Journal of Photochemistry and Photobiology A: Chemistry 201 (2009) 81-86

Journal of Photochemistry and Photobiology A: Photobiology

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

=
Contents lists available at ScienceDirect -

i

Photochemistry

Chemistry

Mesoporous materials incorporating a zinc(Il) complex: Synthesis and direct
luminescence quantum yield determination

Daniela Aiello?, Rosario Aiello?, Flaviano Testa?, Tonino MartinoP®, Iolinda Aiello?,
Massimo La Deda®, Mauro Ghedini?:*

2 Department of Chemical Engineering and Materials, University of Calabria, 87036 Arcavacata di Rende (CS), Italy
b Centro di Eccellenza CEMIF.CAL, LASCAMM, CR-INSTM Unita della Calabria and Licryl, Department of Chemistry, University of Calabria, 87036 Arcavacata di Rende (CS), Italy

ARTICLE INFO

ABSTRACT

Article history:

Received 19 May 2008

Received in revised form

15 September 2008

Accepted 4 October 2008
Available online 15 October 2008

Keywords:

Mesoporous materials
Grafting post-synthesis
One-pot synthesis
Functionalization
Zinc(II) complexes
Schiff bases
Luminescence

Emission quantum yield

New luminescent inorganic-organic hybrid materials incorporating the luminescent zinc(Il) complex ZnL,
(Aem =457 nm and D, =4.4% reference values for ZnL,; HL=chelating ligand resulting from the reac-
tion between salicylaldehyde and 3-aminopropyltriethoxysilane), covalently bonded to different types
of mesoporous silica hosts (namely MCM-41, MCM-48 and SBA-15), were prepared via both the meth-
ods of grafting post-synthesis (GPS) and one-pot synthesis (OPS). The products obtained, which form
the GPS [(GPS)(Zn/MCM-41), (GPS)(Zn/MCM-48), (GPS)(Zn/SBA-15)] and the OPS [(OPS)(Zn/MCM-41),
(OPS)(Zn/MCM-48), (OPS)(Zn/SBA-15)] series, contain the ZnL, guest covalently bonded to the silica
framework through silicon-oxygen bonds formed when the silane group is placed at the periphery of
the Zn(II) coordination sphere. GPS and OPS materials were characterized by powder X-ray diffraction,
N, adsorption/desorption, thermogravimetric analysis (TGA) and UV/vis spectroscopy. For the new meso-
porous materials the emission quantum yield (EQY) was measured by means of an integrating sphere
combined with a spectrofluorimeter. The ZnL; loading (measured by the ZnL,/SiO, ratio calculated from
TGA data) for MCM-41 appears to be independent of the synthesis procedure, whereas, for both MCM-48
and SBA-15, the ZnL,/SiO, ratio of the materials obtained via OPS is about four times higher than prod-
ucts obtained from GPS. The ZnL, loaded GPS and OPS series show Ao, maxima at about 485 and 455 nm,
respectively. Moreover, with reference to EQY (GPS)(Zn/SBA-15) and (OPS)(Zn/SBA-15), although featur-
ing ZnL,/SiO, ratios of 0.13 and 0.45, respectively, they showed similar EQY values: 2% and 5%. On the
contrary, (GPS)(Zn/MCM-41) and (OPS)(Zn/MCM-41) which give similar ZnL,/SiO; ratios (0.09 and 0.14)
exhibit very different EQY, i.e. 2% and 22%, respectively.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

In the field of optical materials, mesostructured materials fall in
the range between nanoporous host such as zeolites that can align

The immobilization of guest species into porous inorganic
solids has extensively been investigated to construct functional
supramolecular materials [1]. The resulting materials can exhibit
unique physicochemical properties controlled by the states of guest
species as well as the nature of the porous solids.

The mesoporous silica prepared by supramolecular templating
method possesses advantages such as controlled pore openings,
large surfaces area and low dimensional pore geometry for the
guest organization. The possible applications of this class of
materials include adsorbents, catalysts and their supports, and
optoelectronics materials [2,3].
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small molecules and patterned micron-scale photonic band gap
materials [4]. However, the mesopore size range presents several
possible advantages for optical applications. The high surface area
creates the potential to dope materials at higher concentrations
without self-interactions. Besides, the meso size range, 2-30 nm, is
attractive for producing size-confined structures such as quantum
dots [5] or nanowires [6].

Numerous studies have been performed on modification of
mesoporous materials to increase their potential applicability.
It was demonstrated that the direct introduction of functional
molecules in the course of the one-pot synthesis of mesoporous
materials and grafting post-synthesis techniques were two efficient
processes.

These two techniques have been utilized to incorporate fluo-
rescent dyes into mesoporous materials, obtaining the so-called
luminescent hybrid mesoporous silica (LHMS) [7]; in fact, the
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advantage of an inorganic matrix embedded with functional chro-
mophores [8-13] is the more rigid environment which stabilizes
the luminescent complexes and significantly increases material
photostability [12,14,15].

In the last five years many research groups have studied lan-
thanides complexes embedded into mesoporous materials[16-23];
these studies are connected with the major subject of lanthanide-
doped organic-inorganic hybrid materials, within the development
of optical materials such as high efficiency and stable solid-state
lasers, new fiber amplifiers and sensors, devices with upconver-
sion, fast photochromic and non-linear responses, etc. Their interest
relies on the possibility of combining properties of hybrid materi-
als (shaping, tunable refractive index and mechanical properties,
corrosion protection, specific adhesion, etc.) and the well-known
luminescence of lanthanide ions [24]. LHMS include materials
incorporating the well-studied Ru-bipy derived complexes [25,26],
organic dyes [27,7], Schiff-base groups chelating Zn?* or Cu?*
[13].

The photophysical characterization of LHMS on film or solid is
mainly performed by means of emission spectroscopy and life-
time measurement. If LHMS embeds europium complexes, then
the evaluation of the emission quantum yield (EQY) can be per-
formed; in fact, on the basis of the corrected emission spectrum
and the observed luminescence lifetime of the Dy emitting level
of Eu3* ion, the EQY of the sample can be calculated accord-
ing to the method described elsewhere [20,28,29]; in the cases
of LHMS films or solids embedding other metals, up to now,
no EQY is reported. This should be ascribed to the difficulty in
determining the EQY on solid or film samples, which is a more
complex procedure than the corresponding solution measurement
and requires an integrating sphere and proper excitation sources.
Nevertheless, the lack of this value does not allow a compari-
son among the photophysics of different chromophores embedded
in LHMS, or between the same chromophore before and after
immobilization in mesoporous materials, or the evaluation of the
photophysical properties of LHMS with a fluorophore incorporated
by two different methods, e.g. one-pot synthesis and grafting post-
synthesis.

We are currently involved in the synthesis and character-
ization of photoactive materials [30], and recently we have
extended our interests to light emitting species supported on
inorganic mesoporous materials; here we compare two differ-
ent synthesis protocols, grafting post-synthesis (GPS) and one-pot
synthesis (OPS), which allow for the incorporation of the blue-
emitting ZnL, complex (see Section 2) on different mesoporous
hosts, MCM-41, MCM-48 and SBA-15 materials. MCM-41 has a
one-dimensional, hexagonally ordered, unconnected but regular
cylindrical pore structure (Sger ~ 1100 m?/g, Dpore ~30A); MCM-
48 consists of an uniform array of tubular pores which are 3D
connected (Sggr ~ 1500 m?/g, Dpore ~ 33 A); SBA-15 exhibits a reg-
ular two-dimensional array of tubular channels (Sggr ~ 800 m2/g,
Dpore ~50A). Because of the differences in their pore dimension
and structure, these materials are suitable hosts for investigat-
ing the effect of confinement or incorporation of organic and
inorganic guest molecules [31,32]. The properties of the meso-
porous solid products obtained by grafting post-synthesis [GPS
series: (GPS)(Zn/MCM-41), (GPS)(Zn/MCM-48), (GPS)(Zn/SBA-15)]
were compared with those directly synthesized through one-
pot synthesis [OPS series: (OPS)(Zn/MCM-41), (OPS)(Zn/MCM-48),
(OPS)(Zn/SBA-15)]. The emission spectra are reported and the EQY
is measured by means of an integrating sphere. The topology
and the photophysical properties of both series of products were
examined and the differences arising from the different synthesis
methods are discussed with reference to the effect of spatial pore
arrangement on the host product.

2. Experimental
2.1. Materials

Tetraethyl orthosilicate 99% (TEOS), 3-aminopropyltriet-
hoxysilane 97% (APTES), hexadecyltrimethylammonium bromide
(CTABr), triblock copolymer Pluronic P123 (EO39-PO79-EOy0),
salicylaldehyde 99%, zinc(Il) acetate dihydrate and ethanol 99%
were used as received. Ultrapure water was used throughout the
work and obtained from Milli-Q equipment by Millipore.

2.2. Grafting post-synthesis method

2.2.1. Preparation of the ligand HL

Salicylaldehyde (21 mmol, 2.32 g) was added to 4.44 ml of APTES
(19 mmol, 4.21 g) in ethanol (4 ml). The solution was refluxed for
5h under constant stirring. The crude product obtained after evap-
oration of the solvent under reduced pressure was suspended
in chloroform and filtered through a Celite column. The HL lig-
and obtained was a green-yellow oil which was stored at —15°C
(5.85g, 90% yield). Elemental analysis, calc. for CigHy7NO4Si:
C, 59.04; H, 8.36; N, 4.30; found: C, 58.72; H, 8.12; N, 4.10.
IR (KBr) v: 1634cm~! (C=N). 'H NMR (CHCl3) §: 13.5ppm (s,
1H, —OH), 832ppm (s, 1H, —CH=N), 7.25ppm (m, 2H, Ph),
6.96ppm (d, 1H, Ph), 6.85ppm (t, 1H, Ph), 3.85ppm (q, 6H,
—O0CH;), 3.60 ppm (t, 2H, —NCH;), 1.85 ppm (q, 2H, CH;), 1.22 ppm
(t, 9H, CH3), 0.68 ppm (t, 2H, —SiCH;). UV/vis: Amax (CH,Cly)
325 nm.

2.2.2. Preparation of the zinc(Il) complex ZnL,

Zinc(Il) acetate dihydrate (0.50 mmol, 0.11 g) and HL (1 mmol,
0.33g) were mixed in 30ml of ethanol and stirred at room
temperature. The reaction mixture was checked by absorption
UV/vis spectroscopy which, after a reaction time of 4h, clearly
showed that the imine band at 325 nm disappeared and a band
at 361 nm appeared, concurrent with the formation of ZnL;. This
reaction product was not separated from the reaction mixture
and in the subsequent reactions with the mesoporous silica hosts,
ZnL, was reacted using 1ml of the described reaction mixture.
The workup of the reaction mixture, removing part of the sol-
vent under reduced pressure, gave a solid yellow-green product,
(ZnL,)’, in a 45% yield which account for the hydrolyzed ZnL,
derivative containing two —Si(OH)3 groups instead of the initial
two —Si(OEt); groups. Mp>350°C. Elemental analysis, calc. for
CyoH2gN,0gSi>Zn: C, 43.99; H, 5.17; N, 5.13; found: C, 44.54; H,
5.44; N, 5.02. IR (KBr) v: 1619cm~! (C=N). As the complex was
insoluble in common solvents, no 'H NMR analysis was carried
out.

The luminescence properties of Zn(Il) imine complexes arise
from the Zn(Il) coordination sphere (see below) [33-35]. There-
fore, the (ZnL,)" photophysical data Aem =457 nm and @ =4.4%, as
recorded on a powder sample, were used to compare the lumines-
cence of materials synthesized using GPS and OPS.

2.2.3. Preparation of MCM-41

MCM-41 was prepared from a gel with the following molar
composition: TEOS:NH4OH:CTABr:H,0=1:1.64:0.15:126. In a typ-
ical synthesis, 2.40 g of CTABr were dissolved in 120 ml of ultrapure
water and stirred until the washed solution was homogeneous and
clear. After adding 8 ml of ammonium hydroxide (32 wt%), the mix-
ture was stirred for 5 min, after which 10 g of TEOS was added. The
solution was stirred overnight, filtered and washed with water and
ethanol. For template removal and access to porosity, the solids are
calcined at 823K for 5 h.
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2.2.4. Preparation of MCM-48

MCM-48 was prepared from gel with the following molar
composition: TEOS:NaOH:CTABr:H,0=1:0.25:0.65:62. In a typical
synthesis, 23 g of CTABr was dissolved in 111 ml of ultrapure water,
then 1 g of sodium hydroxide and 20.80 g of TEOS were added. The
solution was stirred for 1 h, transferred into a polypropylene bottle
and heated at 383 K for 3 days. The solid was recovered by filtration,
washed with distilled water, and calcined at 823K for 6 h.

2.2.5. Preparation of SBA-15

Triblock copolymer was used as surfactant in the synthesis of
SBA-15. The molar composition of the gel, for 4.0 g of Pluronic P123
was: TEOS:HCI:H,0=1:5.85:162.7. In a typical synthesis the block
polymer was dissolved in 30 ml of water and 120 ml of chloride
acid (2 M) solution and stirred constantly. Then 8.50 g of TEOS was
added to the solution and stirring continued at 308 K for 20 h. The
mixture was aged at 353 K overnight without stirring. The solid
product was recovered, washed, and air-dried at room temperature.
The template was removed by calcination at 773 K for 5 h.

Because in the following the properties of these starting mate-
rials will be compared with those of the grafted samples, MCM-41,
MCM-48 and SBA-15 will be indicated, for clarity, as (GPS)(MCM-
41), (GPS)(MCM-48) and (GPS)(SBA-15), respectively.

2.2.6. Preparation of (GPS)(HL/MCM-41), (GPS)(HL/MCM-48) and
(GPS)(HL/SBA-15)

The procedure of grafting post-synthesis is the same for all the
selected mesoporous silica solid products.

The incorporation of HL was performed on surfactant-free
materials, by adding, under nitrogen atmosphere, an ethano-
lic solution containing the amount of HL (1ml) required for
a HL/SiO, molar ratio=3, to a suspension of 1g of calcined
mesoporous powder in 100ml of ethanol. This mixture was
refluxed under stirring for 17h and the resulting solid was fil-
tered, washed with ethanol and acetone, and dried in an oven at
333K overnight. IR (KBr) v: 1647 cm~! (C=N for (GPS)(HL/MCM-
41)); 1647 cm~! (C=N for (GPS)(HL/MCM-48)); 1637cm~! (C=N
for (GPS)(HL/SBA-15)). (HL/SiO,: for (GPS)(HL/MCM-41)=0.08; for
(GPS)(HL/MCM-48)=0.40; (GPS)(HL/SBA-15)=0.43).

2.2.7. Preparation of (GPS)(Zn/MCM-41), (GPS)(Zn/MCM-48) and
(GPS)(Zn/SBA-15)

The procedure of grafting post-synthesis is the same for all the
selected mesoporous silica solids produced. The incorporation of
Zn(Il) chromophore was performed on the surfactant-free materi-
als, by addition, under nitrogen atmosphere, of 1 ml of the above
described ethanolic solution containing ZnL;, to a suspension of
1 g of calcined mesoporous powder in 100 ml of ethanol (ZnL;/SiO,
molar ratio = 3). This mixture was refluxed under stirring for 17 h.
The resulting solid was filtered, washed with ethanol and acetone,
and dried in oven at 333K overnight. IR (KBr) v: 1631cm~! (C=N
for (GPS)(Zn/MCM-41)); 1634 cm~! (C=N for (GPS)(Zn/MCM-48));
1634cm~! (C=N for (GPS)(Zn/SBA-15)).

2.3. One-pot synthesis method

2.3.1. Preparation of (OPS)(Zn/MCM-41)

CTABr (2g) was dissolved in 84 ml of distilled water. Then
23.88 ml of sodium hydroxide (1 M) was added to the solution and
stirred for 10 min. Successively 9.40 g of TEOS and 1 ml of the above-
described ethanolic solution containing ZnL, was added (ZnL,/SiO,
molar ratio = 2). The mixture was stirred for 48 h at room temper-
ature and the resulting solid was recovered by filtration, washed
with ultrapure water, extracted twice with ethanol (1g of solid

for 500 ml of ethanol) and dried at 333 K overnight. IR (KBr) v:
1634cm-1 (C=N).

2.3.2. Preparation of (OPS)(Zn/MCM-48)

CTABTr (2.40 g) was dissolved in a mixture of 100 ml of distilled
water and 50 ml of EtOH. Then 12 ml of ammonium hydroxide (32
wt%), 3.40g of TEOS and 1 ml of the ethanolic solution contain-
ing ZnL, (ZnL;/SiO, molar ratio = 2) were added. The mixture was
stirred for 5h at room temperature. After reaction, the solid was
recovered by filtration, washed with distilled water, extracted two
times with ethanol (1 g of solid for 500 ml of ethanol) and dried at
333K overnight. IR (KBr) v: 1634cm~! (C=N).

2.3.3. Preparation of (OPS)(Zn/SBA-15)

Pluronic P123 (4.0 g) was dissolved and stirred in 30 ml of water
and 120 ml of chloridric acid (2 M). Then 8.50¢g of TEOS and 1 ml
of the above-described ethanolic solution containing ZnL, were
added (molar ZnL,/SiO, molar ratio = 2) to the mixture and stirred
for 20 h. The solid product was recovered, washed with distilled
water, extracted twice with ethanol (1g of solid for 500 ml of
ethanol) and air-dried at 333K overnight. IR (KBr) v: 1634cm™!
(C=N).

2.3.4. Preparation of (OPS)(MCM-41), (OPS)(MCM-48) and
(OPS)(SBA-15)

In order to compare the properties of materials before and after
functionalization, three reference samples were prepared using the
same synthesis procedure of one-pot method, without adding ZnL;.

2.4. Characterization

Elemental analysis was performed using a PerkinElmer CHNS/O
2400 apparatus and thermogravimetric data (TGA) were obtained
with a Netzsch 409 analyzer. The infrared spectra were recorded
on a KBr pellet using a PerkinElmer Spectrum One FT-IR spec-
trophotometer equipped for reflectance measurements. 'H NMR
spectra were recorded on a Bruker WM spectrometer at 300 MHz.
Compounds were dissolved in deuterated chloroform (CDCls3),
and tetramethylsilane (TMS) was used as internal standard. X-ray
diffraction (XRD) patterns of the powder samples were obtained
with Cu Ko radiation on a Philips PW 1730/10 instrument. Measure-
ments were performed in a 20 range of 1-15° range with a step size
of 0.005° and a step time of 0.5 s. Nitrogen adsorption-desorption
measurements was measured at 77 Kon a Micromeritics ASAP 2010.
After template removal, the samples were pre-treated under vac-
uum at 623K, or at 387K for the functionalized samples, for 6 h
before analysis. The specific surface area of samples was calculated
using the BET model. Pore size distribution curves were obtained
with the BJH (Barrett-Joyner-Halenda) method based on the des-
orption branch of the isotherms. It was impossible to record the
absorption spectrum of the samples because the powder is too
opaque for the transmission spectroscopy. It was tried to record
an absorption spectrum using the reflectance spectroscopy, but the
signal was too weak, due to the intense scattering. Corrected lumi-
nescence spectra were obtained on a Horiba Jobin Yvon Fluorolog 3
spectrofluorimeter, equipped with a Hamamatsu R-928 photomul-
tiplier tube. The emission quantum yields of powder samples were
obtained by means of a 102 mm diameter integrating sphere coated
with Spectralon® and mounted in the optical path of the spectroflu-
orimeter using, as excitation source, a 450 W Xenon lamp coupled
with a double-grating monochromator for selecting wavelengths.
The experimental uncertainties were 1 nm for the band maxima for
the luminescence spectra and 5% for EQY.
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Fig. 1. Sketch of a possible chemical structure of the mesoporous-matrix-linked
ZnL, complex.

3. Results and discussion

Chemically functionalized mesoporous materials incorporating
ZnL, as a guest molecule were successfully obtained from both the
method of GPS as well as the one-pot synthesis (OPS) procedure

(Fig. 1).

3.1. Grafting post-synthesis products: (GPS)(Zn/MCM-41),
(GPS)(Zn/MCM-48) and (GPs)(Zn/SBA-15)

The GPS method consists of two subsequent steps (Section 2). In
the first, once surfactant has been removed by calcination, the host
silica-based mesoporous material formed by silica-surfactant self-
assembling [12] occurs simultaneously with the condensation of
the inorganic species (TEOS). The second step is the post-synthesis
incorporation of the ZnL, guest molecule onto the selected meso-
porous supports, MCM-41, MCM-48 or SBA-15.

Successful grafting of the ZnL, was evidenced by the infrared
(IR) spectra of the (GPS)(Zn/MCM-41), (GPS)(Zn/MCM-48) and
(GPS)(Zn/SBA-15) products which show the absorption bands char-
acteristic of the C=N stretching at 1631 cm~! for (GPS)(Zn/MCM-41)
orat 1634 cm~! for both (GPS)(Zn/MCM-48) and (GPS)(Zn/SBA-15).
These bands are shifted by ca. 10cm~! to lower values with refer-
ence to the corresponding (GPS)(HL/MCM-41), (GPS)(HL/MCM-48)
and (GPS)(HL/SBA-15) reference compounds, thus reproducing
the trend usually observed with metal complexation to an imino
ligand [36].

The amount of the ZnL, loading can be conveniently repre-
sented by the ZnL,/SiO, molar ratio. These values are obtained from
the experimental TGA data (Table 1) of GPS samples and similar
ZnL,/SiO, ratios ranging from 0.09 for (GPS)(Zn/MCM-41) to 0.13
for (GPS)(Zn/SBA-15) were found. Since the reacted ZnL, was in
large excess with respect to SiO, (ZnL;, /SiO, = 3), these results show
that ZnL; can be successfully grafted on all three host materials
used regardless of their different structures.

The pore structure and channel arrangement of the synthesized
materials were studied with XRD powder diffraction (Figs. S1-S3
in SI), comparing the peaks pattern of the host (GPS)(MCM-41),

Table 1
ZnL,/SiO, ratio obtained through thermogravimetric analysis.

Sample Ratio ZnL;/SiO,
(GPS) (OPS)

(Zn/MCM-41) 0.09 0.14
(Zn/MCM-48) 0.12 0.42
(Zn/SBA-15) 0.13 0.45
Table 2
XRD d-spacing of the synthesized siliceous mesoporous samples.
Sample (GPS) (OPS)

dioo dito da00 dioo dito da00
(MCM-41) 42 39
(Zn/MCM-41) 45 4.2
(MCM-48) 33 34
(Zn/MCM-48) 34 3.8
(SBA-15) 9.2 5.5 5.6 9.1 5.5 5.5
(Zn/SBA-15) 9.5 4.7 53 9.7 52 5.7

(GPS)(MCM-48) or (GPS)(SBA-15) starting materials with those
of the corresponding (GPS)(Zn/MCM-41), (GPS)(Zn/MCM-48) and
(GPS)(Zn/SBA-15) derivatives (Table 2). The (GPS)(MCM-41) and
(GPS)(MCM-48) materials did not exhibit high angle diffraction
peaks, but only a broad band alongside the main reflection peak
(100). The absence of high angle peaks is typical of poorly ordered
long range porous systems. The XRD pattern of (GPS)(SBA-15)
showed peaks corresponding to the (100), (110) and (200)
reflections which are diagnostic of the p6mm hexagonal sym-
metry. After chemical modification, the (100) reflection was still
detectable for all of the (GPS)(Zn/MCM-41), (GPS)(Zn/MCM-48)
and (GPS)(Zn/SBA-15) series and approximately in the same
position of the corresponding parent species (Table 2), suggesting
that the pore arrangement of the grafted materials do not undergo
significant modification.

Surface areas and pore volumes were analyzed using the nitro-
gen adsorption/desorption technique (Table 3). The N, adsorption
isotherms of (GPS)(Zn/MCM-41) and (GPS)(Zn/MCM-48) exhibit
typical Type IV reversible isotherms while (GPS)(Zn/SBA-15)
showed Type IV irreversible isotherms with a hysteresis loop (Figs.
S7-S9in SI). The shift in nitrogen uptake, together with adecrease in
pore volume, suggests that ZnL, occupies only part of the available
space in the materials.

The physical properties of the investigated samples, com-
pared in Table 3, demonstrate that ZnL, incorporation influences
the adsorption properties, and show that ZnL, incorporation
is governed by the topology of the starting material. In fact,
the specific surface area of the Zn complex-containing mate-
rials is reduced as a function of the pore dimensions of the
starting material: the greatest degree of reduction (32%) was
found with (GPS)(Zn/SBA-15) (Dpore =~ 50 A), a 30% reduction for

Table 3
Specific surface area calculated with the BET model (Sger), nitrogen adsorp-
tion/desorption data (V},), pore diameter (Dpore ) Of mesoporous materials.

Sample Sger (mM?/g) V at (cm3/g) P/Po =0.8 Dpore (A)
(GPS)  (OPS)  (GPS)  (OPS) (GPS)  (OPS)

(MCM-41) 1135 1057 0.68 0.68 30 29
(Zn/MCM-41) 963 898 0.60 0.61 28 27
(MCM-48) 1357 1238 0.79 0.72 33 28
(Zn/MCM-48) 953 912 0.66 0.52 26 26
(SBA-15) 860 822 0.89 0.80 47 41
(Zn/SBA-15) 578 538 0.61 0.66 40 37
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Fig. 2. Fluorescence emission spectra of mesoporous hybrid samples.

(GPS)(Zn/MCM-48) (Dpore ~ 35 A), and only 15% for (GPS)(Zn/MCM-
41) (Dpore ~ 30 A). Considering the limited ZnL, loading (TGA) in the
grafted materials, the reduction of surface area and pore volume,
it can be supposed that grafting post-synthesis loading allows for
a distribution of the guest species probably most on the external
surface of the mesoporous hosts or near the channel openings.
The luminescent properties of functionalized samples by grafting
were investigated using emission spectra of powder samples
sandwiched between two quartz windows (Fig. 2). Mesoporous
materials without zinc(Il) complex do not show luminescence,
while the samples hosting the Zn(Il) species (GPS)(Zn/MCM-41),
(GPS)(Zn/MCM-48) and (GPS)(Zn/SBA-15) exhibited an emission
maximum at 485 nm and an intense shoulder at about 530 nm.

The EQY of the GPS samples are independent of the type of meso-
porous support, showing similar values, i.e. about 2% (Table 4). ZnL,
emission is peaked at 457 nm, while the spectral bands of the GPS
samples are red-shifted. The bands shape and the comparison with
similar compounds [13,33] indicate that luminescence originates
from singlet -7 ligand-centered excited state, which is lowered
in energy respect to the non-emissive n-1" iminic state as a con-
sequence of the metal complexation. The spectral red-shift and the
decreasing of the EQY of the GPS samples respect to reference com-
pound (2% vs. 4.4%, respectively) could be due to a distortion of the
geometry around the metal centre, which implies a mixing between
and n-m" and w- related states; owing to this, the EQY reduces
and the Franck-Condon shift enlarges. Moreover, the presence of
two principal bands (at 485 and 530 nm) with different red-shift
probably accounts for two principal types of confinement, whereby
Znl; is grafted on both the external surface and near the opening of
the channels. Because these types of immobilization are indepen-
dent of the type of mesoporous supports used, the EQY is expected
to remain almost constant.

3.2. One-pot synthesis products: (OPS)(Zn/MCM-41),
(OPS)(Zn/MCM-48) and (OPS )(Zn/SBA-15)

The syntheses of the materials functionalized using the one-
pot method, (OPS)(Zn/MCM-41), (OPS)(Zn/MCM-48) and (OPS)

Table 4
Emission quantum yield (EQY) of the Zn(Il) complex-containing mesoporous
materials.

Sample (]

(GPS) (OPS)
(Zn/MCM-41) 2% 22%
(Zn/MCM-48) 2% 10%
(Zn/SBA-15) 2% 5%

(Zn/SBA-15), were carried out in a single step (Section 2) by reacting
ZnL, and TEOS, in a molar ratio for ZnL,/SiO, =2. The incorpo-
ration of ZnL, was confirmed by IR spectroscopy, which showed
the C=N stretching at values 1648 cm~! for (OPS)(Zn/MCM-41)
and 1634 cm~! for both (OPS)(Zn/MCM-48) and (GPS)(Zn/SBA-15),
comparable with those recorded for the corresponding compounds
of the GPS series (Section 2). Quantitatively, the amount of loaded
ZnL,, given by the ZnL,/SiO, ratios calculated from the TGA data
(Table 1) is 0.14 for (OPS)(Zn/MCM-41), 0.43 for (OPS)(Zn/MCM-48)
and 0.45 for (OPS) (Zn/SBA-15). Interestingly, these values, com-
pared with those obtained for the GPS series, confirm that the ZnL,
loading obtained from the one-pot method is more efficient that
that obtained from grafting post-synthesis.

TGA data (Table 1) also show differences among these meso-
porous “hosts” as a function of their structure and pore dimensions.
The sample with higher amount of ZnL, is (OPS)(Zn/SBA-15) due
to its larger pore size; samples of (OPS)(Zn/MCM-48) also con-
tained a high amount of ZnL, due to the interconnected and
three-dimensional channel network of the base material. In fact,
such 3-dimensional channel is more efficient in loading than the
one- and bi-dimensional channel of MCM-41 and SBA-15 materials,
respectively.

X-Ray diffraction, N, adsorption/desorption and emission spec-
troscopy were used to investigate the topology of functionalized
mesoporous materials. As seen with the GPS method, XRD pat-
terns showed that functionalization did not alter the texture of
the solids, as the hybrid samples exhibited the same structures
as the reference samples MCM-41, MCM-48 and SBA-15 materials.
The incorporation of the chromophore molecules into the frame-
work was confirmed by an increase in intensity of XRD patterns
(Figs.S4-S6in SI). Samples (OPS)(Zn/MCM-41), (OPS)(Zn/MCM-48)
and (OPS)(Zn/SBA-15) exhibited adsorption/desorption isotherms
(Figs. S10-S12 in SI) similar to the grafted samples. In the OPS sam-
ples, however, the decrease in surface area and pore volume was
greater in the ZnL,-free reference samples than the GPS products.
This result is in agreement with the TGA data, corresponding to a
higher ZnL, content (Table 1).

The emission spectra for OPS samples (Fig. 2) showed an intense
peak at 455 nm, and, contrary to spectra from the GPS samples,
no relevant shoulders at higher wavelengths were detected. Fur-
thermore, in this case, the EQY was dependent on the mesoporous
topology, increasing as pore diameters decreased: (OPS)(Zn/MCM-
41) with smaller pores exhibited highest EQY value (22%), while
(OPS)(Zn/SBA-15) with large channels showed the lowest EQY (5%).
The blue-shift of the emission maximum, related to a greater Frank-
Condon shift respect to GPS samples, and the close resemblance
with the free ZnL;, reflect the minor distortion of the chromophore
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in samples obtained via OPS with respect to GPS. Considering the
trend of EQY, the intense emission of the OPS mesoporous mate-
rials could be attributed to the confinement of the chromophores
in the walls of the silica matrix and within the channels since in
this way, pore size reduction could confers to the luminophore an
increased rigidity and a more efficient radiative deactivation. Simi-
lar conclusions have been reported for analogous systems in which
conformational restriction of the rigid conjugate system gives rise
to fluorescence enhancement [37,38].

4. Conclusions

The covalent incorporation of a luminescent Si(OEt)s-
functionalized Schiff base ZnL, in silica-based mesoporous
materials has been successfully accomplished with two different
synthetic procedures: grafting post-synthesis and one-pot synthe-
sis. The structural properties and luminescent behavior of these
host-guest complexation systems were studied using XRD, N,
adsorption/desorption, TGA and UV/vis spectroscopy. In particular,
for the first time the luminescent behavior of a LHMS solid samples
was quantitatively investigated by direct measurement of the EQY
utilizing an integrating sphere coupled with a spectrofluorimeter;
in this way, it was possible to evidence a correlation between
luminescence intensity and structure of mesoporous materials.

In summary, the photophysical characterization coupled with
the usual investigation of the samples casts light on the chro-
mophore distribution in doped mesoporous materials. The ZnL;
amount and the EQY in GPS samples is constant, regardless of the
type of starting mesoporous material, suggesting that ZnL, is prin-
cipally anchored on the external walls and near the opening of
the channels. Besides, reduction of the Sggr after grafting (which
was proportional to the pore diameter) indicates that the channel
openings are involved in the grafting of the chromophore. In OPS
samples, the blue-shift of the emission band respect to GPS sam-
ples, the increase in EQY and the decrease in ZnL; loading which
reflects the reduced pore diameter of the starting material, could
be referred to an anchorage of ZnL, principally into the walls and
within the channels.

With respect to grafting, the one-pot method is simpler in terms
of synthesis protocols, offering a better control of organosilane
ZnL, complex loading, and consequently a highly homogeneous
distribution of organic groups. The best luminescent properties
were obtained in materials synthesized from the one-pot synthesis.
Since a tight chromophore confinement can significantly increase
the EQY, the present data suggest that MCM-41, which presents a
honeycomb-like structure of uniform mesopores is the most suit-
able host, providing the best fit for the Zn chromophores used
here.

These results clearly indicate that one-pot synthesis is a reliable
procedure for preparing high performing luminescent materials. It
should also be mentioned that utilization of ZnL,-loaded MCM-41
is of advantage to the fabrication of organic light emitting devices
(OLEDs). Since the pathways open for n/p migration-recombination
are limited essentially to only one dimension, it may be possible to
obtain a grater degree of order on electroluminescent processes by
utilizing porous, channel-type materials containing light-emitting
and electronically interacting guest molecules [37,38].

Supporting information available

XRD patterns and adsorption/desorption isotherms for synthe-
sized materials.
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