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�-terpinene. Based on photoluminescence measurements it was concluded that the efficiency of porous
silicon as a sensitizer is much lower than that of the conventional organic dye. The main reasons for
this are the low quantum yield of long living photoinduced electronic excitations (excitones) confined
in silicon nanocrystals and deactivation of singlet oxygen by H-terminated internal surface of porous
silicon powder. Efficient quenching of excitons in porous silicon by 1,3-diphenylisobenzofuran via the
direct energy transfer was demonstrated. This process is believed to be responsible for photobleaching

uran
hotochemistry of 1,3-diphenylisobenzof

. Introduction

Chemical reactions mediated by singlet oxygen (1O2) are of
uch current interest since 1O2 is involved in numerous processes

mportant in molecular physics, photochemistry, biology and med-
cal sciences [1–5]. One of the key applications of highly reactive
O2 is in photodynamic therapy of cancer [3]. Applications of sin-
let oxygen mediated reactions in synthetic chemistry are also of
ignificant interest, see for example review [1]. 1O2 generation in
olutions is most frequently done via photosensitized energy trans-
er from the excited electronic states of different molecules, such
s organic dyes, metal–organic complexes, fullerenes to O2 [6–8].
onventionally, photosensitized reactions are performed in homo-
eneous solutions. However, a homogeneous process has some
isadvantages with respect to separation of a sensitizer from the
eaction mixture, and thus the sensitizer is not reusable, unless
t is immobilized [9,10]. It is therefore useful to develop a highly
ffective heterogeneous photosensitizer system.

Recently, it has been discovered that photoexcited porous sili-
on (PSi) nanostructures may be used as 1O2 sensitizers [11]. Due

o its indirect band gap structure bulk Si is a very poor light emitter.
owever, at nanoscale, quantum size effects result in the increase

n the energy of excitons and also the probability of their radia-
ive recombination. Therefore relatively high photoluminescence
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at its millimolar concentrations.
© 2010 Elsevier B.V. All rights reserved.

(PL) quantum yields can be achieved [12,13]. The indirect band-gap
structure of Si nanocrystals is the reason for very slow recombina-
tion rate (in the order of 10ths of �s at room temperature). It is
also important to mention that statistically 75% of photoexcited
excitons persist at room temperature in their triplet states [14,15].
Due to the long lifetime of excitons confined in Si nanocrystals
the energy of photons is stored in electronic form and can then
be transferred to other substances [16]. Moreover, the band-gap
energy of Si nanocrystals can easily be adjusted from the bulk Si
band-gap (1.1 eV) up to about 2.5 eV, simply by varying the size of
nanocrystals [14]. Therefore, by choosing the proper nanocrystals
size, the energy of excitons can be tuned to match the singlet-
triplet splitting energy of a certain acceptor, e.g. O2. A large surface
area (up to about 500 m2 g−1), mesopore-range porous structure
(ca. 7 nm) [17] and good dispersibility of hydrophobic Si nanocrys-
tals in organic solvents allow good accessibility of the surface of Si
nanocrystals for different molecules. It should also be mentioned
that contrary to most conventional photosensitizers PSi efficiently
absorbs all photons with energies higher than the nanocrystals
band-gap. Therefore, a broad range of light sources can be used
for excitation.

Excitons photogenerated in PSi were proven to generate 1O2 in
gaseous environment, in organic solvents and in water [11,18,19].
1,3-Diphenylisobenzofuran (DPBF) bleaching in the presence of

photoexcited PSi has already been demonstrated, both in a spec-
troscopic cell and in a recirculating laboratory scale reactor
[20,21]. However, in spite of the fact that DPBF easily undergoes
a 1,4-cycloaddition reaction with 1O2 (an overall rate constant,
kR = 9 × 108 l mole−1 s−1) [22], there is a possibility of direct energy
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Measuring the intensity of O2 PL during gradual addition of
small amounts of �-terpinene to the suspensions of PSi (0.9 wt.% in
C6F6) we found that 460 �M concentration of �-terpinene is suffi-
cient to suppress 1O2 PL almost completely (Fig. 1). A decrease in
1O2 PL (or, respectively, of 1O2 steady-state concentration) can take

Fig. 1. PL spectra of 1O (1�–3� decay transition) photogenerated by 0.9 wt.% of
Scheme 1.

ransfer from triplet excitons confined in Si nanocrystals to DPBF
olecules [16,21]. Contrary to oxidation mediated by photosensi-

ised 1O2 (Type I pathway), this process (Type II pathway) occurs
ia donation and acceptance of protons or electrons which results
n the formation of free radicals or free-radical ions [6,23] and can
lso lead to degradation of DPBF. Therefore, the data reported ear-
ier leave doubt over the specific mechanism of photobleaching and
o not provide direct comparison between the sensitising efficiency
f PSi with that of the conventional organic dye sensitizers.

In this study we compare the efficiency of PSi in 1O2 medi-
ted photooxidation of �-terpinene with that of a conventional
rganic dye photosensitizer tetraphenylporphin (TPP). We used
-terpinene as a 1O2 trap since it easily reacts with 1O2 via
,4-cycloaddition (kR = 108 l mole−1 s−1 [24]) producing ascaridol
Scheme 1), and it has low efficiency of quenching of PSi PL. An
ttempt to clarify the mechanisms which can be involved in the
hotobleaching of DPBF was also made.

. Materials and methods

Photooxidation of �-terpinene was carried out in a recircu-
ating laboratory scale reactor described elsewhere [20]. 5.9 ml
f �-terpinene and a sensitizer (TPP or PSi, 8.7 × 10−5 M or
.2 wt.%, respectively) were dissolved/dispersed in 250 ml of
ichloromethane. The reaction mixture was saturated by O2 via
as bubbling. Afterwards, a 75 W Xe short-arc lamp was switched
n providing 5 cm long illumination zone within a glass tube hav-
ng outer diameter of 18 and 1.5 mm thickness of annular reaction
pace. Aliquots were taken for analysis at different times during the
llumination. About 2–3 ml of irradiated reaction mixture was evap-
rated (PSi powder was filtered prior evaporation). The residue was
issolved in ca. 2 ml of chloroform-d for 1H nuclear magnetic res-
nance (NMR) analysis. Temperature of the reaction mixture was
ept at 20 ◦C and liquid flow rate was 40 ml min−1.

PSi powder was prepared from metallurgical grade polycrys-
alline Si powder (mean particle size of 4 �m) [25]. The powder was
rst immersed in a solution of HF and water to remove surface SiO2

ayer, then HNO3 was added gradually until the ratio of used chem-
cals was about 4:1:20 of HF:HNO3:H2O. The etching was finished

hen an efficient red-orange emission under illumination by ultra-
iolet light appeared. According to high resolution transmission
lectron microscopy images the size of Si nanocrystals comprising
he PSi powder particles was in the range of 3–7 nm. The average
ore diameter of about 7 nm was calculated from the low temper-
ture nitrogen adsorption data using the Barrett–Joyner–Halenda
odel [17].
In PL spectroscopy experiments, 30 mg of PSi powder (or 37 �M

f TPP) were dispersed in 2 ml of solvent (DCM, C6F6 or CCl4) and
ifferent amounts of �-terpinene were added in different exper-

ments as detailed in Section 3. PL was excited by an Ar+ laser
energy 2.54 eV) with an excitation intensity of up to 500 mW cm−2.

ear-infrared PL measurements aiming for detection of radiative

elaxation of 1O2 (1�–3� transition) were performed in O2-
aturated solvents using an InGaAs array detector coupled with a
ingle monochromator. For measurements in the visible range a Si
hotobiology A: Chemistry 211 (2010) 74–77 75

charge-coupled device was used. All optical spectra were corrected
to the sensitivity of the respective optical setup.

3. Results and discussion

3.1. Photooxidation of ˛-terpinene

From the NMR spectra obtained in the experiment with the
conventional triplet dye 1O2 sensitizer TPP in the recirculating pho-
tochemical reactor it was found that 15% conversion of �-terpinene
to ascaridol was achieved after 3.5 h of illumination. In the case
of the PSi sensitizer formation of ascaridol was not detected even
after illumination for 24 h. However, this does not mean that reac-
tion does not take place at all, rather a more sensitive method of
detection is required, for example, the direct measurement of 1O2
PL by near infrared spectroscopy, described below. Another poten-
tial explanation of the lack of ascaridol signal in NMR spectra is the
feasibility of its sorption on the extended surface area of solid PSi,
especially as the reaction is very slow in the case of this sensitizer
and the expected product concentrations are very small.

In general, the rate of photooxidation depends on the bimolec-
ular rate constant and on the 1O2 steady-state concentration in
solution [6,8]. In equilibrium the rate of 1O2 generation, �Ia equals
the rate of its decay kD[1O2]SS and therefore steady-state concen-
tration of 1O2 is:

[1O2]SS = �Ia
kD

(1)

Here � is quantum yield of 1O2 generation, Ia is the intensity of the
absorbed light and kD is the first order 1O2 decay constant. In the
presence of 1O2 quencher R, steady-state concentration of 1O2 is
reduced:

[1O2]SS = �Ia
(kD + kR[R])

(2)

Here kR is an overall rate constant for physical quenching and chem-
ical reaction with 1O2. Reduction in the steady-state concentration
of 1O2 in a solution can be detected as the decrease of 1O2 PL emis-
sion intensity at 1270 nm (0.98 eV). Therefore, using more sensitive
PL spectroscopy it is possible to monitor the photooxidation of
�-terpinene and compare the efficiencies of both sensitizers.

1

2

PSi powder in C6F6. �-Terpinene was gradually added to the solution to obtain the
following concentrations, from top to bottom: 0, 40, 75, 120, 200, 270, 350, 460 �M.
Inset: evolution of the maximum of the 1O2 luminescence versus �-terpinene con-
centration. The broad PL from PSi dangling bonds is subtracted in order to estimate
the PL intensity of the 1O2 emission line. Iex. = 30 mW cm−2, Eex. = 2.54 eV.
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Based on this equation �q was estimated to be about 4.9 ms. This
value implies that 84% of photogenerated 1O2 is deactivated in PSi
due to collisions with its hydrogenated internal surface.

Apart from quenching of excitons confined in Si nanocrystals
by O2, another possible deactivation pathway is direct quenching
ig. 2. Time evolution of the 1O2 PL spectra (1�–3� decay transition) after initial
ex. = 2.54 eV; (b) 30 mM of �-terpinene to 37 �M TPP in C6F6, Iex. = 15 mW cm−2, Eex

he case of PSi the broad PL from Si defects was subtracted in order to estimate the

lace either due to physical quenching or chemical reaction [7]. In
he case of the physical quenching, addition of a specific amount
f quencher will result in the corresponding constant level of PL
uppression. On the contrary, if chemical reaction path dominates,
oncentration of the reagent decreases with time, and consequently
he level of 1O2 PL quenching should be reduced. The corresponding
xperiment has been done as seen in Fig. 2.

Following the initial quenching of 1O2 PL with 75 �M of �-
erpinene, the PL intensity recovered almost completely over
0 min of illumination by an Ar+ laser (500 mW cm−2 illumination

ntensity). This indicates a chemical reaction between 1O2 and �-
erpinene. In Fig. 2a the PL signal without �-terpinene corresponds
o the curve having the largest intensity, whereas the curve with
he lowest intensity is recorded immediately after the addition of
he reactant. The lines between these two limits from bottom to
he top clearly show recovery of 1O2 luminescence after continu-
us illumination for 12, 21 and 40 min, respectively. This is easily
een in the inset in Fig. 2a showing the intensity of the 1O2 PL as a
unction of time.

The corresponding experiment with a conventional sensitizer
PP is shown in Fig. 2b. A similar ratio of sensitizer to the reac-
ant molecules was used (37 �M in C6F6). To estimate the amount
f TPP we assumed that PSi is composed from nanocrystals with
n average size of 5 nm acting as elementary absorbers. As in the
ase of the PSi sensitizer, initial addition of �-terpinene (30 mM
oncentration) leads to nearly complete suppression of 1O2 PL.
owever, in the case of the TPP sensitizer, complete conversion of
-terpinene occurred over 25 min using a much lower light inten-
ity (15 mW cm−2).

.2. Efficiency of 1O2 generation by PSi and TPP sensitizers

The overall 1O2 generation rate mediated by PSi is a product
f the absorbed light intensity, the quantum yield of photogener-
ted long living excitons and the efficiency of energy transfer from
hotoexcited Si nanocrystals to O2. Despite the high efficiency of
he latter process, which is about 80% [19], the 1O2 generation effi-
iency cannot exceed 0.05-0.1, because quantum yield of PSi PL (or
he number of long living excitons created by light per number of
bsorbed photons) does not exceed this value [14]. Therefore, in the
ase of the PSi sensitizer the illumination time or intensity of light
hould be significantly increased to achieve the same conversion of
-terpinene to ascaridol as with TPP, having quantum yield of 1O2
eneration in the range of about 0.7–0.9 [6].
We also directly compared the efficiencies of 1O2 formation by
oth PSi and TPP. Fig. 3 shows that under similar illumination condi-
ions and with a similar amount of primary absorbers in the reaction
ystem the intensity of the emission peak from the 1�–3� tran-
ition of 1O2 generated by TPP (and, therefore, 1O2 steady-state
on of (a) 75 �M �-terpinene to 0.9 wt.% of PSi powder in C6F6, Iex. = 500 mW cm−2,
eV. Insets: 1O2 PL peak intensity as a function of time for the respective images. In

ensity.

concentration) is over 200 times higher than the corresponding val-
ues achieved using PSi. This is likely to be specific to the particular
sample of porous silicon and may vary between samples. The dis-
crepancy between the observed 1O2 steady-state concentrations
generated by TPP and PSi photosensitizers (Fig. 3) and the corre-
sponding quantum yields of 1O2 formation indicates that there are
additional decay channels for 1O2 in PSi, which are discussed below.

As it was mentioned earlier, steady-state concentration of 1O2
in the absence of added quenchers can be expressed by Eq. (1). If
TPP is used as 1O2 sensitizer, the 1O2 decays mostly due to col-
lisions with molecules of solvent, and therefore, decay constant
kD is determined only by lifetime of 1O2 in a particular solvent,
�d. In the case of PSi an additional term, given by the deactivation
time of 1O2 by the surface of Si nanocrystals, �q, contributes to the
solvent-mediated quenching of 1O2. It should be noted that the sur-
face of Si nanocrystals is H-terminated and, due to high frequency
of Si–H bonds oscillations, this surface can very efficiently quench
1O2 molecules during collisions [7]. The total lifetime of 1O2, �D,
measured in suspensions of PSi (1 wt.%) in C6F6 in the absence of
other quenchers was found to be 3.9 ms [21]. Taking into account
this value and the lifetime of 1O2 in pure C6F6 (�d = 25 ms [26]) it is
possible to estimate the deactivation time of 1O2 by the surface of
Si nanocrystals, using Eq. (3):

1
�D

= 1
�d

+ 1
�q

(3)
Fig. 3. PL spectra of 1O2 (1�–3� decay transition) generated by 0.9 wt.% of PSi in
CCl4 (solid line) and 37 �M TPP (dashed line). Solid curve was multiplied by a factor
of 50. Dotted vertical line indicates the energy of 1O2

1�–3� transition in the gas
phase. Iex. = 15 mW cm−2, Eex. = 2.54 eV.
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ig. 4. PL spectra of 0.9 wt.% PSi powder dispersed in DCM containing various con-
entrations of DPBF, from top to bottom: 0, 35, 70, 100, 210, 350, 700 �M, 1.7, 2.7 mM
ote, at high concentrations of DPBF its PL can be clearly seen in the spectral range
t higher energies. Eex.= 2.54 eV, Iex. = 500 �W cm−2.

f excitons by organic molecules [16]. Investigating the quench-
ng of PL from PSi (suspensions of 1.1 wt.% in DCM) using gradual
ddition of �-terpinene, or earlier studied DPBF, it was found that
PBF significantly suppresses PSi PL even in micromolar concen-

rations. About 0.7 mM was sufficient to quench all photoexcited
xcitons (see Fig. 4). Since the triplet state energy of DPBF lies about
.48 eV above the ground state and almost all photoexcited exci-
ons in Si nanocrystals have energies above this value, this process
s favorable [27].

For the larger DPBF concentrations (about 0.8 mM) the increase
f PL intensity for the high energy side of the spectral range is
aused by DPBF luminescence. At high concentrations it absorbs
aser light efficiently and, therefore, luminesces stronger than PSi.
n contrast, �-terpinene does not quench PSi PL even at 2 M con-
entrations. PSi PL quenching means that if the mM concentrations
f DPBF are used in photobleaching experiments (see [20]), energy
f almost all excitons is directly transferred to DPBF molecules. This
rocess restricts formation of 1O2 and the photobleaching of DPBF
ainly takes place via a Type II pathway described above.

. Conclusions

An extensive comparative study of the photosensitizing effi-
iency of a proposed photosensitizer based on PSi and a
onventional dye sensitizer TPP was performed. By monitoring the
L emission line of 1O2 we concluded that the photosensitizing effi-
iency of PSi is much lower than that of TPP. We attributed this
ffect mainly to the low quantum yield of PSi PL (in the order of
he few percents) and to very efficient energy transfer from elec-
ronically excited 1O2 molecules to high frequency surface Si–H
ibration modes which is crucial for deactivation of 1O2 states. Fur-
hermore, we believe that direct energy transfer from photoexcited
xcitons in PSi to DPBF molecules at millimolar concentrations is
esponsible for DPBF photobleaching
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