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Abstract

Recently it has been shown that nano-porous silicon (pSi), synthetic material produced by electrochemical etching of monocrystalline silicon,
is able to provide an efficient electronic energy transfer to molecular oxygen, thus producing singlet (i.e. excited) oxygen in gaseous and liquid
environment that opens the possibilities for application of pSi in Photodynamic Therapy (PDT). Here, we study the photophysical properties,
including an ability of singlet oxygen (1O2) generation, of a modified pSi matrix impregnated with cationic (TMPyP(4)) or anionic (TPPS)
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orphyrins, which are known as effective photosensitizers of 1O2 production in solution.
It is shown that a use of oxidized pSi matrix instead of as-prepared one results in an increase of an ability of the porphyrins to be immobilized in

he matrix by orders of magnitude. A matrix of pSi formed in (1 0 0)-oriented Si wafers ensures, after pSi oxidation, better uptake of porphyrins into
he pores as compared with oxidized pSi(1 1 1). The fluorescence decay kinetics of the immobilized porphyrins are found to be non-exponential,
nd the effective fluorescence lifetime shortens with an increase of the porphyrin concentration. It evidences in favour of a moderate annihilation-
ype concentration quenching of the fluorescence rather than in favour of any quenching effect of oxidized pSi matrix. It opens perspectives for
pplication of the hybrid material for 1O2 generation. An ability of immobilized TMPyP(4) to generate 1O2 is shown experimentally by direct 1O2

uminescence measurements.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Nano-porous silicon (pSi) is a synthetic material produced by
lectrochemical or chemical etch of mono- or polycrystalline
i [1]. It is a porous matrix with pores of varying diameters
10 nm–10 �m) and shapes, the pore walls being composed of
rystalline Si nano-clusters [2]. Known mainly for its very inter-
sting non-linear optical properties, this material has recently
ound application in controllable and targeted drug delivery into
umans due to its bio-degradability and bio-compatibility [3].
nother very exciting property of porous silicon that has been

ecently discovered is its ability to generate an electronically
xcited singlet oxygen (molecule denoted as 1O2 with anti-
arallel spins of electrons) while being irradiated by visible light
4]. Photosensitizing properties of pSi are based on a specifics of
ts electronic states, surprisingly similar to those of porphyrins

∗ Corresponding author.

[5] which are known for their efficient photogeneration of sin-
glet oxygen, very strong oxidant of organic molecules and living
cells and therefore, useful active substance for Photodynamic
Therapy (PDT) of cancer and other diseases [6].

The idea to use pSi as in vivo 1O2 photosensitizer in Pho-
todynamic Therapy of cancer and other deceases has arisen in
the literature [4–5]. However, one of possible difficulties on this
way is that pSi exhibits most intensive light absorption in the
blue-UV part of the spectrum, where a skin and tissues absorb
light very strongly. In connection with this, the idea of this study
is to use pSi as a platform carrying an immobilized organic pho-
tosensitizer, which exhibits intensive absorption of light in the
red—near IR region, where a skin and tissues have the “trans-
parency window”. Combination of photosensitising activity of
an organic photosensitizer with bio-degradability of pSi and
its ability to form solid particles of different size can result in
interesting PDT applications of such a hybrid material. It has
also been shown earlier that photosensitizers embedded into the
nano-particles of silica ensure better delivery of 1O2 to cells

010-6030/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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as compared with organic photosensitizers [7]. We hope that
replacement of porous silica by pSi would ensure higher flexi-
bility of 1O2 delivery to the cells.

In this study, porphyrins were used as photosensitizers
because of their high efficiency of the singlet oxygen formation
and ease of adjustment of their physicochemical (hydrophobic-
ity and hydrophylity) as well as optical (absorption and emission
spectra) properties to the researcher’s requirements by means of
chemical modifications of the porphyrin structure. Particularly,
we focused on finding those forms of porphyrins and porous
silicon, which would ensure best photosensitising properties of
the hybrid material.

We did not find in the literature other studies of photophysi-
cal properties of the porphyrin/porous silicon composites. There
is only a series of works concerned with a study of the related
hybrid materials (metallo)porphyrin/mesoporous silica compos-
ites [8–18]. These works, however, are mostly devoted to study
catalytic activity of the composites and only in a little extent
concern with the study of the guest (porphyrin)–host (porous
matrix) interactions (see Section 4).

Obtained results show unambiguously that by using pSi in
combination with post-growth treatments, and cationic forms
of porphyrins, it is possible to create a hybrid porphyrin/pSi
material, which is able to immobilize porphyrins at sufficiently
high concentrations, the inorganic pSi matrix has no quenching
effect on the porphyrin fluorescence state. It opens perspectives
f

2

m
t
T
t
c
t
F

(
w
u
e
o
u
f
T
S
c
t
s
P

o
3
T
i

Fig. 1. Molecular structure of TPPS (a) and TMPyP(4) (b).

Perkin-Elmer) operating in a diffuse reflectance mode. Further
increase of the pSi matrix impregnation time did not result in
increase of the immobilized porphyrin amount, the last being
controlled by its fluorescence intensity.

Corrected steady state fluorescence and fluorescence excita-
tion spectra were recorded on a SDL-2 fluorimeter (LOMO).
The fluorescence parameters of porphyrin-doped pSi samples
were quite stable after keeping them at open air for weeks, thus
showing good environmental stability of the synthesized mate-
rials.

Fluorescence lifetimes were measured with use of sub-
nanosecond-pulsed source PLS 400 (PicoQuant) for excita-
tion, photomultiplier tube model 1551 (Photochemical Research
Associates) and computer module TCC900 (Edinburgh Instru-
ments) for time-correlated single-photon counting.

In view of a finite duration of the excitation pulse and limited
time resolution of the registration system of the spectrometer,
or application of the material for singlet oxygen generation.

. Experimental techniques

We have used two types of porphyrins in the experi-
ents. One was water-soluble cationic porphyrin 5,10,15,20-

etrakis-(N-methyl-4-pyridyl)porphyrin tetrachloride (hereafter,
MPyP(4)), and water-soluble anionic porphyrin 5,10,15,20-

etrakis-(4-sulfonatophenyl)porphyrin Na salt (TPPS), pur-
hased from Mid-Century Chemicals. Molecular structure of
hese typical representatives of porphyrins family is shown in
ig. 1.

The pSi samples were prepared by anodic polarization
anodization) of p-type (1 0 0) and (1 1 1)-oriented Si wafers
ith a resistivity of 10–20 � cm. Anodization was performed
sing electrochemical potentiostat PAR273A in 48% HF:95%
thanol 1:1 solution (by volume) for 10 min at a current density
f 30 mA/cm2. The thickness of the pSi layers was estimated by
sing an optical microscope and was found to be about 20 �m
or (1 0 0)-oriented Si and about 10 �m for (1 1 1)-oriented Si.
ypical morphology of the pSi samples grown at (1 0 0)-oriented
i wafers is presented in Fig. 2. The pores are aligned along the
rystallographic axes of Si wafer and have medium pore diame-
er of about 45 nm. After anodization, thermal oxidation of pSi
amples was performed at 500 ◦C in air ambient for 1.5 h using
rogramat P200 vacuum micro-oven.

Further on, pSi layers were immersed in water solutions
f TMPyP(4) or TPPS with porphyrin concentration of about
× 10−3 M for 1 h and then dried at room temperature for 24 h.
he presence of porphyrins in pSi matrix was controlled using

nfrared spectrometry (System 2000 FTIR spectrometer from



108 V. Chirvony et al. / Journal of Photochemistry and Photobiology A: Chemistry 181 (2006) 106–113

Fig. 2. Cross-sectional view of porous silicon film grown at pSi(1 0 0) wafer as
yielded from optical microphotography (a) and AFM measurements (b).

the experimentally measured kinetics I(t) is a convolution of
the spectrometer response function R(t) and the “true” kinetics
F(t), the former is a response of the sample to the δ-function
excitation:

I(t) =
∫ t

0
R(t − t′)F (t′) dt′ (1)

Since we found experimentally that the “true” function of
the fluorescence intensity decay F(t) is non-exponential for both
immobilized porphyrins, we modeled it in the first approxima-
tion as a bi-exponential decay function

F (t) = A1 exp

(−t

τ1

)
+ A2 exp

(−t

τ2

)
, (2)

where τi and Ai are the time constant and the relative ampli-
tude of the ith component, respectively (i = 1, 2). The goodness
of the fit was evaluated by statistical parameters (reduced χ2)
and graphical methods (autocorrelation function and weighted
residuals, not shown lest the figures be overloaded).

To detect a characteristic luminescence band of 1O2 (that
corresponds to 1270 nm wavelength), the samples were excited
by a light from a high-pressure xenon lamp (1000 W) focused
to the 3 mm diameter spot on the sample surface through a
10 cm water filter and a band-pass glass filter transmitting the

light in the 300–800 nm interval. The fluorescence output of
the porphyrin/pSi sample was focused onto an entrance slit of
MDR-23 U monochromator (600 lines/mm grating fabricated by
LOMO) and then onto a liquid N2-cooled InGaAs photodiode
(Hamamatsu).

3. Results

3.1. Dependence of luminescence yield on the pSi oxidation
state

It was earlier shown in the literature for dye-impregnated pSi
layers that the fluorescence of the dyes deposited into an oxidized
pSi matrix is higher by orders of magnitude than that of the
dyes immobilized into a freshly prepared pSi matrix [19–21]. To
check either this effect is observed in our case, we have compared
the fluorescence ability of the porphyrins deposited into freshly
prepared and oxidized (at 500 ◦C in the air atmosphere) pSi.
Indeed, the fluorescence intensity of both porphyrins, TMPyP(4)
and TPPS, deposited in the oxidized pSi matrix turned to be at
least two orders of magnitude more intensive. Therefore, all
our further experiments were carried out with the porphyrins
immobilized in the oxidized pSi matrix. It is worth to note that
an inherent pSi luminescence is quenched in oxidized pSi layer.

It was suggested in the literature that the above-mentioned
low intensity of emission of the dyes adsorbed in the freshly
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repared pSi matrix is caused by the energy/electron transfer
rocesses, which occur between the semiconductor matrix and
he dye [19]. On the other hand, it was also concluded in another
ork [21] that this effect is caused by an increased ability of the
xidized pSi matrix to adsorb dye molecules resulting in a higher
ye concentration in the matrix. It should be pointed out here that
he oxidized pSi matrix consists mainly of hydrophylic S OH
nd Si O2 groups, whereas the freshly prepared pSi matrix con-
ains mainly hydrophobic Si H groups.

To determine the mechanism responsible for more inten-
ive porphyrin fluorescence observed in case of oxidized pSi
atrix, the porphyrin concentrations were qualitatively com-

ared by FTIR spectroscopy for both types of matrixes. Dif-
use reflectance IR spectra were obtained for freshly prepared
nd oxidized pSi(1 0 0) layers impregnated in 3.2 × 10−3 M
MPyP(4) solution. Only for the latter case the porphyrin vibra-

ional bands were detected. Fig. 3 shows FTIR spectra of the
xidized pSi(1 0 0) layer before (dotted line) and after (solid line)
ts impregnation in TMPyP(4) solution. The porphyrin vibration
ands appear in the regions of 600–1000 cm−1 (out-of-plane
eformation vibrations of the pyrrole and methyne bridge CH
roups) and 1300–1600 cm−1 (skeletal pyrrol vibrations, out-
f-plane CH deformation vibrations as well as C C vibrations
f the methylpyridyle ring, see, for example [22]). No such
ibrations appeared after an impregnation of freshly prepared
Si(1 0 0) matrix. Similar results were obtained for the anionic
orphyrin TPPS.

These data imply that: (1) different fluorescence intensity of
he porphyrins immobilized in freshly prepared and oxidized
Si matrixes is most likely a result of different ability of these
atrixes to adsorb porphyrin molecules; (2) the ability of a
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Fig. 3. FTIR transmission spectra of the oxidized pSi(1 0 0) layer before (dotted
line) and after (solid line) its impregnation in 3.2 × 10−3 M TMPyP(4) solution.
An inset shows a part of the spectrum after impregnation where the porphyrin
vibration modes are clearly observed.

hydrophobic surface of the freshly prepared pSi matrix to adsorb
cationic and anionic water-soluble porphyrins is considerably
smaller than an adsorption ability of a hydrophylic surface of
the oxidized pSi.

3.2. Fluorescence emission and excitation spectra of
porphyrins immobilized in pSi matrixes of different
crystallographic orientations

Fluorescence emission spectra of free TMPyP(4) in solu-
tion as well as of TMPyP(4) immobilized in pores of oxidized
pSi(1 0 0) and pSi(1 1 1) matrixes are shown in Fig. 4a. While
free TMPyP(4) in solution possesses asymmetrical single-band
spectrum, the same porphyrin deposited in oxidized pSi shows
two-band spectrum, which is known to be more typical for the
porphyrin compounds. Similar effect of TMPyP(4) adsorption
on its fluorescence spectrum is well-known for the case of the
porphyrin binding to DNA [23]. For both cases the reason of
this is likely a decrease of the environment polarity as compared
to that of a bulk water, because similar fluorescence spectrum
changes are observed when TMPyP(4) is dissolved in solvents
with lower polarity (e.g. methanol) [24]. It is seen also in Fig. 4a
that crystallographic orientation of Si wafer has some influence
on the shape of TMPyP(4) emission spectrum, altering relative
intensities of the fluorescence bands. Positions of the fluores-
cence band maxima of the adsorbed TMPyP(4) exhibit some
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Fig. 4. Fluorescence emission spectra of TMPyP(4) (a) and TPPS (b). Panel (a):
1 - in solution, 2,3 - immobilized in oxidized pSi(1 1 1) and pSi(1 0 0) matrixes.
Panel (b): 1 - in solution, 2,3 - immobilized in oxidized pSi(1 0 0) and pSi(1 1 1)
matrixes.

reveal moderate inhomogeneous broadening, which manifests
itself through the dependence of a position of the excitation
bands maxima on the registration wavelength (within ca. 5 nm).

As compared to TMPyP(4) in solution, fluorescence excita-
tion spectrum of TMPyP(4) immobilized in pSi(1 1 1) matrix
exhibits slightly broader and red-shifted Soret band, the Soret/Q
band intensity ratio being much lower for the case of the immo-
bilized porphyrin. This is most likely a result of the Soret band
inhomogeneous broadening due to differences in the guest–host
interactions in different porphyrin immobilization sites.

In case of TMPyP(4) immobilized in oxidized pSi(1 0 0)
matrix an additional absorption appears in the 250–450 nm
region with a visible maximum near 260 nm besides a broad-
ening of the Soret band longwavelength slope. Such intensive
absorption in this region is not a characteristic of the porphyrins.
We are inclined to ascribe this absorption to the pSi(1 0 0) matrix
itself, so that the fluorescence excitation signal in this region is a
result of an electronic excitation energy transfer from the matrix
to the porphyrin guest. Noteworthy is that an absorption in this
region is a characteristic of silicas [11,12].

The fluorescence emission spectra of free TPPS in solution
as well as of TPPS immobilized in pores of oxidized pSi(1 0 0)
and pSi(1 1 1) matrixes are shown in Fig. 4b. One can see that the
ependence (within ca. 4 nm) on the wavelength of excitation
ithin the Soret band profile.
Crystallographic orientation of initial Si crystal has also a

rastic impact on the intensity of the fluorescence of the immo-
ilized porphyrin. Under identical impregnation conditions, flu-
rescence intensity of TMPyP(4) deposited in pSi(1 0 0) matrix
urned out to be at least one order of magnitude higher than that
f TMPyP(4) deposited in pSi(1 1 1) matrix. We believe that this
ffect is caused by different porphyrin concentrations in these
wo pSi matrixes.

Fig. 5a shows the fluorescence excitation spectra of
MPyP(4) immobilized in oxidized pSi(1 0 0) and pSi(1 1 1)
atrixes. Similarly to the emission spectra, the excitation spectra
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Fig. 5. Fluorescence excitation spectra of TMPyP(4) (a) and TPPS (b) immo-
bilized in oxidized pSi(1 0 0) (1) and pSi(1 1 1) (2) matrixes and in solution
(3).

porphyrin immobilization results in 15 nm longwavelength shift
of the Soret band, and some dependence of a shape of the spec-
trum on crystal orientation of Si wafer has been observed. Again,
the fluorescence intensity was at least one order of magnitude
higher for TPPS/pSi(1 0 0) as compared to TPPS/pSi(1 1 1).

A comparison of TPPS/pSi(1 1 1) and TPPS/pSi(1 0 0) fluo-
rescence excitation spectra points to the Soret band broadening
in the latter case, which manifests itself as an additional shoulder
at the shortwavelength side of the Soret band. An appearance of
the shoulder is believed to be a result of interaction of closely
spaced porphyrin molecules. This is confirmed by the fact that
the shoulder disappears when TPPS concentration considerably
drops (see TPPS/pSi(1 1 1) fluorescence excitation spectrum,
where TPPS concentration is at least one order of magnitude
smaller). It is also worth to note that this shoulder can be ascribed
to the porphyrin aggregate, but these are fluorescing aggregates
since the shoulder manifests itself in the fluorescence excitation
spectrum.

3.3. Fluorescence decay kinetics

The fluorescence kinetic spectroscopy can be very informa-
tive in studying excited state interactions for dye molecules

deposited on opaque surfaces, because a comparison of the flu-
orescence decay kinetics obtained for a dye in solution and for
the same dye immobilized into the porous material can provide
an adequate information on quenching (or enhancing) influence
of the surface on the dye fluorescence efficiency.

Fluorescence kinetics measurements were done with freshly
prepared samples and with the same samples after they were kept
in open air conditions at room temperature for approximately 4
months. All measurements were done in air atmosphere. For a
comparison, for both porphyrins the fluorescence decay kinetics
were measured in water in the presence of air oxygen, the por-
phyrin concentrations were used as low as ca. 10−6 M to avoid
aggregation and concentration quenching effects.

Fig. 6a shows the experimental fluorescence decay kinetics
for the oxidized pSi(1 0 0) sample after maintaining it during
1 h in TMPyP(4) solution with the porphyrin concentration
C = 3.2 × 10−3 M (curve 1) and for the same sample after 4-
month standing (curve 2). Fitting the experimental data (dots) by
the model function (1) (solid line) results in the following decay
parameters: τ1 = 1.55 ns (A1 = 0.64), τ2 = 4.45 ns (A2 = 0.36),
χ2 = 1.19 for the freshly prepared sample and τ1 = 2.75 ns
(A1 = 0.46), τ2 = 7.80 ns (A2 = 0.54), χ2 = 1.25 for the sample

Fig. 6. Normalized fluorescence decay kinetics of TMPyP(4) (a) and TPPS
(b) immobilized in oxidized pSi(1 0 0) matrix (1 and 2, dots) and model bi-
exponential curves (1 and 2, solid lines) for freshly prepared samples (1) and
for the same samples after 4-month aging (2). The instrument response function
(3) is also shown.
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after aging. Similar data are presented in Fig. 6b for the oxidized
pSi(1 0 0) sample impregnated in TPPS solution (the porphyrin
concentration C = 3.5 × 10−3 M), and fitting the experimental
data by bi-exponential decay function F(t) gives the follow-
ing parameters: τ1 = 1.15 ns (A1 = 0.50), τ2 = 5.75 ns (A2 = 0.50),
χ2 = 1.14 for the freshly prepared sample and τ1 = 1.55 ns
(A1 = 0.48), τ2 = 9.20 ns (A2 = 0.52), χ2 = 1.30 for the sample
after aging. For both porphyrins in air-equilibrated water solu-
tion the fluorescence decay kinetics were found to be well-fitted
by mono-exponential decay functions with the time constants of
ca. 4.5 and 10.0 ns for TMPyP(4) and TPPS, respectively.

To evaluate quantitatively a possible quenching effect of pSi
matrix on the porphyrin fluorescence state, one can introduce
an effective fluorescence lifetime parameter τeff = A1τ1 + A2τ2.
The effective lifetime allows one to compare quantitatively
bi- and mono-exponential decay kinetics. Thus, for TMPyP(4)
in oxidized pSi(1 0 0) matrix the value τeff = 2.58 ns can be
obtained that is about 1.7 times shorter than the fluorescence
lifetime of TMPyP(4) in solution. We neglect here a contribu-
tion from the porphyrin fluorescence quenching by oxygen. We
believe, however, that this shortening is not due to quenching
effect of the oxidized pSi(1 0 0) matrix itself but is rather caused
by the so-called “concentration quenching” of the porphyrin
fluorescence due to an interaction of closely spaced porphyrin
molecules. Such kind of quenching is usually manifests itself
by a non-exponential fluorescence decay, which is caused by a
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matrix (freshly prepared sample; Fig. 6b, curve 1). We have
obtained τeff = 3.45 ns in this case, that is about three times
shorter than the fluorescence lifetime for the TPPS in solu-
tion. This fact, along with the above-mentioned observation of
the additional blue-shifted shoulder in the Soret band profile, is
likely a result of the well-known ability of anionic TPPS (but
not cationic TMPyP(4)) to form aggregates even at moderate
concentrations [26,27].

After the sample aging the effective fluorescence lifetimes
increased up to 5.50 ns for immobilized TMPyP(4) and up to
5.05 ns for TPPS. Noteworthy is that profiles of fluorescence and
fluorescence excitation spectra of the samples were practically
unchanged as compared to the fresh samples. One of possible
explanations of this effect consists in a partial decomposition
of the porphyrin molecules on the oxidized pSi surface. Due
to this, a decrease of the porphyrin concentration should occur,
and, therefore, a decrease of the fluorescence annihilation losses.
However, the mechanism of this effect is not yet conclusively
established.

3.4. Luminescence of singlet oxygen generated by
immobilized porphyrins

An ability of the immobilized porphyrin molecules to gen-
erate 1O2 was studied in gas (open air) and liquid (toluene)
e
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on-linear character of the annihilation mechanism of the fluo-
escence concentration quenching. Indeed, following this mech-
nism, the excitation energy migration occurs between closely
paced porphyrin molecules on the time scale compared with
he fluorescence decay time. When two excitations meet at one

olecule (S1 + S1), this results in a formation of highly excited
tate Sn followed by ultrafast Sn → S1 internal conversion and
loss of one excitation: S1 + S1 → Sn + S0 → S1 + S0 + heat.

The above assumption is proved by our kinetic fluores-
ent measurements, which were carried out with the oxidized
Si(1 0 0) sample impregnated in TMPyP(4) solution of lower
oncentration (0.8 × 10−3 M, results are not shown). As is
xpected for the case of the annihilation-type mechanism of the
uorescence quenching, the porphyrin concentration decrease
hould result in lengthening of the short-lived decay time con-
tant and a decrease of its contribution along with an increase
f a contribution of the long-lived decay time constant without
marked change of its value. The measured decay parame-

ers completely correspond to the above expectation: the val-
es τ1 = 1.50 ns (A1 = 0.41) and τ2 = 5.65 ns (A2 = 0.59) were
btained, that results in τeff = 3.95 ns.

It is worth to emphasize that the bi-exponential deconvo-
ution of the experimental decay kinetics for the immobilized
orphyrins does not imply that any real two species are avail-
ble, but this is rather a formal simplified method to describe
on-exponential fluorescence decay kinetics. Complex physical
odels can be applied to describe such annihilation processes

n inhomogeneous media [25], but it was not a purpose of the
resent work.

Even more effective concentration quenching is found for
nionic porphyrin TPPS immobilized in oxidized pSi(1 0 0)
nvironment. Toluene was used since, contrary to water, it pro-
ides sufficiently long 1O2 luminescence lifetime and quantum
ield [28] that facilitates its optical registration.

The measurements carried out at open air atmosphere did
ot detect 1O2 luminescence for TMPyP(4)/pSi(1 0 0) and
PPS/pSi(1 1 1) samples, whereas an immersion of TMPyP(4)

but not TPPS) sample in air-saturated toluene allowed to
bserve 1O2 luminescence (Fig. 7). We suggest, that the absence
f 1O2 luminescence in case of TPPS immobilized in oxidized
Si(1 0 0) matrix is caused by TPPS aggregation. This effect
rovides more efficient annihilation quenching of the porphyrin

ig. 7. Results of 1O2 emission detection for freshly prepared samples of
MPyP(4) (1) and TPPS (2) immobilized in oxidized pSi(1 0 0) matrixes. The
amples were immersed in toluene. For both cases, the same excitation condi-
ions and spectrometer sensitivity were used.
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S1 state that results in less efficient population of the porphyrin
triplet state, which is a donor of the electronic excitation energy
for molecular oxygen.

4. Discussion

Previous studies have shown that pSi can be impregnated with
different fluorescent dyes (Rhodamines, Fluorescein, Oxazine,
Coumarin and Xanthene) [19–21]. Canham [19] was the first
who showed that the fluorescent dyes immobilization into oxi-
dized pSi (which is mostly SiO2, or silica) results in much more
intensive dye fluorescence as compared to the immobilization
into the freshly etched pSi. It was explained as a result of the dye
fluorescence quenching by means of energy transfer to lumines-
cent crystallites in case of freshly etched pSi [19], but this idea
was not confirmed later [21]. Excitation energy transfer in oppo-
site direction, from pSi nano-crystallites of freshly prepared pSi
to immobilized dye molecules, was also found [21].

Before we begun our studies, it was not a priori clear that
porphyrin deposition into oxidized pSi matrix will not be accom-
panied by the porphyrin fluorescence quenching due to an inter-
action with the matrix. For example, it was found for Rhodamine
B (RhB) immobilized in pSi that its fluorescence lifetime is about
100 ps for the case of immobilization into freshly prepared pSi
and is much shorter than 100 ps for the case of oxidized pSi [20].
Taking into account that, in solution, RhB fluorescence lifetime
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ever, an alternative explanation may be that different binding
sites may be populated at low and high porphyrin concentra-
tions. Due to this effect an inhomogeneous broadening of the
Soret band can be formed, the band shape being dependent on
the porphyrin concentration. Evidences of such inhomogeneous
broadening are found in the present work. Similar concentra-
tion dependent inhomogeneous broadening effects are observed
when TMPyP(4) is bound with DNA [30].

It is also worth to mention the works [11,12], in which a
photoinduced electron transfer reaction between Zn porphyrin
and mesoporous silica was found. In the absence of fluorescence
kinetic measurements it is difficult, however, to evaluate how
strongly this photoionization reaction can quench the porphyrin
excited states.

Therefore, the previous works concerned with the dyes and
porphyrins immobilized on pSi (or oxidized pSi) and porous sili-
cas do not provide an unambiguous answer to the question when
and how strongly the host matrix can influence the fluorescent
state responsible for the molecule sensitizing ability.

As our present investigation shows, the cationic and anionic
water-soluble porphyrins TMPyP(4) and TPPS, respectively,
effectively bind to the oxidized pSi matrix and the matrix does
not quench the porphyrin S1 state. The non-exponential charac-
ter of the immobilized porphyrin fluorescence decay as well as
some shortening of the effective fluorescence lifetime as com-
pared to that in solution are due to the excitation annihilation
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e
i
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t
e
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e
s
l
p
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o
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a
a

s between 1.5 and 3.5 ns, depending on environment conditions
29], the pSi and oxidized pSi matrixes impose a strong quench-
ng effect on the fluorescent state of this dye. Therefore, in the
bsence of systematic studies of the fluorescence decay kinet-
cs of immobilized porphyrins the question remained unclear
bout possible quenching of the porphyrin fluorescence by the
xidized pSi matrix.

There is also a series of works in the literature [8–16] in which
metallo)porphyrin/mesoporous silica composites are studied,
hich are chemically similar to the porphyrin/oxidized pSi

omposites investigated in the present work. Although the (met-
llo)porphyrin/mesoporous silica composites were intended for
he catalysis purposes, there are some common requirements
mposed upon effective organic/inorganic photosensitizers and
atalysts: the active center of the encapsulated organic molecule
hould remain essentially unaffected by the host.

The task to provide minimum host matrix influence on the
orphyrin macrocycle was successfully solved in the work [8],
here a porphyrin complex with a transition metal was embed-
ed into mesoporous silica channels during the composite syn-
hesis. In this case, the porphyrin absorption spectrum was prac-
ically unchanged by the matrix that was mainly achieved by
se of four long and flexible pentane substituents connecting
he porphyrin core with the silica channel walls.

In other works [9–16], where usual porphyrins were used of
oth water-soluble and hydrophobic types, the porphyrin immo-
ilization into porous silica channels always resulted in marked
hanges of the Soret absorption band shape. These changes
ncluded both Soret band broadening and spectral shift and,
ince the changes increase with the porphyrin concentration,
hey are often ascribed to the porphyrin aggregation [17]. How-
etween closely spaced porphyrin molecules. A decrease of the
mmobilized porphyrin concentration markedly cuts the annihi-
ation losses.

Therefore, we expect that efficiency of a population of the
mmobilized porphyrins triplet state should be almost as high
s it is in solution (the triplet state quantum yield is ca. 0.90
or TMPyP(4) and ca. 0.75 for TPPS [31]). As our preliminary
ransient diffuse reflectance measurements show the immobi-
ized porphyrin triplet state is also not quenched by the matrix
will be published elsewhere). Since the triplet state is a precur-
or for 1O2 formation, we expected to observe 1O2 generation by
mmobilized porphyrins with a quantum efficiency approaching
he triplet state quantum yield.

In practice, however, the 1O2 luminescence was difficult to
etect for our samples, and only for TMPyP(4)/pSi system it was
xperimentally found at the limit of our setup sensitivity. Taking
nto account that approximately same quantities of photophys-
cally similar lipophylic porphyrins (tetraphenylporphyrin and
thers) dissolved in toluene give at least two order of magni-
ude more intensive 1O2 luminescence, we suggest that 1O2 is
ffectively quenched on the surface of oxidized pSi. The mech-
nism responsible for the quenching is, most likely, the 1O2
lectronic energy transfer to the high-frequency vibrations of the
urface groups. Such mechanism is responsible for the very short
ifetime of 1O2 luminescence in water, where OH vibrations
lay a role of accepting modes [27]. In our case OH stretching
ibrations of SiOH groups (ca. 3500 cm−1), if pSi is not fully
xidized, can play a role of such high-frequency accepting mode.
nother very plausible acceptor of the 1O2 excitation energy is,

gain, OH vibration mode of water, since water usually richly
dsorbs on the oxidized pSi surface. The corresponding broad
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band absorption of water can be seen in the 2750–3750 cm−1

region of the FTIR spectrum shown in Fig. 3. (Similar visible
decrease of 1O2 generation ability caused by the photosensitizer
immobilization in porous of powdered solid state supports was
earlier recognized in the literature [32].)

It is worth to note, however, that the above-mentioned
quenching of the singlet oxygen luminescence by the oxidized
pSi matrix merely makes difficult a detection of the 1O2 lumines-
cence but cannot lower the photodynamic activity of the hybrid
photosensitizer at in vivo conditions, because all in vivo pro-
cesses occur in water environment.
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