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One of the problems limiting application in microtechnology of
periodic mesoporous silica (PMS) thin films is their lack of electrical
conductivity. Insulating PMS hosts constitute a barrier impeding
the charge transport between external working electrodes and the
guests incorporated within the PMS mesopores. Applications in
electronic circuits, electrochemical sensors, electroluminescent films,
and photovoltaic cells will largely benefit of the use of conductive
mesoporous hosts.'

Herein we describe the synthesis of an electrically conductive
periodic mesoporous oxide based on the structuring of tin oxide
nanoparticles. In addition to providing direct conductivity measure-
ments, we illustrate with an example the advantage of a conductive
material with respect to conventional insulator PMS.

Tin oxide is one of the most common metal oxides behaving as
electrical conductor.> On the basis of this property, we prepared
small tin oxide nanoparticles that can serve as building blocks for
the preparation of mesoporous solids. Tin oxide nanoparticles of
2—5 nm were prepared by hydrolysis of SnCly. The particle size
distribution was determined by TEM (see Supporting Information).

Recently small nanoparticles instead of molecular compounds
have been used as building blocks for the synthesis of mesoporous
materials.>* These nanoparticles can be used in combination of
molecular precursors that favor nanoparticle connectivity, material
robustness, and structural stability.* Besides, the presence of
molecular precursors assist templation by efficient interaction with
the structure directing agent.

According to these lines, we have used tin oxide nanoparticles
in the presence of tetraethyl orthosilicate (TEOS, 50 wt %) or in
its absence to prepare structured mesoporous materials. Using
cetyltrimethylammonium bromide (CTAB) as structure directing
agent and effecting the synthesis under basic conditions, two solids
mpSnO,-100 and mpSnO,-50 (mp stands for mesoporous and the
number indicates SnO, weight percentage) were prepared. For the
sake of comparison, in the present work we have also used an all-
silica mesoporous MCM-41 material and the properties of these
mesoporous solids were compared to that of the unstructured
nanoparticles (preSnO,, “pre” denoting that these nanoparticles were
the precursors of mpSnQ,). Table 1 lists the main textural and
porosity data for these four materials.

XRD shows for MCM-41 its expected periodic hexagonal
structuring. Also for mpSn0O,-50, the (100) diffraction peak was
observed at 2.0° (insert in Figure 1). However, mpSnO,-100 did
not exhibit low angle diffraction peaks indicating that if TEOS is
absent in the synthesis gel, CTAB does not template pre-SnO,
nanoparticles into a periodic material.

Isothermal N, sorption measurements shows for mpSnO,-50
mononodal pore diameter and about nine times larger surface area
than preSnO, (see Figure 1 and Table 1). Interestingly, as it can be
seen in Figure 1, mpSnO,-100 also exhibits the typical isothermal
gas adsorption characteristic of mesoporous solids with bimodal
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Table 1. Composition and Porosity Data of the Materials Used in
This Work

template SnO,/TEOS pore size BET surfacg
content (wt %) (A) area (m? x g7')
preSnO, 100/0 40
mpSn0,-50 CTAB 50/50 33 357
mpSn0,-100 CTAB 100/0 37/78 94
MCM-41 CTAB 0/100 32 986

pore size distribution. The gas sorption hysteresis loop observed
for mpSnO,-100 indicates a cage-like mesoporous structure, show-
ing that lyotropic liquid crystals of the CTAB surfactant has been
able to create mesoporosity in mpSnO,-100.

I T .
D t :
CE . m; 1207 o2

. (S 5o _
3 3 i 8 80 3oo |
.E < 5 10 15 20 j 'E & 100 200 300"“’_
$ 200 2-Theta Angle j ? Pore Diameter/ A *" .+

m aut .° :

b [t l*I»Ir'Iflr-l - 8 40

< . : /l

q’ E -

E 3

3 9 : ‘ ‘
= : : . ‘ — 02 04 06 08 1.0
8 02 04 06 08 1.0

Relative Pressure/ P/Po— Relative Pressure/ P/P,~>

Figure 1. N, sorption isotherms of mpSnO,-50 (left) and mpSnO,-100
(right). The left inset shows an expansion of mpSnO,-50 low-angle XRD
and the inset on the right the bimodal pore distribution of mpSnO,-100.

The BET surface area of mpSnO,-100 is significantly lower than
mpSn0,-50 (see Table 1), reflecting the lack of periodic ordering
when no TEOS is added to the synthesis gel.

Porosity of mpSnO,-100 and mpSnO,-50 can be observed by
TEM (Figure 2). Thus, front and side TEM views of mpSnO,-50
channels show that the solid is constituted by an array of fairly
regular, parallel channels. More interestingly, TEM images of
mpSn0,-100 clearly reveal the presence of uniform mesopores. The
characterization data presented show that both mpSnO,-50 and
mpSnO,-100 are mesoporous materials having similar narrow pore
size distribution, the main difference being the periodic long-range
ordering present in mpSnO,-50 and absent in mpSnO,-100. The
latter material has mesoporous cages as previously observed for
related mesoporous materials that do not exhibit XRD.” Periodicity
and high BET area can be positive for those properties not affected
by the presence of silica domains.

Conductivity measurements were undertaken in the total absence
of moisture. mpSnO,-100 exhibits the highest conductivity that is
over 9 orders of magnitude higher than that of all-silica MCM-41
(Figure 3). The presence of silica in the structure is highly
detrimental for the electrical conductivity as shown by the 3 orders
of magnitude higher resistivity of mpSnO,-50 compared to mpSnO,-
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Figure 2. TEM images showing front (a) and parallel (b) views of mpSnO,-
50 and the homogeneous pore size structure of mpSnO,-100 (c).

100. Importantly, the resistivity of mpSnO,-100 in the 0.7—2.2 V
range is over 3-fold lower than that of preSnO,. The higher
conductivity of mpSn0O,-100 over preSnO, arises most probably
from the spatial nanoparticle ordering, the presence of porosity,
and the larger surface area. In our knowledge, the data of Figure 3
correspond by far to the lowest resistive mesoporous host reported
up to now.

1 T
5
g r8.0x10° §
x x
0 @«
E . E
S r4.0x10° §
3 3
3 3
o | 6 ‘q—>
.§ 2.0x10 g
< L
1 2 3 4 5
Voltage/ V —

Figure 3. Resistivity—voltage plot for preSnO, nanoparticles (a), mpSnO,-
100 (b), and mpSnO,-50 (c) recorded at room temperature under vacuum
in a sealed cell after dehydration at 400 °C for 1 h. Note the different vertical
scales.

One potential application of conductive mesoporous materials
is electroluminescence. As we said, guest encapsulation in insulating
PMS hosts results in poor charge transport from external electrodes
to the guest located in the host pores. Thus, encapsulation inside
insulator PMS negatively affects guest electroluminescence. To
show the advantage of conductive mesoporous materials for
host—guest electroluminescent materials, we prepared poly(1,4-
dimethoxy-p-phenylenevinylene) conducting polymer (dMeOPPV)
inside mpSnO, mesopores. Peparation consisted in the preadsorption
the 2,5-bis(chloromethyl)-1,4-dimethoxybenzene monomer followed
by basic polymerization inside the channels using K'BuO (eq 1).°

ButOK

monomer @mpSnO, dMeOPPV@mpSnO, (1)

THF

Polymer formation was confirmed by optical spectroscopy in
where the characteristic absorption band of the red dMeOPPV
polymer appears around 480 nm (see Figure 4 inset). Combustion
chemical analysis established that the dMeOPPV loading in
mpSn0,-100 was 12 wt %. For comparison, we prepared materials
at identical loadings in where dMeOPPV was hosted in MCM-41,
mpSnO,-50 and adsorbed on preSnO, nanoparticles.

With the dMeOPPV-containing materials, electroluminescent
cells were prepared with the following configuration: FTO/
(dMeOPPV)@host/Al (see Supporting Information). The remark-
able benefit of the electrical conductivity was reflected by the fact
that below 10 V (dMeOPPV)@mpSnO,-100 was the only material
exhibiting electroluminescence (Figure 4). The emission turn-on
voltage for dMeOPPV @mpSnO,-100 was 4 V and the emission
intensity grows in the 4—10 V DC range. In the case of mpSnO,-

50 when the cell voltage was above 10 V electroluminescence was
also observed with much lower relative efficiency. For dMeOPPV-
preSnO, current flow through the cell was observed at voltages
above 10 V, but no light emission could be ever detected.
Importantly, using MCM-41 as host no light emission or current
flow was observed under any circumstance.
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Figure 4. Electroluminescence spectra of dMeOPPV incorporated in
mpSn0O,-100 (a) and mpSnO,-50 (b) at 7 V. The inset shows the diffuse
reflectance optical spectra of dMeOPPV in mpSnO, (a) and preSnO, (b).

In summary, structured mesoporous tin oxides exhibit over 9
orders of magnitude higher electrical conductivity than mesoporous
silicas. Spatial structuring and surface area increases the electrical
conductivity of the material that is higher than that of the precursor
SnO; nanoparticles. The advantage of having electrically conductive
mesoporous hosts for applications requiring charge transport from
external electrodes has been proven by observation of low turn-on
voltage electroluminescence from a conjugated PPV polymer
incorporated in the porous solids. Also for this application, the
unstructured precursor SnO, nanoparticles or insulating PMSs are
inactive.
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