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Abstract: Surfactant-templated, mesostructured thin films are synthesized such that photoelectron donors
and electron acceptors are separated spatially in the different regions of the thin film. A photoelectron
donor is placed within the silica framework by using a silylated derivative of the well-known tris(bipyridine)-
ruthenium(II) cation. Selective placement of the electron acceptor is achieved by using a surfactant derivative
of methyl viologen. Luminescence decay traces and luminescence spectra are collected for the electron
donor in the presence of varying amounts of the electron acceptor. Because of the spatial separation of
the donor and acceptor noncontact electron transfer occurs and the electron-transfer rate decreases
exponentially with the distance separating the donor and acceptor. Luminescence decay traces are
calculated and fit to the experimental data in order to extract a value for the contact quenching rate, k0

(s-1), as well as the exponential decay constant â (Å-1) which governs how fast the electron-transfer rate
decreases as a function of the donor-acceptor distance. The value â ) 2.5 ( 0.4 Å-1 shows that the
mesostructured material is an excellent insulator, better than frozen organic glasses or proteins and
approaching that of vacuum. Combining deliberate placement methods, spectroscopy, and calculations
has made possible the first measurement of â for the silica region of mesoporous thin films.

Introduction

Inorganic oxide materials and their synthesis by the sol-gel
method are extensively reviewed topics.1-3 Out of the many
oxide materials that can be synthesized by sol-gel methods,
silica has drawn the most attention. The sol-gel method
employs relatively gentle conditions for making oxide materials
and is thus well suited for incorporating molecules into the
materials synthesized. Early functional sol-gel materials were
made by physically immobilizing molecules and biomolecules
such as enzymes in the sol-gel matrix, and this area remains
under active investigation.4-11

In 1992 the first example of mesostructured silica in the form
of surfactant-templated particles was reported.12 Since then, both

mesostructured particles, and more recently films,13-17 have been
well studied, and an extensive background has developed on
the self-assembly of metal oxides based on surfactant and block
copolymers as the structure-directing agents.3,18-21 In this paper
we use a one-step, one-pot method based on evaporation induced
self-assembly (EISA) to synthesize mesostructured thin films.13

This method of synthesizing films consists of dip coating a thin
liquid film onto a silicon substrate by immersing the substrate
into a sol and withdrawing it at constant speed. The formation
of the mesostructured film is driven by the preferential evapora-
tion of ethanol that, by leading to an increase in water, surfactant,
and acid concentrations, directs the two-dimensional (2D)-
hexagonal liquid crystal formation as well as increases the silica
condensation rate (Figure 1). This approach was chosen because
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of its simplicity and reproducibility: everything needed is
present in the starting sol, and 2D-hexagonal structured films
with a uniformd-spacing are consistently produced.

In general, surfactant-templated sol-gel materials contain
three spatially separated regions: the silica framework, the
hydrophobic core of the templating liquid crystal phase, and
the ionic interface region, which is the boundary between the
first two regions. The unique physical and chemical properties
of the regions in the mesostructured thin film allow these regions
to be derivatized selectively. Three one-pot, one-step strategies
have been developed for derivatizing silica thin films: the
bonding, philicity, and bifunctional strategies. Using the bonding
strategy, molecules are selectively placed in the silica framework
by derivatizing them with condensable groups, thus making them
part of the framework-forming material. The philicity strategy
places molecules by taking advantage of their local solubility;
hydrophobic molecules will be attracted to the micellar interior
while ionic molecules will be attracted to the ionic interface.
The bifunctional strategy uses a molecule with one hydrophobic
end while the other end is an alkoxysilane that can attach to
the framework. EISA has recently been used in our group to
place photoactive molecules in the spatially separated regions
of the mesostructure.22-25

In this paper we report the tunneling decay constantâ for
the silica region of mesostructured thin films. Deliberate
placement techniques are used to simultaneously position a
photoelectron donor in the silica framework and an electron
acceptor into the ionic interface region. The photoelectron donor,
D, and the electron acceptor,A, are shown in Scheme 1.

Because the donor and acceptor are confined in different
regions, electron-transfer takes place through tunneling, and the

electron-transfer rate decreases exponentially with distance
according to a model previously presented.26 Numerical calcula-
tions are carried out in order to produce luminescence decay
traces that fit the experimental data. Two variable parameters
are used to fit the calculated traces to the experimental data.
The first parameter is the quenching rate when the donor and
acceptor are in contact,k0. The second parameter is the tunneling
decay constant,â. It is related to the decrease in electron-transfer
rate as a function of distance and hence to the barrier presented
to tunneling by the material. The calculated traces compare well
to those obtained experimentally and allow insight into the
tunneling barrier presented by silica manufactured by the process
employed in this paper.â is an important parameter that is
known for many systems. By combining deliberate placement
techniques, spectroscopy, and calculations we reportâ for
mesostructured silica and compare it to that for many other
materials such as frozen glasses, alkane chains, and proteins
(Figure 2).27-30 Sol-gel thin films are of interest for electronic
insulating applications. Our results show that mesostructured
silica is an excellent insulator, better than frozen glasses and
almost as good as vacuum.

Experimental Section

Preparation of tris-(4,4′-Methoxy-2,2′-bipyridine) -Ruthenium-
(II) Dihexafluorophosphate. 4,4′-Methoxy-2,2′-bipyridine was pre-
pared according to literature methods.31,32 tris-(4,4′Methoxy-2,2′-
bipyridine)-ruthenium(II) hexafluorophosphate was prepared by refluxing
a slight excess of 4,4′-methoxy-2,2′-bipyridine and RuCl3 in a methanol/
ethanol mixture (2:8 v/v) for 72 h. The solvent was removed under
reduced pressure, and the orange solid was dissolved in water. The
final product was precipitated by addition of ammonium hexafluoro-
phosphate and washed with ether. The NMR spectrum is the same as
that reported.33

Preparation of tris-(4,4′-Silylated-2,2′-bipyridine) -Ruthenium-
(II) Hexafluorophosphate: “D”. The silylated donor (Figure 1) was
prepared by refluxing isocyanatopropyl triethoxysilane (ICPES) and
tris-(4,4′methoxy-2,2′-bipyridine)-ruthenium(II) dihexafluorophosphate
in acetonitrile. Five milligrams oftris-(4,4′methoxy-2,2′-bipyridine)-
ruthenium(II) dihexafluorophosphate was dried under vacuum at
100 °C overnight. The reaction vessel was allowed to cool to room
temperature before 10 mL of acetonitrile, distilled from CaH2, was
added. After thetris-(4,4′methoxy-2,2′-bipyridine)-ruthenium(II) di-
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Figure 1. (Left) Withdrawing a silicon substrate from the sol leads to the
formation of mesostructured silica thin films. The CTAB surfactant
templates pores in 2D hexagonal arrays (Right bottom) The photoelectron
donor (D) is located in the framework, while the electron acceptor (A) co-
assembles with the surfactant. (Right top) XRD patterns for mesostructured
films with and withoutD andA.

Scheme 1 . Photoelectron Donor (D) and Electron Acceptor (A)
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hexafluorophosphate had dissolved, 30µL of ICPES and 1 mL of
triethylamine, dried over 4 Å molecular sieves, were added, and the
solution refluxed for 24 h. The solvent was removed under reduced
pressure and the product used directly without further purification. The
NMR spectrum of the product proves the success of the coupling
reaction by observing the shift of the two hydrogens next to the OH
group on the bipyridines from 4.77 ppm (doublet) to 5.23 ppm (singlet)
and the appearance of a peak at 5.91 ppm (triplet) attributed to the NH
of the carbamide. The reaction was monitored using TLC whereRf

(starting material)) 0.4 andRf (product)) 0.85. The success of the
coupling reaction can also be demonstrated using TLC (Merck Kieselgel
60, eluent H2O/MeOH/MeCN/NaCl, 9.3:7.5:29.5:1) by adding a drop
of 1 M HCl to the spot before starting the chromatography. The silane-
coupled ruthenium complex does not move because its siloxane arms
are now covalently linked to the TLC plate, while theRf of the starting
materials is the same as that without the addition of HCl.

Preparation of 1-Hexadecyl, 1′-methyl 4,4′-bipyridinium Dichlo-
ride. The electron acceptor,A (Figure 1), was prepared according to
literature methods. The NMR spectrum of the synthesized compound
is in agreement with that previously published.34

Sol Preparation and Film Synthesis.Films are synthesized as
described previously.13,23 First, a stock solution is prepared by mixing
tetraethoxysilane (TEOS, the silicate precursor), ethanol, water, and
HCl with mole ratios 1:3.8:1:(5× 10-5), respectively, and heating to
60 °C for 90 min. A 7.5-mL sample of this stock solution is then mixed
with 1.032 mL of 0.07 M HCl and 0.344 mL of water, added by
micropipetting, in a plastic beaker, and the resulting solution is stirred
for 15 min and then aged for 15 min without stirring. At this point 20
mL of absolute ethanol is added to the mixture to make the sol. After
the sol has been aged for 3 days, cetyl trimethyl ammonium bromide
(CTAB), A, and D are added to achieve the desired concentrations
where theA to D ratio ranges between 115:1 to 345:1. A strip of silicon,
cleaned with piranha solution (H2O2/H2SO4, 1:4 by volume, heated to
boiling for 1 h), is dipped into a Teflon reservoir containing the sol
and withdrawn at a constant rate of 9.3 cm/min to yield the mesos-
tructured film. The entire film-pulling apparatus is contained inside a

controlled-humidity chamber, and all films are prepared at a relative
humidity of 50( 5%.

Preparation of Films Containing A. While keeping the surfactant:
Si ratio constant (both CTAB andA are surfactants) CTAB andA were
added in the following ratios: 10:0, 9:1, 8:2, and 7:3. Films were
prepared as described above in general sol preparation and film
synthesis.

Instrumentation and Analysis.Time-resolved luminescence spectra
and steady-state luminescence spectra were obtained using a Quantel
Brilliant Nd:YAG laser to exciteD (λex ) 355 nm, fwhm< 10 ns).
The luminescence was passed through a 0.3 m monochromator with a
300 groove/mm grating. The light was dispersed onto a Roper Scientific
PIMAX gated, intensified CCD. XRD spectra were obtained using a
PANalytical X’Pert PRO.

Results

Mesostructure. All films contain D at a ratio of 1:1150 vs
surfactant while the CTAB to quencher (A) ratio was 0:10, 1:9,
2:8, or 3:7. The first-order diffraction peak appears at 2θ )
2.3° ( 0.02° corresponding to a lattice spacing of 38.4( 0.3
Å. All films are crack free upon visual inspection, that is, the
film surface is mirror-like, indicating the absence of defects
detectable using visible light.

Luminescence Spectra.Incorporation ofD is verified by
steady-state emission spectroscopy. Luminescence (λmax ) 615
nm) is observed from the mesostructured film prepared from
the sol containingD. The immediate environment aroundD
changes markedly upon film formation, as is evident from the
15-nm blue shift of the luminescence spectrum when comparing
the luminescence from the sol (λmax ) 630 nm) to the
luminescence from the film (λmax ) 615 nm) (Figure 3). When
CTAB is omitted but all other parameters left unchanged,
luminescence fromD in the unstructured film is also observed
(λmax ) 614 nm). The small (1 nm) difference between the
emission maxima in the unstructured and the structured films
suggests thatD is incorporated into the framework of the
mesostructured film and not the surfactant core or the ionic
interface. The incorporation of theA is proven by the decrease
in luminescence lifetime of the luminescent electron donorD
when the electron acceptorA is incorporated.

Time-Resolved Luminescence Spectroscopy.Batches of 12
films each were pulled, three at each of the four different
concentrations of quencher. The films were aged in the
humidity-controlled chamber overnight. Aging allows the
condensation reaction to approach completion and lets solvent(34) Hammarstrom, L.; Almgren, M.; Norrby, T.J. Phys. Chem.1992, 96, 5017.

Figure 2. Time-resolved luminescence spectroscopy allows for comparison
of electron tunneling barriers in systems as different as (top left) mesos-
tructured sol-gel materials, (top right) rigid matrices, (bottom left)
covalently linked donors and acceptors, and (bottom right) proteins.

Figure 3. Luminescence spectra of Ru(II)-tris(bpy-ICPES) in the sol (far
right) and in structured and nonstructured thin films (two leftmost traces).

Nanostructured Silicate Sol−Gel Thin Films A R T I C L E S
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evaporate from the thin film. The next day luminescence
measurements were made. Two hundred spectra, each of 10-ns
integration time, were collected starting 200 ns before the 355-
nm excitation pulse. Spectra were collected at 20-ns intervals
until 3800 ns after the 255-nm pump. Since the films are only
100-200 nm thick, 200 accumulations were made for each time
point in order to improve the signal-to-noise ratio. Spectra were
collected for each of the three films at each concentration. The
data was collected in the form of 2D matrices, which were used
to construct the luminescence decay traces. The absolute
intensity of the luminescence decay traces for all films with
the same concentration of quencher was in good agreement,
specifically, the run-to-run agreement was better than 3%. The
three luminescence decay traces for each quencher concentration
were combined into one luminescence decay trace. Baseline
subtraction was achieved using an average of the intensity of
the points collected before the 355-nm pump. The intensities
of the four traces were normalized versus the no-quencher
luminescence decay trace. The normalized traces were used to
fit calculated luminescence decay traces.

Examples of luminescence decay traces for films containing
D only, andD andA at the aforementioned ratios, are shown
in Figure 4. When doing repeated accumulations, there is always
the possibility of decomposition of the donor or acceptor over
time. In order to verify that the donors and acceptors are not
degrading over the time scale of the experiment, the lumines-
cence intensity was checked at the beginning of the experiment
as well as at the end. The luminescence intensity stayed the
same, proving that the donor was not decomposing. The acceptor
was proven not to decompose by obtaining multiple lumines-
cence decay traces of the same film. Lifetimes stayed the same
for those measurements, proving that the degree of quenching
and hence the quencher concentration remained constant.

THEORETICAL MODEL

The model used to analyze the data is an expansion of a model
presented earlier.26 It is assumed that the noncontact electron
transfer between the donor and acceptor separated by a distance
R takes place through tunneling, and that the probability of
electron transfer decreases exponentially withR.26 Electron
transfer takes place from the excited-state of the photoelectron
donor. The excited-state of the photoelectron donor can be
deactivated by a number of processes including relaxation

through emission of a photon, nonradiative relaxation, and
electron transfer to an electron acceptor. The luminescence
intensity decay trace,I(t), of an electron donor in the presence
of quenchers can be written as:

whereI0(t) is the intensity as a function of time in the absence
of quenchers,k0 is the contact quenching rate,â is the decay
constant of the contact quenching rate,R0 is the center to center
distance for the donor and acceptor, andi indicates theith
acceptor andRi is the distance between the donor and acceptor
i.

Both electron donors and acceptors are confined to their
respective regions of the mesostructured thin film but are
distributed in a random fashion in these regions. The electron
acceptors are restricted to the inner surface of the pores, which
are packed in a 2D-hexagonal pattern. The electron donors are
located in the space between the tubes, but not inside the tubes
or in the ionic interface. For randomly distributed donors and
acceptors there is a closed formula solution to eq 1.26

In the case of the mesostructured material the problem was
solved numerically. Simulations are set up where distances
between a donor and many acceptors are found, given the
constraints stated above. The distances are used to calculate a
luminescence decay spectrum. This process is repeated 4000
times to get an average representative of actual experimental
conditions.I0(t) is experimentally determined from the lumi-
nescence decay in the absence of quenchers. The calculated
decay traces are compared to those experimentally obtained.
The “goodness” of the fit is determined by calculatingS (eq 2)
for a certain pair ofâ andk0. S is the least-squares value,yi is
the experimental value at time pointi, f is equal toI(t) in eq 1,
andR is an array of donor-acceptor distances.

Theâ andk0 values together withSare recorded. This method
yields a best fit that is unique, i.e., there is aâ andk0 pair that
yields a unique minimumS.

Discussion

Mesostructure and Donor/Acceptor Placement.The films
studied were made through evaporation induced self-assembly
(EISA).13 A homogeneous solution is prepared containing
TEOS, CTAB, HCl, and water. To this solution is addedD and
A to desired concentrations. A silicon substrate is dipped into
the solution after which the substrate is retracted, pulling with
it a thin film of liquid. Ethanol will evaporate preferentially
from the film of liquid, raising the concentrations of water, acid,
and surfactant. This change increases the rate of condensation
of the silica monomers and forces the surfactant to form the
desired liquid crystal structure. The silica oligomers arrange
themselves around the liquid crystal phase, and condensation
continues, yielding the surfactant-templated, nanostructured
silica thin film as illustrated for CTAB in Figure 1. The final
film is 100-200 nm thick. The XRD patterns obtained for the
mesostructured films are consistent with 2D-hexagonal meso-
structure with the main diffraction peak positioned at 2θ ) 2.3°
( 0.02° corresponding to a lattice spacing of 38.4( 0.3 Å.

Figure 4. Luminescence decay ratios ofD for CTAB to A of (top to
bottom): 10:0, 9:1, 8:2, and 7:3. As the quencher concentration increases,
the luminescence decay becomes increasingly non-exponential.

I(t) ) I0(t) ∏
i

exp(-t × k0 × exp(-â(Ri - R0))) (1)

S) ∑
i)1

n

(yi - f(k0,â,R))2 (2)
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Surfactant-templated mesosotructured silica thin films have
three regions with distinct and differing physical properties.
These regions arise from the two main components of the sol
and the interface formed between them. The three regions are
the following: the silica framework, the hydrophobic micelle
core, and the ionic interface between the surfactant and the silica.
Because of the differences in physical and chemical properties
of the three regions, strategies exist to place molecules
deliberately in any of the regions.

The approaches for selective placement ofD andA used in
this paper are the bonding strategy and the philicity strategy.22,23

In the “philicity” strategy, placement of molecules is achieved
by taking advantage of the local solubility of different molecules.
For example, hydrophobic molecules will go into the hydro-
phobic region, while ionic molecules will go into the ionic
region. Using the bonding strategy, molecules are placed in the
framework by making them a building block of the framework.
The molecule of interest is derivatized such that it itself
undergoes hydrolysis and condensation. The photoelectron donor
(A) was placed in the silica framework by derivatizing ruthe-
nium(II)-tris-(4,4′-methoxy-2,2′-bipyridine) with co-condens-
able alkoxysilane arms, thus making it a part of the framework.
The successful incorporation of the ruthenium moiety into the
silica region is supported by the almost identical emission
spectra observed in mesostructured (λmax ) 615 nm) and
amorphous (λmax ) 614 nm) films (Figure 3), which are
substantially different from the solution spectrum (λmax ) 630
nm). The electron acceptor was placed selectively in the ionic
interface by utilizing the philicity strategy and a methyl viologen
analogue with surfactant properties, 1-hexadecyl,1′-methyl 4,4′-
bipyridine dichloride (A).34 A is known to form micelles by
itself35 as well as to fully incorporate into CTACl micelles while
retaining its ability to function as a reversible electron accep-
tor.36,37The electro-active part of the molecule is the headgroup,
and it is anchored in place by its association with the micellar
core via its hexadecyl tail.

The purpose of spatial separation ofD andA is to measure
the tunneling decay constantâ for the silica region of mesos-
tructured thin films. A donor/acceptor pair with well-known and
exhaustively studied electron-transfer properties was chosen.
Ruthenium(II)-tris(bipyridine) is a well-known photoelectron
donor, and methyl viologen is an extensively used electron
acceptor.38 The problem with these two prototypical candidates
is that there is little control over how and where they incorporate
into the thin film. It is likely that both underivatized Ru(II)-
tris(bipyridine) and methyl viologen will distribute themselves
throughout the ionic interface and silica framework and electron-
transfer would take place by contact electron transfer in the silica
framework and/or contact electron transfer in the ionic interface
in addition to electron transfer by tunneling from the donor to
acceptor, both along the ionic interface and through the silica
region. Separating the contributions from the different rections
would be difficult. Experimental quenching data show that the
electron donor and acceptor are indeed separated and that the
degree of quenching is much less than that for the corresponding

concentrations of ruthenium-tris(bipyridine) and methyl vi-
ologen in solution. The incorporation ofD andA have no effect
on the mesostructure as confirmed by XRD measurements. Care
must be taken because incorporation of some dopants can
drastically affect the mesostructure formed.39

Calculation of the Coefficient â. When electron-transfer
takes place through tunneling, the probability of tunneling
decreases exponentially with the donor-acceptor distance where
the exponential decay constant is referred to asâ (eq 1).â varies
greatly depending on the nature of the media through which
the electron has to tunnel. The greatest barrier to tunneling and
hence the largestâ is that for vacuum (â ) 2.9-4.0 Å-1), while
small values have been measured for systems such as conjugated
organic polymers.30 It should be pointed out thatâ is predicted
to depend on the energy difference between the tunneling
electron and the reduced and oxidized states of the intervening
material.30 Experimental data, however, suggest thatâ is
primarily a function of the bridge and relatively independent
of the donor and acceptor.30,40 Blumen26 has outlined how to
theoretically predict the degree of electron transfer between a
donor and acceptors in the case of electron transfer through
tunneling. In the case when electron transfer can be observed
due to the change in luminescence lifetime of the donor, the
luminescence decay trace can be described by eq 1. For certain
donor-acceptor geometries an analytical solution that describes
the luminescence decay has been derived.26 This analytical
solution has been used to fit calculated spectra to experimental
results in order to extractâ and k0 values for frozen glasses,
proteins, and conjugated bridges.30

For 2D-hexagonal geometry an analytical solution does not
exist, and the luminescence decay trace has to be calculated
numerically. The aim of the calculations is to determine which
â and k0 pair is best able to fit the experimentally obtained
luminescence decay trace, keeping in mind that theD and A
are confined to specific regions. In order to achieve this, a brute
force approach is taken. For each pair ofâ andk0, an ensemble
average luminescence decay trace is calculated and compared
to that experimentally obtained, where the goodness of the fit
is measured byS (eq 2). A contour plot is created where thex-
andy-axes areâ andk0, respectively, and thez-axis isS. The
minimum value ofS gives theâ andk0 pair that best fits the
experimentally obtained data.

The calculations are carried out as follows using an iterative
procedure. Step one is to determine the positions of the
surfactant headgroups in the mesostructured silica thin film using
the known 3D structure of the material and thed-spacing. A
list of the positions of the headgroups in space is constructed.
The second step is to choose which of the headgroups are the
active paraquatA headgroups. TheA headgroups are chosen
randomly from the list of possible positions using a random
number generator. The constraint that the ratio ofA to CTAB
headgroups matches the ratio used experimentally is imposed.
The third step is to positionD. Because the donor is located in
the silica framework, a position forD is chosen randomly under
the constraint that it be neither in the ionic interface nor in the
hydrophobic region. The fourth step is to calculate the straight
line distance fromD to all A. The list of distances obtained is
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Sci.1981, 83, 209.
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(39) Garcia, J. A.; Valverde, G.; Zink, J. I.Langmuir2003, 19, 4411.
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sorted in ascending order, and the seven shortest distances are
used in the calculation. The fifth step is to use the list of
distances, together with the initial trial values ofâ andk0, to
calculate a luminescence decay trace using eq 1. This calculated
luminescence decay trace is for one specific donor-acceptor
configuration only and will therefore not resemble the experi-
mentally obtained luminescence decay trace. The calculated
trace is saved in a temporary vector. In order to calculate a trace
that is comparable to that experimentally obtained, it must be
an ensemble average. To construct this ensemble average steps
one through five are repeated for a total of 4000 times, after
which the sum of the traces is divided by 4000. The goodness
of the fit to the experimental data is calculated using eq 2. The
“goodness” of the fit together with theâ andk0 used to calculate
it provide one point in the contour plot. The procedure is
repeated using physically relevant combinations ofâ and k0,
and the minimumS in the contour plot is found.

Calculations fitted to three different quencher concentrations
yielded a contact quenching ratek0 ) 1 × 10(13.5(0.8) s-1 and
â ) 2.5 ( 0.4 Å-1. Examples of experimental data and
calculated fits for quencher concentrations 1:9 and 3:7 are shown
in Figure 5.

In order to determine whether the obtainedk0 is reasonable,
it is compared to the electron-transfer rate between a covalently
linked ruthenium-tris-(bipyridine) and methyl viologen moiety.
A previous study measured the electron-transfer rate between
the ruthenium-tris-(bipyridine) and methyl viologen moiety
linked by a CH2 group.41 The obtained electron-transfer rate
(2.5 × 1011 s-1) is lower thank0 as measured by us, which is
expected since the donor and acceptor are not in direct contact
but are held apart by a CH2 group.â is positive, and smaller
than that for vacuum, which is the upper limit.30 It is therefore
a reasonable value. Since, as mentioned earlier,â appears to
be primarily dependent on the bridge properties, it can be
compared to values for many other systems measured using
different donor-acceptor pairs.

In addition to supporting the successful separation of electron
donors and acceptors in mesostructured silica the calculations
yield measurements of the important physical parameters,k0

andâ. The distance decay constantâ has been calculated for a

number of glasses.30 Going from high to lowâ, examples of
known values are for vacuum (2.9-4 Å-1), methyl tetrahydro-
furan glass (1.57-1.67 Å-1), aqueous glass (1.55- 1.65 Å-1),
and toluene glass (1.18- 1.28 Å-1). Furthermore, data have
been compiled onâ values for donor-bridge-acceptor systems
that exhibit exponential distance dependences of the electron-
tunneling probability.30 For xylyl bridgesâ ) 0.76 Å-1, for
alkane bridgesâ ) 1.0 Å-1, and for â-strand bridges in
ruthenium-modified azurin,â ) 1.1 Å-1. An STM study of
electron tunneling through silica showed that, using a sample
bias lower than(2 V, the tunneling current was under the
detection limit which indicated that the oxide film was insulat-
ing.42 It is clear from the data presented that the tunneling barrier
in mesostructured glass is quite high compared to those
measured for many other systems (Figure 6).

The silica framework is highly microporous; the silica walls
are not composed of a dense SiO2 matrix but rather a spongelike
SiO2 matrix with micropores. This structure would give the
tunneling electron two options. First it could tunnel through
regions that are primarily gas-filled micropores. Second, it could
follow Si-O-Si bonds, in which case the tunneling distance
is longer than the distance measured as a straight line. Both
options would yield a higher observedâ. The silica framework
in mesostructured silica materials is an efficient insulator.

Summary

Silicate thin films with highly ordered nanostructure contain-
ing spatially separated electron donor and acceptor molecules
are synthesized. The films consist of a silicate framework that
holds in place a 2D-hexagonal structure templated by an ionic
surfactant. Pairs of molecules consisting of a photoelectron
donor ruthenium complex and an electron acceptor methyl
viologen derivative are placed in the framework and the ionic
interface, respectively, using a one-step, one pot synthesis. The
ruthenium complex contains ethoxysilane groups that bond to
and form part of the framework, and the placement is an
example of the “bonding” strategy. The methyl viologen
derivative is localized in the ionic interface region of the
surfactant, and its placement is an example of the “philicity”
strategy.

Spectroscopic data show that the photoelectron donor is
incorporated into the framework. Electron transfer is verified
by observing the decrease in luminescence lifetime as the
electron acceptor concentration is increased. The tunneling decay
constantâ of the silica region of the mesostructured thin films
is calculated from luminescence lifetime data. Numerical fits

(41) Lomoth, R.; Haupl, T.; Johansson, O.; Hammarstrom, L.Chem. Eur. J.
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Figure 5. Calculated fits to experimental luminescence decays.â andk0

are optimized in order to obtain the best fit.

Figure 6. Comparison of theâ value for mesostructured silica with those
of xylene bridges, azurin, frozen MTHF glass, and vacuum. The silica
framework is an excellent insulator.
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to the luminescence decay traces give information about the
contact quenching rate,k0, as well as the tunneling decay
constant,â. Theâ value calculated for mesostructured silica is
found to be quite high, which is consistent with the microporous
nature of silica produced this way as well as the large band gap
of silica glass. Combining the ability to place molecules
precisely within the mesostructure coupled with numerical
calculations has yielded information that would be hard to obtain

by other methods and allows us to compare the tunneling decay
constantâ for mesoporous silica thin films to many other
systems.
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