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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(ll) 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, ko
(s™1), as well as the exponential decay constant 8 (A~1) which governs how fast the electron-transfer rate
decreases as a function of the donor—acceptor distance. The value g = 2.5 + 0.4 A~! 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 $ for the silica region of mesoporous thin films.

Introduction

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

In 1992 the first example of mesostructured silica in the form
of surfactant-templated particles was repoffegince then, both
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mesostructured particles, and more recently fittn&] 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 agénrts2! In this paper

we use a one-step, one-pot method based on evaporation induced
self-assembly (EISA) to synthesize mesostructured thin fifms.
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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Scheme 1 . Photoelectron Donor (D) and Electron Acceptor (A)
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electron-transfer rate decreases exponentially with distance

. { ™ according to a model previously presentétlumerical calcula-
D tions are carried out in order to produce luminescence decay
é ( g traces that fit the experimental data. Two variable parameters
o N S are used to fit the calculated traces to the experimental data.
5 The first parameter is the quenching rate when the donor and

Figure 1. (Left) Withdrawing a silicon substrate from the sol leads to the acceptor are in contadt. The second parameter is the tunneling
formation of mesostructured silica thin films. The CTAB surfactant decay constanfi. It is related to the decrease in electron-transfer
templates pores in 2D hexagonal arrays (Right bottom) The photoelectron rate a5 a function of distance and hence to the barrier presented
donor ) is located in the framework, while the electron accep#orco- . .
assembles with the surfactant. (Right top) XRD patterns for mesostructured {0 tunneling by the material. The calculated traces compare well
films with and withoutD andA. to those obtained experimentally and allow insight into the
tunneling barrier presented by silica manufactured by the process

of its simplicity and reproducibility: everything needed is employed in this papel3 is an important parameter that is
present in the starting sol, and 2D-hexagonal structured films known for many systems. By combining deliberate placement
with a uniformd-spacing are consistently produced. techniques, spectroscopy, and calculations we refofor

In general, surfactant-templated sglel materials contain ~ mesostructured silica and compare it to that for many other
three spatially separated regions: the silica framework, the materials such as frozen glasses, alkane chains, and proteins
hydrophobic core of the templating liquid crystal phase, and (Figure 2)27-30 Sol—gel thin films are of interest for electronic
the ionic interface region, which is the boundary between the insulating applications. Our results show that mesostructured
first two regions. The unique physical and chemical properties silica is an excellent insulator, better than frozen glasses and
of the regions in the mesostructured thin film allow these regions almost as good as vacuum.
to be derivatized selectively. Threg qne-pglt, one-.ste!o strategies,EXperim ental Section
have been developed for derivatizing silica thin films: the
bonding, philicity, and bifunctional strategies. Using the bonding ~_ Preparation of tris-(4,4-Methoxy-2,2-bipyridine) —Ruthenium-
strategy, molecules are selectively placed in the silica framework (!!) Dihexafluorophosphate. 4’4"Methoxy;2’Z_‘b'pyr]d'”e was pre-
by derivatizing them with condensable groups, thus making them E.areq _according fo_literature methcds? tris-(4,4Methoxy-2,2-
part of the framework-forming material. The philicity strategy ipyridine)—ruthenium(ll) hexafluorophosphate was prepared by refluxing

. ) 27 aslight excess of 4,4nethoxy-2,2bipyridine and RuGlin a methanol/
places molecules by taking advantage of their local solubility; ethanol mixture (2:8 v/v) for 72 h. The solvent was removed under

hydrophobic molecules will be attracted to the micellar interior | gquced pressure, and the orange solid was dissolved in water. The
while ionic molecules will be attracted to the ionic interface. final product was precipitated by addition of ammonium hexafluoro-
The bifunctional strategy uses a molecule with one hydrophobic phosphate and washed with ether. The NMR spectrum is the same as
end while the other end is an alkoxysilane that can attach to that reported®

the framework. EISA has recently been used in our group to  Preparation of tris-(4,4-Silylated-2,2-bipyridine) —Ruthenium-

place photoactive molecules in the spatially separated regions(!!) Hexafluorophosphate: “D". The silylated donor (Figure 1) was
of the mesostructuri—25 prepared by refluxing isocyanatopropy! triethoxysilane (ICPES) and

. . tris-(4,4methoxy-2,2bipyridine)—ruthenium(ll) dihexafluorophosphate
In this paper we report the tunneling decay consfar in acetonitrile. Five milligrams offris-(4,4methoxy-2,2-bipyridine)—

the silica region of mesostructured thin films. Deliberate | inenium(ily dihexafluorophosphate was dried under vacuum at

placement techniques are used to simultaneously position @100 °c overight. The reaction vessel was allowed to cool to room
photoelectron donor in the silica framework and an electron temperature before 10 mL of acetonitrile, distilled from Gatas

acceptor into the ionic interface region. The photoelectron donor, added. After thetris-(4,4methoxy-2,2-bipyridine)—ruthenium(ll) di-
D, and the electron acceptdk, are shown in Scheme 1.
Because the donor and acceptor are confined in different g% ,E\;,l'm?frj’_ 'g'f'B%?;"“j_'j\?j’%gfgm?zﬁ,ﬁﬁ%gl 74 6746,

regions, electron-transfer takes place through tunneling, and the(28) Ponce, A.; Gray, H. B.; Winkler, J. B. Am. Chem. So@00Q 122, 8187.
(29) Smalley, J. F.; Finklea, H. O.; Chidsey, C. E. D.; Linford, M. R.; Creager,
S. E.; Ferraris, J. P.; Chalfant, K.; Zawodzinsk, T.; Feldberg, S. W.; Newton,

(22) Hernandez, R.; Franville, A. C.; Minoofar, P.; Dunn, B.; Zink, J.IAm. M. D. J. Am. Chem. So@003 125 2004.

Chem. Soc2001, 123 1248. (30) Wenger, O. S; Leigh, B. S.; Villahermosa, R. M.; Gray, H. B.; Winkler,
(23) Minoofar, P. N.; Hernandez, R.; Chia, S.; Dunn, B.; Zink, J. I.; Franville, J. R.Science2005 307, 99.

A. C.J. Am. Chem. So2002 124, 14388. (31) Della Ciana, L.; Dressick, W. J.; Von Zelewsky, A.Heterocycl. Chem.
(24) Minoofar, P. N.; Dunn, B. S.; Zink, J. 0. Am. Chem. SoQ005 127, 199Q 27, 163.

2656 Oki, A. R.; Morgan, R. JSynth. Commuril995 25, 4093.

. (32)
(25) Nguyen, T. D.; Tseng, H. R.; Celestre, P. C.; Flood, A. H.; Liu, Y.; Stoddart, (33) Collins, J. E.; Lamba, J. J. S.; Love, J. C.; McAlvin, J. E.; Ng, C.; Peters,
J. F.; Zink, J. I.Proc. Natl. Acad. Sci. U.S.2005 102 10029. B. P.; Wu, X. F.; Fraser, C. Unorg. Chem.1999 38, 2020.
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Figure 3. Luminescence spectra of Ru(Hjris(bpy-ICPES) in the sol (far
right) and in structured and nonstructured thin films (two leftmost traces).

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 amdl are surfactants) CTAB arndl were
added in the following ratios: 10:0, 9:1, 8:2, and 7:3. Films were

Figure 2. Time-resolved luminescence spectroscopy allows for comparison prepareq as described above in general sol preparation and film
of electron tunneling barriers in systems as different as (top left) mesos- synthesis.

tructured sot-gel materials, (top right) rigid matrices, (bottom left) Instrumentation and Analysis. Time-resolved luminescence spectra

covalently linked donors and acceptors, and (bottom right) proteins. and steady-state luminescence spectra were obtained using a Quantel
Brilliant Nd:YAG laser to exciteD (lex = 355 nm, fwhm< 10 ns).

hexafluorophosphate had dissolved, B0 of ICPES and 1 mL of The luminescence was passed through a 0.3 m monochromator with a

triethylamine, dried ove4 A molecular sieves, were added, and the 300 groove/mm grating. The light was dispersed onto a Roper Scientific
solution refluxed for 24 h. The solvent was removed under reduced p|MAX gated, intensified CCD. XRD spectra were obtained using a
pressure and the product used directly without further purification. The paNalytical X'Pert PRO.

NMR spectrum of the product proves the success of the coupling

reaction by observing the shift of the two hydrogens next to the OH Results

group on the bipyridines from 4.77 ppm (doublet) to 5.23 ppm (singlet)  \jesostructure. All films contain D at a ratio of 1:1150 vs

and the appearance of a peak at 5.91 ppm (triplet) attributed to the NH surfactant while the CTAB to quencheX)ratio was 0:10, 1:9
of the carbamide. The reaction was monitored using TLC wiere 2:8, or 3:7. The first-order diffraction peak appears a,ti ’

(starting materialy= 0.4 andR: (product)= 0.85. The success of the . . .
coupling reaction can also be demonstrated using TLC (Merck Kieselgel 2.3° + 0.02 corresponding to a lattice spacing of 3840.3

60, eluent HO/MeOH/MeCN/NaCl, 9.3:7.5:29.5:1) by adding a drop A All films are Cr'ack free upon vi;ual inspection, that is, the
of 1 M HCI to the spot before starting the chromatography. The silane- film surface is mirror-like, indicating the absence of defects

coupled ruthenium complex does not move because its siloxane armsdetectable using visible light.

are now covalently linked to the TLC plate, while tReof the starting Luminescence Spectralncorporation ofD is verified by
materials is the same as that without the addition of HCI. steady-state emission spectroscopy. Luminescengg€ 615
Preparation of 1-Hexadecyl, 1-methyl 4,4-bipyridinium Dichlo- nm) is observed from the mesostructured film prepared from

ride. The electron acceptoA (Figure 1), was prepared according to  the sol containingd. The immediate environment arouri

literature methods. The NMR spectrum of the synthesized compound changes markedly upon film formation, as is evident from the

is in agreement with that previously publistéd. _ 15-nm blue shift of the luminescence spectrum when comparing
Sol Preparation and Film Synthesis.Films are synthesized as the luminescence from the SoRsa = 630 nm) to the

described previouslZ2*First, a stock solution is prepared by mixing . . oo mex .

tetraethoxysilane (TEOS, the silicate precursor), ethanol, water, and l(ljj'lrp,&rllz;esigegr?qeitl?jmbt:te glllrn(t(tnﬁxer_ S;;r?lrgt)e(rzq:;te S?}ICYYah:gned

HCI with mole ratios 1:3.8:1:(5< 1075), respectively, and heating to ) : it
60°C for 90 min. A 7.5-mL sample of this stock solution is then mixed luminescence frond in the unstructured film is also observed

with 1.032 mL of 0.07 M HCI and 0.344 mL of water, added by (Amax = 614 nm). The small (1 nm) difference between the
micropipetting, in a plastic beaker, and the resulting solution is stirred emission maxima in the unstructured and the structured films
for 15 min and then aged for 15 min without stirring. At this point 20 suggests thaD is incorporated into the framework of the
mL of absolute ethanol is added to the mixture to make the sol. After mesostructured film and not the surfactant core or the ionic
the sol has been aged for 3 dayS, Cetyl trlmethyl ammonium bromide |nterface The |ncorporat|on Of tl'm |S proven by the decrease
(CTAB), A, andD are added to achieve the desired concentrations i, |yminescence lifetime of the luminescent electron doRor
V\:here t:EA tho D ratur? ran?es betgianslliizos%.ll. A Str'lf of sncl;con, when the electron acceptér is incorporated.

cleaned with piranha solution {8,/HzSQ, 1:4 by volume, heated to Time-Resolved Luminescence Spectroscopgatches of 12

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- films each were pulled, three at each of the four different

tructured film. The entire film-pulling apparatus is contained inside a concentrations of quencher. The films were aged in the
humidity-controlled chamber overnight. Aging allows the

(34) Hammarstrom, L.; Almgren, M.; Norrby, T. Phys. Chen1992 96, 5017. condensation reaction to approach completion and lets solvent

J. AM. CHEM. SOC. = VOL. 129, NO. 46, 2007 14439
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through emission of a photon, nonradiative relaxation, and

oe \'.\ electron transfer to an electron acceptor. The luminescence
\ intensity decay tracd(t), of an electron donor in the presence
064 & of quenchers can be written as:
N AN 1) = 160 [] exp-t x Ky x xR ~R)) (1)
’g 04 N\ i
£ N\ \ wherelq(t) is the intensity as a function of time in the absence
\ ‘\\ AN of quenchersky is the contact quenching ratg,is the decay
0-2'\\ . N constant of the contact quenching rd@gjs the center to center
\ xﬁh\\--mﬂ_ "‘“‘a__m__ distance for the donor and acceptor, anthdicates theith
00 e acceptor andR; is the distance between the donor and acceptor
ofs 1!0 1 .Is 2I.o 2!5 3!0 3_5;:1 0® I . .
Time (s) Both electron donors and acceptors are confined to their

) . ) respective regions of the mesostructured thin film but are
Figure 4. Luminescence decay ratios &f for CTAB to A of (top to T . L .
bottom): 10:0, 9:1, 8:2, and 7:3. As the quencher concentration increases,distributed in a random fashion in these regions. The electron
the luminescence decay becomes increasingly non-exponential. acceptors are restricted to the inner surface of the pores, which

o ) are packed in a 2D-hexagonal pattern. The electron donors are

evaporate from the thin film. The next day luminescence |ocated in the space between the tubes, but not inside the tubes
measurements were made. Two hundred spectra, each of 10-ngy i the ionic interface. For randomly distributed donors and
integration time, were collected starting 200 ns before the 355- 5¢ceptors there is a closed formula solution to é§ 1.
nm_excitation pulse. Spectra were colle_cted at 2_0-ns intervals | the case of the mesostructured material the problem was
until 3800 ns after the 255-nm pump. Since the films are only sojved numerically. Simulations are set up where distances
100-200 nm thick, 200 accumulations were made for each time petween a donor and many acceptors are found, given the
point in order to improve the signal-to-noise ratio. Spectra Were consraints stated above. The distances are used to calculate a
collected for each of the three films at each concentration. The |yminescence decay spectrum. This process is repeated 4000
data was collected in the form of 2D matrices, which were used {jmes to get an average representative of actual experimental
to construct the luminescence decay traces. The absolutegongitions.lo(t) is experimentally determined from the lumi-
intensity of the luminescence decay traces for all films with nescence decay in the absence of quenchers. The calculated
the same concentration of quencher was in good agreementgecay traces are compared to those experimentally obtained.
specifically, the run-to-run agreement was better than 3%. The The “goodness” of the fit is determined by calculati®éeq 2)
three luminescence decay traces for each quencher concentratiogy, 5 certain pair of8 andko. Sis the least-squares valug,is
were combined into one luminescence decay trace. Baselineyo experimental value at time poinf is equal tol (t) in eq 1,
subtraction was achieved using an average of the intensity of 3nq R is an array of donoracceptor distances.
the points collected before the 355-nm pump. The intensities
of the four traces were normalized versus the no-quencher ik 2
luminescence decay trace. The normalized traces were used to S=) (v — f(koS:R) (2)
fit calculated luminescence decay traces. =

Examples of luminescence decay traces for films containing The 5 andky values together witls are recorded. This method
D only, andD andA at the aforementioned ratios, are shown yields a best fit that is unique, i.e., there ig andkp pair that
in Figure 4. When doing repeated accumulations, there is alwaysyields a unique minimun®.
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- Mesostructure and Donor/Acceptor PlacementThe films
cence intensity was checked at the beginning of the experimentstudied were made through evaporation induced self-assembly
as well as at the end. The luminescence intensity stayed the(EISA).* A homogeneous solution is prepared containing
same, proving that the donor was not decomposing. The acceptof EOS, CTAB, HCI, and water. To this solution is adde@nd
was proven not to decompose by obtaining multiple lumines- A to desired concentrations. A silicon substrate is dipped into
cence decay traces of the same film. Lifetimes stayed the samehe solution after which the substrate is retracted, pulling with
for those measurements, proving that the degree of quenchingt a thin film of liquid. Ethanol will evaporate preferentially
and hence the quencher concentration remained constant. ~ 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

The model used to analyze the data is an expansion of a modelesired liquid crystal structure. The silica oligomers arrange
presented earliéf It is assumed that the noncontact electron themselves around the liquid crystal phase, and condensation
transfer between the donor and acceptor separated by a distanceontinues, yielding the surfactant-templated, nanostructured
R takes place through tunneling, and that the probability of silica thin film as illustrated for CTAB in Figure 1. The final
electron transfer decreases exponentially WiR® Electron film is 100—200 nm thick. The XRD patterns obtained for the
transfer takes place from the excited-state of the photoelectronmesostructured films are consistent with 2D-hexagonal meso-
donor. The excited-state of the photoelectron donor can be structure with the main diffraction peak positioned at22.3°
deactivated by a number of processes including relaxation + 0.02 corresponding to a lattice spacing of 38:40.3 A.

Discussion

THEORETICAL MODEL

14440 J. AM. CHEM. SOC. = VOL. 129, NO. 46, 2007
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Surfactant-templated mesosotructured silica thin films have concentrations of rutheniuntris(bipyridine) and methyl vi-
three regions with distinct and differing physical properties. ologen in solution. The incorporation BfandA have no effect
These regions arise from the two main components of the sol on the mesostructure as confirmed by XRD measurements. Care
and the interface formed between them. The three regions aremust be taken because incorporation of some dopants can
the following: the silica framework, the hydrophobic micelle drastically affect the mesostructure forni€d.
core, and the ionic interface between the surfactant and the silica. Calculation of the Coefficient ﬁ When electron-transfer

Because of the differences in physical and chemical propertiestakes place through tunneling, the probability of tunneling
of the three regions, strategies exist to place molecules decreases exponentially with the doracceptor distance where
deliberately in any of the regions. the exponential decay constant is referred t8 é=q 1).3 varies

The approaches for selective placemenbDaindA used in greatly depending on the nature of the media through which
this paper are the bonding strategy and the philicity straté&y.  the electron has to tunnel. The greatest barrier to tunneling and
In the “philicity” strategy, placement of molecules is achieved hence the largegtis that for vacuumg = 2.9-4.0 A-1), while
by taking advantage of the local solubility of different molecules. small values have been measured for systems such as conjugated
For example, hydrophobic molecules will go into the hydro- organic polymerg? It should be pointed out thatis predicted
phobic region, while ionic molecules will go into the ionic  to depend on the energy difference between the tunneling
region. Using the bonding strategy, molecules are placed in theelectron and the reduced and oxidized states of the intervening
framework by making them a building block of the framework. material?® Experimental data, however, suggest thtis
The molecule of interest is derivatized such that it itself primarily a function of the bridge and relatively independent
undergoes hydrolysis and condensation. The photoelectron donobf the donor and acceptét4° Blumer?® has outlined how to
(A) was placed in the silica framework by derivatizing ruthe- theoretically predict the degree of electron transfer between a
nium(ll)—tris-(4,4-methoxy-2,2-bipyridine) with co-condens-  donor and acceptors in the case of electron transfer through
able alkoxysilane arms, thus making it a part of the framework. tunneling. In the case when electron transfer can be observed
The successful incorporation of the ruthenium moiety into the due to the change in luminescence lifetime of the donor, the
silica region is supported by the almost identical emission |luminescence decay trace can be described by eq 1. For certain
spectra observed in mesostructureha = 615 nm) and  donor-acceptor geometries an analytical solution that describes
amorphous Anax = 614 nm) films (Figure 3), which are the luminescence decay has been derffethis analytical
substantially different from the solution spectruiimx = 630 solution has been used to fit calculated spectra to experimental
nm). The electron acceptor was placed selectively in the ionic results in order to extra@@ andky values for frozen glasses,
interface by utilizing the philicity strategy and a methyl viologen proteins, and conjugated bridg®s.
analogue with surfactant properties, 1-hexadetynéthyl 4,4- For 2D-hexagonal geometry an analytical solution does not
bipyridine dichloride £).3* A is known to form micelles by gyt and the luminescence decay trace has to be calculated
itsel*® as well as to fully incorporate into CTACI micelles while  nymerically. The aim of the calculations is to determine which
retaining its ability to function as a reversible electron accep- B and ko pair is best able to fit the experimentally obtained
tor 3637 The electro-active part of the molecule is the headgroup, |yminescence decay trace, keeping in mind that@hand A
and it is anchored in place by its association with the micellar are confined to specific regions. In order to achieve this, a brute
core via its hexadecyl tail. force approach is taken. For each paiaindk,, an ensemble

The purpose of spatial separation@fandA is to measure  zyerage luminescence decay trace is calculated and compared
the tunneling decay constafitfor the silica region of mesos-  tg that experimentally obtained, where the goodness of the fit
tructured thin films. A donor/acceptor pair with well-known and  js measured b (eq 2). A contour plot is created where the
exhaustively studied electron-transfer properties was Chosen-andy-axes are8 andk, respectively, and the-axis isS. The

Ruthenium(ll)-tris(bipyridine) is a well-known photoelectron  minimum value ofS gives theg andk, pair that best fits the
donor, and methyl viologen is an extensively used electron experimentally obtained data.

acceptoi® The problem with these two prototypical candidates
is that there is little control over how and where they incorporate procedure. Step one is to determine the positions of the

|n_to the t_h'_n film. It is likely _that both_un(_jer!vauzed Ru(t) surfactant headgroups in the mesostructured silica thin film using
tris(bipyridine) and methyl viologen will distribute themselves the known 3D structure of the material and thspacing. A
throughout the ionic interface and silica framework and electron- list of the positions of the headgroups in space is constructed

transfer would take place by contact electron transfer in the silica The second step is to choose which of the headgroups are the
framework and/or contact electron transfer in the ionic interface active paraquaf headgroups. Thé headgroups are chosen

in addition to electron transfer by tunneling from the donor to randomly from the list of possible positions using a random
acceptor, both along the ionic interface and through the silica number generator. The constraint that the ratid\ab CTAB
region. Sepa_rating the c_ontributions from the different rections headgroups matches the ratio used experimentally is imposed.
would be difficult. Experimental qgenchmg data show that the The third step is to positioD. Because the donor is located in
electron donor arjd a}cceptor are indeed separated and '[hat.thﬁ,]e silica framework, a position f is chosen randomly under
degree of quenching is much less than that for the correspondlngthe constraint that it be neither in the ionic interface nor in the

(35) Krieg, M.; Pileni, M. P.; Braun, A. M.; Gratzel, Ml. Colloid Interface hydrophobic region' The fourth step is to calculate the Straight

Sci. 1981, 83, 209. line distance fronD to all A. The list of distances obtained is
(36) Lee, C. W.; Oh, M. K.; Jang, J. M.angmuir1993 9, 1934.
(37) Brugger, P. A.; Infelta, P. P.; Braun, A. M.; Gratzel, 1Am. Chem. Soc.

The calculations are carried out as follows using an iterative

1981, 103 320. (39) Garcia, J. A.; Valverde, G.; Zink, J.lLangmuir2003 19, 4411.
(38) Bock, C. R.; Meyer, T. J.; Whitten, D. G. Am. Chem. Sod. 974 96, (40) Lewis, F. D.; Liu, J. Q.; Weigel, W.; Rettig, W.; Kurnikov, I. V.; Beratan,
4710. D. N. Proc. Natl. Acad. Sci. U.S.2002 99, 12536.
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of xylene bridges, azurin, frozen MTHF glass, and vacuum. The silica
framework is an excellent insulator.

0.0 =

number of glasse¥. Going from high to lows, examples of
Time (s) known values are for vacuum (2@ A-1), methyl tetrahydro-
Figure 5. Calculated fits to experimental luminescence decgyandko furan glass (1.571.67 A D, aqueious glass (1.551.65 A D,
are optimized in order to obtain the best fit. and toluene glass (1.18 1.28 A-1). Furthermore, data have
been compiled off values for donorbridge—acceptor systems
sorted in ascending order, and the seven shortest distances aréat exhibit exponential distance dependences of the electron-
used in the calculation. The fifth step is to use the list of tunneling probability?® For xylyl bridges = 0.76 A", for
distances, together with the initial trial values fandko, to alkane bridgess = 1.0 A%, and for g-strand bridges in
calculate a luminescence decay trace using eq 1. This calculateduthenium-modified azuring = 1.1 A"L. An STM study of
luminescence decay trace is for one specific deramceptor ~ €lectron tunneling through silica showed that, using a sample
configuration only and will therefore not resemble the experi- bias lower thant2 V, the tunneling current was under the
mentally obtained luminescence decay trace. The calculateddetection limit which indicated that the oxide film was insulat-
trace is saved in a temporary vector. In order to calculate a traceing.*? It is clear from the data presented that the tunneling barrier
that is comparable to that experimentally obtained, it must be in mesostructured glass is quite high compared to those
an ensemble average. To construct this ensemble average stepgeasured for many other systems (Figure 6).
one through five are repeated for a total of 4000 times, after ~ The silica framework is highly microporous; the silica walls
which the sum of the traces is divided by 4000. The goodness are not composed of a dense Si@atrix but rather a spongelike
of the fit to the experimental data is calculated using eq 2. The SiO; matrix with micropores. This structure would give the
“goodness” of the fit together with th&andk, used to calculate  tunneling electron two options. First it could tunnel through
it provide one point in the contour plot. The procedure is regions that are primarily gas-filled micropores. Second, it could

repeated using physically relevant combinationgdaind ko, follow Si—O—Si bonds, in which case the tunneling distance

and the minimunSin the contour plot is found. is longer than the distance measured as a straight line. Both
Calculations fitted to three different quencher concentrations options would yield a higher observgdThe silica framework

yielded a contact quenching rate= 1 x 10135:08) 51 gnd in mesostructured silica materials is an efficient insulator.

B = 254 0.4 Al Examples of experimental data and

- . Summar
calculated fits for quencher concentrations 1:9 and 3:7 are shown y
in Figure 5. Silicate thin films with highly ordered nanostructure contain-
In order to determine whether the obtairleds reasonable,  iNg spatially separated electron donor and acceptor molecules

it is compared to the electron-transfer rate between a covalentlyare synthesized. The films consist of a silicate framework that
linked rutheniumrtris-(bipyridine) and methyl viologen moiety.  holds in place a 2D-hexagonal structure templated by an ionic
A previous study measured the electron-transfer rate betweensurfactant. Pairs of molecules consisting of a photoelectron
the ruthenium-tris-(bipyridine) and methyl viologen moiety ~ donor ruthenium complex and an electron acceptor methyl
linked by a CH group* The obtained electron-transfer rate viologen derivative are placed in the framework and the ionic
(2.5 x 1011 s71) is lower thanky as measured by us, which is interface, respectively, using a one-step, one pot synthesis. The
expected since the donor and acceptor are not in direct contacfuthenium complex contains ethoxysilane groups that bond to
but are held apart by a GHyroup. 3 is positive, and smaller and form part of the framework, and the placement is an
than that for vacuum, which is the upper lirfftit is therefore ~ example of the “bonding” strategy. The methyl viologen
a reasonable value. Since, as mentioned eafli@ppears to derivative is localized in the ionic interface region of the
be primarily dependent on the bridge properties, it can be surfactant, and its placement is an example of the “philicity”
compared to values for many other systems measured usingstrategy.
different donor-acceptor pairs. Spectroscopic data show that the photoelectron donor is
In addition to supporting the successful separation of electron incorporated into the framework. Electron transfer is verified
donors and acceptors in mesostructured silica the calculationsPy observing the decrease in luminescence lifetime as the
yield measurements of the important physical paramelers, electron acceptor concentration is increased. The tunneling decay

andp. The distance decay constghhas been calculated fora  constan{s of the silica region of the mesostructured thin films
is calculated from luminescence lifetime data. Numerical fits

(41) Lomoth, R.; Haupl, T.; Johansson, O.; HammarstromChem. Eur. J.
2002 8, 102. (42) Watanabe, H.; Baba, T.; Ichikawa, Nl. Appl. Phys200Q 87, 44.
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to the luminescence decay traces give information about the by other methods and allows us to compare the tunneling decay
contact quenching ratek, as well as the tunneling decay constants for mesoporous silica thin films to many other
constantf. Thef value calculated for mesostructured silicais systems.

found to be quite high, which is consistent with the microporous
nature of silica produced this way as well as the large band gapC
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 JA075323A
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