candidate for
further coordination to lanthanide ions (Eu(u) and Tb(um)) to
target photoluminescent PMOS materials.

Lanthanide-functionalized photoluminescent materials
(Ln-DPA-PMOS-3, Ln = Eu, Tb, or Eu/Tb)

Lanthanide(in) ions were introduced into material DPA-PMOS-3
employing LnCl;-6H,0 (Ln = Eu, Tb, or Eu/Tb) in ethanolic
solution. Ln(m) coordination to nitrogen(pyridine) and oxygen(-
dicarboxamide) atoms of the covalently incorporated DPA-Si
moiety was anticipated to generate photoluminescent hybrid
materials Ln-DPA-PMOS-3 (Ln = Eu, Tb, Eu/Tb). Any free
lanthanide ions were washed out with excessive amounts of
solvent. The PXRD patterns of materials Ln-DPA-PMOS-3 (Ln =
Eu, Tb, Eu/Tb) (Fig. 6) clearly display the preservation of the
distinct diffraction signals belonging to the 2D hexagonal struc-
ture of the parent material DPA-PMOS-3. Although the ordering
of the pore structure was not affected, the intensity of the
reflection peaks markedly decreased due to loading and coordi-
nation of the lanthanide ions (ca. 2% from ICP analysis).®®

As shown in Fig. 2c-e, the IR spectra of Eu-DPA-PMOS-3,
Tb-DPA-PMOS-3, and Eu/Tb-DPA-PMOS-3 exhibit character-
istic bands of the functional DPA moiety at 1654 (vc—o) and
1540 cm ™' (Onp—vcen). A red-shift of the carbonyl stretching
vibration (vc—o) confirmed the coordination of the lanthanide
ions.>
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Fig. 6 Low angle PXRD patterns of (a) parent material DPA-PMOS-3,
lanthanide-coordinated hybrid materials (b) Eu-DPA-PMOS-3, (c)
Tb-DPA-PMOS-3, and (d) Eu/Tb-DPA-PMOS-3.

The nitrogen adsorption-desorption isotherms of Ln-DPA-
PMOS-3 (Ln = Eu, Tb, Eu/Tb) are quite similar to that of the
parent material DPA-PMOS-3, corroborating that Eu or Tb-
incorporation did not markedly affect the regular mesoporous
structure (Fig. 7). However, the corresponding specific BET
surface area and pore volume decreased to 94.4 and 91.7% of
the parent material for Eu-DPA-PMOS-3, 93.3 and 97.7% of the
parent material for Tb-DPA-PMOS-3, and 93.5 and 92.4% of the
parent material for Eu/Tb-DPA-PMOS-3, respectively (Table 1).
Note that the pore diameter and pore wall thickness did not
show any marked alterations, evidencing the coordination of
the lanthanide ion to the DPA donor atoms and the absence of
any aggregation of free lanthanide salt inside the pore channels.
This is also evidenced by relatively narrow BJH pore size
distributions (Fig. 7b).

The photoluminescent properties of the lanthanide-
coordinated hybrid materials Ln-DPA-PMOS-3 (Ln = Eu, Tb,
Eu/Tb) were investigated at ambient temperature. The excita-
tion and emission spectra are presented in Fig. S2f and 8,
respectively. For Eu-DPA-PMOS-3, the excitation spectrum was
obtained by monitoring the emission wavelength of Eu(ur) ions
at 615 nm. The broad and strong band ranging from 250 to
400 nm is assigned to the electron transitions from ground state
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Fig. 7 (a) Nitrogen adsorption—desorption isotherms and (b) the BJH
pore size distribution of DPA-PMOS-3 (black squares), Eu-DPA-PMOS-3
(red circles), Tb-DPA-PMOS-3 (green diamonds), and Eu/Tb-DPA-
PMQOS-3 (yellow triangles).
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Fig. 8 Emission spectra of (a) Eu-DPA-PMOS-3, (b) Tb-DPA-PMOS-3,
and (c) Eu/Tb-DPA-PMOS-3 at ambient temperature. Images of
Eu-DPA-PMOS-3 (middle), Tb-DPA-PMOS-3 (left), and Eu/Tb-DPA-
PMOS-3 (right) under (d) sunlight lamp and (e) UV irradiation.

to excited state (m-1*) of the incorporated organic DPA
moiety.*® Due to the relatively weak intensity of the f-f transi-
tions of Eu(m) ions bands in the longer wavelength region
cannot be observed.* Upon DPA-mediated excitation of the
europium(m) hybrid material at 292 nm, the emission spectrum
displayed the characteristic bands of Eu(m) ions centered at 590,
615, 651 and 700 nm, corresponding to D, — F; (i = 1, 2, 3, 4)
intra-4f transitions.” The dominant band located around
615 nm can be assigned to the electronic dipole transition *D,
— ’F, (hypersensitive transition), indicative of an asymmetric
coordination environment of the Eu(i) ions and relatively pure
red-color emission as well. The second strongest band at 590
nm with orange emission corresponds to the magnetic dipole
transition D, — “F,.”* The ratio of intensity of Dy, — “F, to *Dy
— 7F, is practically used to assess the symmetry around Eu(m)
ions. For Eu-DPA-PMOS-3, a ratio of 3.07 indicates a low-
symmetry environment of the Eu(u) ions.”

For material Tb-DPA-PMOS-3, the excitation spectrum
shown in Fig. S2b} was obtained by monitoring the D, — "Fj
emission of Tb(wm) ions at 545 nm. It is similar to that of the
europium hybrid counterpart and displays a broad band peaked
at 293 nm. The corresponding emission spectrum shown in
Fig. 8b clearly display four major bands centered at 490, 545,
586 and 621 nm, which can be assigned to °D, — "F;(j =6, 5, 4,
3) intra-4f transitions, characteristic emissions of Tb(m) ions.”
In addition, the dominant band at 545 nm corresponds to the
magnetic dipole transition D, — ’Fs, indicative of typical
green-color light emitting.

Coordinative bonding between organic ligands and a
mixture of different lanthanide ions has been proposed as a
strategy to modulate the emission.”*”® Fig. 8c displays the
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emission spectrum of Eu/Tb-DPA-PMOS-3 upon excitation at
290 nm. Both the emission bands originating from Eu(m) and
Tb(m) complexes appeared, with the two notable emission
bands located at 545 nm and 615 nm corresponding to the °D,
— ’F; transition of the Tb(m) ions and D, — ’F, transition of
the Eu(w) ions, respectively. Other emission bands could be
assigned to respective intra-4f transitions of Tb(u) or Eu(u)
ions. Moreover, upon UV irradiation (wavelength of 254 nm) of
lanthanide-incorporated hybrid mesoporous organosilicas Eu-
DPA-PMOS-3, Tb-DPA-PMOS-3, and Eu/Tb-DPA-PMOS-3 dis-
played brilliant red, green, and yellow emission, respectively, at
ambient temperature (Fig. 8e). The corresponding UV-visible
spectra are shown in Fig. S3.}

Finally, the thermal stability of the obtained materials
Ln-DPA-PMOS-3 (Ln = Eu, Tb, Eu/Tb) was investigated by
thermogravimetric analysis (TGA). As shown in Fig. 9, both the
parent material DPA-PMOS-3 and the europium ion-
incorporated product Eu-DPA-PMOS-3 display two stages of
weight loss during temperature increase from 30 to 1000 °C. For
DPA-PMOS-3, the first stage (ca. 6%), occurring below 150 °C,
can be assigned to the evaporation of physisorbed water mole-
cules. The subsequent mass-loss of ca. 22% between 330 and
600 °C is due to the decomposition of the organic components
in this material. This weight loss is in accordance with the
calculated data (25.9%) assuming that all the DPA-Si precursor
and TEOS were hydrolyzed and co-condensed with each other.
In comparison, for Eu-DPA-PMOS-3, the initial weight-loss of ca.
8% corresponds to the displacement of physisorbed and
chemically coordinated water molecules. The second stage of
weight loss (ca. 22%) starting from 360 °C is attributed to the
decomposition of the incorporated DPA ligand and europium
complex. The residual weight of about 70% can be ascribed to
the Si-O silica network. Similar thermogravimetric behaviour
was also observed for Tb-DPA-PMOS-3 and Eu/Tb-DPA-PMOS-3
(Fig. S47). It is worth noting that the onset of decomposition
of the organic components for Ln-DPA-PMOS-3 (360 °C) is at
higher temperature than that of their parent material DPA-
PMOS-3 (330 °C), which means that the introduction of

_—~ DPA-PMOS-3
90 -

_~ Eu-DPA-PMOS-3

TGA (%)

80

70 1

T T T T
200 400 600 800
Temperature (°C)

Fig. 9 Thermogravimetric analysis (TGA) curves of DPA-PMOS-3
(black line) and Eu-DPA-PMOS-3 (red line).
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lanthanide ions can improve the thermal stability of such PMOS
materials.

Conclusions

Functional DPA-Si (=N, N-bis(trimethoxysilylpropyl)-2,6-pyridine
dicarboxamide) can be successfully applied as covalent cross-
linker in the co-condensation with TEOS to fabricate meso-
porous silica frameworks of regular spherical morphology with
characteristic hexagonal mesopore arrays. The DPA acid-amide
bonds stayed intact during the sol-gel synthesis and post-
treatments as evidenced by MAS NMR and FTIR spectroscopy.
Optimal DPA loadings were obtained for initial DPA-Si/TEOS
ratios of 2:98 and 5:95, as revealed by PXRD and nitrogen
physisorption analyses. Coordination of lanthanide ions with
the donor atoms of the DPA moieties afforded photoluminescent
hybrid materials Ln-DPA-PMOS (Ln = Eu, Tb, Eu/Tb), exhibiting
the characteristic emissions of the corresponding lanthanide(im)
ions. The emission colours could be modulated by varying the
employed lanthanide ions or by using a mixture of lanthanide
ions. Given the small nanoscale spherical shape (diameter ca. 70
nm), high surface area, large pore volume as well as functional
group loading (=photoluminescent properties), these nanoscale
mesoporous organosilica spheres can be considered promising
candidates for optical applications.
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