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The knowledge of photochemical kinetics in colloidal systems is important in understanding
environmental photochemistry on dispersed solid surfaces. As model materials for the chemically sorbed
organic compounds present in natural environments, modified silica nanoparticles (NPs) were obtained
here by condensation of the silanol groups of fumed silica nanoparticles with 4-methoxybenzyl alcohol.
These particles were characterized by different techniques. To evaluate their toxicity, the inhibition of the
natural luminescence emission of the marine bacterium Vibrio fischeri in suspensions of the particles was
measured. Laser flash-photolysis experiments (λexc = 266 nm) performed with NP suspensions in
acetonitrile–aqueous phosphate buffer mixtures showed the formation of the lowest triplet excited state of
the chemisorbed organic groups (λmax = 390 nm). DFT calculations of the absorption spectrum of this
radical support the assignment. From the calculated triplet energy, a thermodynamically favorable energy
transfer from these triplet states to oxygen to yield singlet molecular oxygen is predicted. Avalue of 0.09
was measured for the quantum yield of singlet molecular oxygen generation by air-saturated suspensions
of the nanoparticles in the mixture of solvents acetonitrile–aqueous phosphate buffer. The quantum yield
of singlet molecular oxygen generation by the free 4-methoxybenzyl alcohol in the same solvent is 0.31.

1. Introduction

Organic–inorganic hybrid materials based on nanosized inor-
ganic particles are an emerging field because of their importance
in diverse applications in electronics, optics, engineering, and
chemical sensing. The well-established silica chemistry facili-
tates the modification of silica-based nanoparticles to obtain the
hybrid materials.

The knowledge of photochemical kinetics in colloidal systems
is important in understanding environmental photochemistry on
dispersed solid surfaces. While fumed silica has been used as a
support for studying photophysics at gas–solid interfaces, few
studies of photophysics at solution–dispersed particle interfaces
have appeared in the literature.1–4

We employ here a procedure based on reaction (1), which is a
modification of the condensation method reported in the
literature3–6 to prepare derivatized fumed silica nanoparticles as
model materials for the chemically sorbed organic compounds
present in natural environments. Since we are interested in evalu-
ating the effect of alcohol adsorption on the surface, we deter-
mined the surface area,7 and the number of modified
silanols.2,3,8 The characterization also includes toxicity assays
performed with suspensions of the particles. These measure-
ments appear sufficient to evaluate both the biocidal effects of
these hybrid materials on microorganisms and their secondary
effects when contained in surface and drinking water.

Laser flash-photolysis experiments (λexc = 266 nm) performed
with suspensions of the nanoparticles in acetonitrile–aqueous
phosphate buffer mixtures showed the formation of transient
species. Theoretical calculations of absorption spectra of
radicals and excited states were used to support the assignment
of the detected transient species. Moreover, the ability of the
organic groups chemically sorbed on the particles to generate
and quench singlet molecular oxygen, O2(

1Δg), was also
evaluated.
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2. Experimental

2.1 Materials

Fumed silica (Sigma, specific surface area; SSA = 390 ± 40 m2

g−1, particle diameter estimated from the SSA = 7 nm) was dried
in a crucible for 15 h at 120 °C and then in a muffle for 3 h at
250 °C and stored in a desiccator. The chemicals o-xylene and
4-methoxybenzyl alcohol (Aldrich) were distilled onto molecular
sieves, which had been dried at 250 °C for 4 h. Ethyl acetate
(Ciccarelli, p.a.), CaH2 (Fluka), CaCl2 (Sigma-Aldrich), and
K2HPO4, and KH2PO4 (Merck) were used without further
purification.

Perinaphthenone-2-sulphonic acid (1H-phenalen-1-one-2-sul-
phonic acid, PNS) was synthesized as described by Nonell
et al.9 Distilled water (>18 MΩ cm, <20 ppb of organic carbon)
was obtained from a Millipore (Bedford, MA) system.

2.2 Synthesis of the nanoparticles

For the synthesis of the particles modified with 4-methoxybenzyl
alcohol (NP), 90 mL of this alcohol and 140 mL of o-xylene
were added to 3.0 g of silica nanoparticles. The mixtures were
placed in a Soxhlet extractor containing CaH2 equipped with a
condenser with anhydrous CaCl2, and refluxed for 24 h. The pro-
ducts were filtered with 20 nm nylon filters, washed with 50 mL
hot o-xylene and finally with 50 mL ethyl acetate. The resulting
gel was first dried at 0.1 Torr and at room temperature for 3 h
and then at 120 °C for 5 h. White powders were obtained.

The silica nanoparticles modified with n-butanol and benzyl
alcohol used for comparison purposes were synthesized and
characterized as described elsewhere.3,8

Acetonitrile or 1 : 1 mixtures of acetonitrile–aqueous phos-
phate buffer (pH = 6.4) were used as the solvents for the time-
resolved experiments.

2.3 Fourier transform infrared spectroscopy (FTIR)

Fourier transform infrared (FTIR) spectra were recorded on a
Bruker EQUINOX 55 instrument, using KBr disks. For each
spectrum, 128 scans in the range 4000–400 cm−1 were recorded.
The resolution was 2 cm−1.

2.4 Brunauer–Emmett–Teller (BET) analysis

The specific surface area (SSA) was determined via nitrogen
(N2) adsorption isothems at 77 K in the reduced pressure range
from 0.04 to 0.12 using the Brunauer–Emmett–Teller (BET)
method.10 For this purpose a gas adsorption apparatus (Micro-
meritics ASAP 2020 V1.04 E) was employed.

2.5 13C and 29Si nuclear magnetic resonance (NMR)

Nuclear magnetic resonance spectra were obtained with a Bruker
Avance II 400 spectrometer at room temperature, by assaying
approximately one gram of the solid sample compacted into a
7 mm zirconium oxide rotor. The measurements were performed
at 75.47 and 59.61 MHz for carbon and silicon, with a magic
angle spinning (MAS) technique at 10 kHz. To increase the
signal to noise ratio, the cross-polarization (CP) technique was
applied. NMR spectra of 13C and 29Si were obtained with pulse
repetition of 1 and 3 s and contact times of 1 and 3 ms,
respectively.

2.6 Thermogravimetry (TG)

The thermogravimetric analysis was performed with a Shimadzu
TGA-50 unit at a heating rate of 5 °C min−1 and nitrogen flow
of 50 mL min−1. The instrument was calibrated with
CaC2O4·H2O.

2.7 Total organic carbon (TOC)

TOC was measured with a high-temperature carbon analyzer
(Shimadzu TOC 5000 A) using a calibration curve with potass-
ium biphthalate standard. Standard solutions were run before
each analysis to check for instrumental shifts. To obtain the TOC
content, 10.0 mg of the NPs was dissolved in 1 mL 48.5% w/w
HF and water was added to this solution to obtain a final volume
of 10.00 mL.

2.8 Transmission electron microscopy

The transmission electron microscopy (TEM) images were
obtained in a Philips CM 200 equipped with an ultratwin objec-
tive lens and acceleration voltage of 200 kV. The results obtained
from SiO2 or NP suspensions (see TEM images of NP in Fig. S1
of the ESI‡) yielded aggregated nanoparticles of individual
average diameters of 7 nm, in agreement with the data provided
by the supplier of the bare silica particles.

2.9 Vibrio fischeri luminescence assays

Although a wide range of biological assays are available for the
evaluation of toxicity, the inhibition of the natural luminescence
emission of the marine bacterium Vibrio fischeri has been
chosen.11 This method is widely used because of its convenience
and high sensitivity, when compared to activated sludge-based
respirometric methods, which are more suitable to study the
applicability of a biological process on an effluent.12,13

ð1Þ
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Luminescent assays were carried out according to the standar-
dized ISO 11348-3 norm, using lyophilised bacteria (Vibrio
fischeri, NRRL B-11177). The standard procedure was employed
for reconstitution of the bacteria, using a salty solution obtained
from Macherey-Nagel. The luminescence was measured by a
Luminometer Lumifix-Bio-10, also supplied by Macherey-
Nagel. Toxicity was determined after 15 min incubation. Dis-
tilled water and zinc sulfate were used in control experiments.
All samples were neutralized before analysis.

2.10 Laser flash-photolysis (LFP) experiments

LFP experiments were performed by excitation with the fourth
harmonic of a Nd:YAG (Spectron SL 400) laser (18 ns FWHM).
The analysis light from a 150 W Xe arc lamp was passed
through a PTI monochromator and detected by a R666
Hamamatsu photomultiplier coupled to a HP54504 digital
oscilloscope.

2.11 Experiments for the determination of the O2(
1Δg)

quantum yield, ΦΔ

Laser irradiation of the sensitizer PNS at 355 nm with ca. 18 ns
pulse width was carried out with a Nd:YAG laser (Spectron
Laser SL400). After the laser pulse, the phosphorescent emission
from singlet oxygen was registered at 1270 nm with a Ge
amplified detector (Judson J16/8Sp). The emission previously
passed through cut-off (<1000 nm) and interference (1270 nm)
filters. The output of the detector was coupled to a digital oscil-
loscope and to a personal computer for the signal processing.
The signals from 10 laser pulses were averaged and the obtained
trace was fitted to a monoexponential function of time, character-
ized by τΔ, the singlet oxygen lifetime. The detection and acqui-
sition systems are described elsewhere.14

2.12 Quenching of O2(
1Δg) experiments

Rose Bengal (A532 = 0.50–0.55) was used as the sensitizer in all
the O2(

1Δg) quenching experiments. To measure the sum of the
rate constants of the physical quenching and chemical reaction
channels, kt, for the deactivation of O2(

1Δg) by the 4-methoxy-
benzyl alcohol and the NP in acetonitrile, the excitation source
was the second harmonic of a Nd:YAG Litron laser.15 The lumi-
nescence was measured as already described.16

2.13 Computational details

The geometrical structures of the singlet ground states and the
lowest lying triplet excited states of the 4-methoxybenzyl
alcohol and the cluster were optimized using the hybrid B9817

method of the density functional theory, DFT, without symmetry
constraints. In all cases the 6-311++G(d,p) basis set was
employed. The DFT calculations were associated with the con-
ductor-like polarizable continuum model, CPCM,18 with a
dielectric constant for acetonitrile of 35.688. In this way, the
broadening of the absorption bands due to bulk solvent effects
was taken into account. In all cases, real harmonic vibrational
frequencies were obtained, assuring that computed structures

correspond to a minimum on the potential energy surface. Elec-
tronic energies and oscillator strengths for a number of tran-
sitions were calculated by using the time dependent density
functional theory, TD-DFT, at the mentioned levels of theory.
The oscillator strength depends on electronic, Frank–Condon
and spin factors, which reduces the unity maximum value
expected for a totally allowed transition and provides information
on the intensity of the absorption band. To compare with the
experimental results, the theoretical bands were approached with
individual Gaussian functions characterized with full width
values σ (at the 1/e height of the bands) and summed over all rel-
evant electronic transitions.19 For the present systems, σ values
of 2000 cm−1 were found appropriate to reproduce the exper-
imental absorption bands. As a measure of the spin contami-
nation, the obtained expectation values of the <S2> operator
were not greater than 2.04, close to the exact value of 2.00 for
triplet states. All the calculations were performed with the Gaus-
sian 03 software package.20

3. Results and discussion

3.1 Characterization of the nanoparticles

NMR spectra for silicon and carbon nuclei in solid state provide
important features related to silica nanoparticles. Three typical
29Si signals were observed (see ESI, Fig. S2‡), referring to silica
network, being assigned to Si(OSi)4, Q

4, Si(OSi)3OH, Q
3 and Si

(OSi)2(OH)2, Q2 chemical species at −110, −99 and
−95 ppm,21,22 respectively. Although low signal-to-noise ratio is
observed, it is possible to detect the typical species from the
silica framework due to silanol and siloxane bonding. For the
NP sample (Fig. 1), six distinct 13C NMR signals were observed,
as expected from the structure. The spectrum shows the signals
of the aromatic ring carbon atoms 3 and 4 located in different
chemical environments at 129 and 112 ppm, respectively. The
signals at 65 and 132 ppm (1 and 2) refer to the carbon bond to
the O–Siu moiety and that from the benzene ring, respectively.
Finally, the peak at 159 ppm (5) is assigned to the aromatic
carbon atom bonded to the methoxy group (6) observed at
53 ppm. Both spectra are in total agreement with the expected
derivatization of the silica particles with the alcohol. Spectral
simulations performed with ChemDraw Ultra 8.0, Cambridge
Software, confirm the present attributions.

The values of SSA of the NPs are shown in Table 1. Modifi-
cation of the silica nanoparticles results in a decrease in surface
area, ΔSSA,23 with respect to the value of 390 ± 40 m2 g−1, cor-
responding to the bare SiO2 nanoparticles. The decrease in SSA
upon silica modification with organic compounds was reported
for different systems.24–27 This behavior can be explained based
on the preferential adsorption of the nitrogen molecules on the
silanol groups. By assuming that there is no nitrogen adsorption
on the modified silanols, it is possible to obtain the fraction of
derivatized silanol groups, f(SiOR), from the SSA data (Table 1).

The mass of one bare SiO2 nanoparticle (3.95 × 10−19 g) is
calculated from the average volume of the nanoparticle and the
density of silica (2200 kg m−3).28 The average number of silanol
groups in one nanoparticle of bare SiO2 was estimated to be 708
by assuming spherical particle of radius r = 3.5 nm and 4.9 OH
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groups nm−2.29 From these data and f(SiOR), the %OG is calcu-
lated (Table 1).

The %OG bonded to silica was also calculated from the mass
loss of the samples in the TG experiments from 200 to 700 °C.30

The calculation yields a value of 9 ± 1% for %OG of NP
(Table 1). In general, there is a very good agreement between the
data obtained from the three independent experiments. However,
the %OG obtained from TG and SSA are more reliable because
higher values of %OG can be obtained from TOC measurements
due to CO2(g) adsorption generated during the acidification of
the samples performed previous to the TOC measurement.31,32

The FTIR spectrum of NP shows peaks at 2849, 2924, 2961,
3014 and 1517 cm−1 (see ESI, Table S1‡), which are not
observed for bare silica nanoparticles (Fig. 2). The additional
peaks are also present in the spectra of 4-methoxybenzyl alcohol
(see ESI, Fig. S4‡). As can be seen in Fig. S4,‡ there is a very
good agreement between experimental and calculated (see
below) IR spectra, except for the peak centered at around
3500 cm−1, assigned to H-bonding33 not considered in the DFT
calculation. The ratio of the intensity of the bands due to Si–OH
absorption at 3400–3450 cm−1 and those assigned to Si–O–Si at
1100 cm−1 is smaller for the derivatized silica particles than for
the bare ones. Therefore, a considerable diminution of the
amount of silanol groups occurs after modification, as expected
from the covalent bonding between the nanoparticles and the
organic molecules (reaction (1)). Any IR absorption due to the

vibration modes assigned to Si–O–C bonds34 is masked by the
strong Si–O–Si absorption signals at 1100 cm−1.

3.2 Toxicity assays

According to García et al.35 germination (phytotoxicity) tests are
not adequate for determining toxicity of nanoparticles. On the
contrary, Daphnia magna and Vibrio fischeri tests provide more
reliable and reproducible information about the toxicity of
nanoparticles.

Comparative Vibrio fischeri toxicity experiments with nano-
particles modified with n-butanol and benzyl alcohol were per-
formed. These samples were prepared by employing the method
reported elsewhere.3,8 The percentages of organic groups (%OG)
determined for the nanoparticles modified with n-butanol and
benzyl alcohol from the values of SSA of these samples were 6
± 3 and 10 ± 3, respectively.

Vibrio fischeri assays with bare SiO2 nanoparticles or with the
particles modified with n-butanol showed no toxicity for suspen-
sions of concentrations up to 1.0 g L−1 (results not shown).

The undetectable toxicity for the 1.0 g L−1 suspensions of the
particles modified with n-butanol indicates that under the exper-
imental conditions the toxicity of the butyl ether groups bonded
to the nanoparticles is also negligible. From the value of %OG
shown in Table 1, it can be estimated that the concentration of
the butyl groups in a 0.45 g L−1 suspension of the particles
modified with n-butanol is about 0.03 g L−1.

The toxicity of a chemical substance is characterized by the
value of EC50, the concentration of the compound that produces
an inhibition of bioluminescence of 50% compared to a blank
assay. The undetectable toxicity of the organic groups at a con-
centration of 0.03 g L−1 is in line with the reported value of
EC50 ≈ 3 g L−1 for free n-butanol.36

Fig. S3 in the ESI‡ shows the measured E%, percentage of
luminescence inhibition vs. the concentration of benzyl alcohol.
The linear plots of log C vs. log[E%/(100−E%)] (not shown)
yielded EC50 = (0.45 ± 0.01) g L−1 and EC50 = (0.31 ± 0.09) g
L−1 for benzyl alcohol and 4-methoxybenzyl alcohol,
respectively.

Experiments performed with 1 g L−1 suspensions of the par-
ticles modified with benzyl alcohol show a luminescence inhi-
bition of about 30%. This result compared to the undetectable

Fig. 1 A: 13C NMR solid state spectra for NP. B: Simulated spectrum with ChemDraw 8.0 and signal assignment.

Table 1 Specific surface area (SSA), decrease of SSA with respect to
the bare SiO2 nanoparticles (ΔSSA), fraction of modified silanol groups,
f(SiOR), and percentage of organic compounds in mass (%OG)

Parameter Value

SSA (m2 g−1) 191 ± 2
ΔSSA (m2 g−1)a 199 ± 40
f(SiOR)a,b 0.51 ± 0.18
%OG (w/w)c 9 ± 1
%OG (w/w)a,d 15 ± 6
%OG (w/w)e 16

a Error bars calculated from the propagation of the error bars in SSA.
bCalculated as ΔSSA/390 m2 g−1. 390 m2 g−1 is the value of SSA for
the bare silica nanoparticles. c From the TG experiments. d From SSA.
e From TOC measurements.
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toxicity found for the naked silica nanoparticles is indicative of
the presence of some toxicity due to the attached organic groups.

From the concentration of the particles modified with benzyl
alcohol (1 g L−1) and the 10% of %OG in mass, a concentration
of 0.1 g L−1 organic matter in the suspension is obtained. For
this concentration of free alcohol an inhibition effect of about
9% was measured in experiments in the absence of nanoparticles
(Fig. S3‡). This value is lower than the 30% inhibition observed
for the 1 g L−1 suspensions of the particles modified with benzyl
alcohol.

Vibrio fischeri experiments with 1 g L−1 of the particles deri-
vatized with 4-methoxybenzyl alcohol (with the same fraction of
derivatized silanols as those modified with benzyl alcohol)
yielded a value of E% = 61%. This result shows the higher tox-
icity of the particles derivatized with 4-methoxybenzyl alcohol
compared to those modified with the benzyl alcohol. From the
NP concentration (1 g L−1) and the 20% of %OG in mass
(Table 1), a concentration of 0.2 g L−1 organic matter in the sus-
pension is obtained. For this concentration of free alcohol an
inhibition effect of about 48% was measured in experiments in
the absence of nanoparticles (results not shown). This value is
lower than the 61% inhibition observed for the 1 g L−1 NP.

When comparing the toxicity of the particles suspensions to
that of solutions containing the same concentration of organic
groups, we should keep in mind that the toxicity of the nanopar-
ticles is related to surface composition, which determines the
nature of the contact of the particle with living matter. The phys-
ical and chemical properties of the surface control the ability of
the particles to adsorb biomolecules, to disrupt cell membranes,
and to adhere to a given substrate. The chemical composition of
a surface will thus ultimately determine the toxicity of a given
kind of nanomaterial.37

The higher toxicity of the alcohol bonded to particles could be
caused by the favored bacterial adhesion to the hydrophobized
surfaces, which present higher bacterial sticking coefficients and

stronger adhesion forces than bare silica surfaces.38 As a result,
the local concentration of organic groups in contact with the bac-
teria is higher than in solution. The results obtained here show
that the toxicity of the particles modified with the alcohols corre-
lates with that of the solutions of the alcohols, i.e., butanol <
benzyl alcohol < 4-methoxybenzyl alcohol.

3.3 Photochemical experiments

The UV-visible absorption spectrum of a suspension of the
nanoparticles in 1 : 1 acetonitrile–aqueous phosphate buffer is
shown in Fig. 3.

Laser flash-photolysis (LFP) experiments performed with
0.8 g L−1 dispersions of NP in Ar-saturated 1 : 1 acetonitrile–

Fig. 2 A: FTIR spectra of: activated bare silica (upper trace), and NP (lower trace). B, C: Expanded FTIR spectrum of: NP (upper trace) and 4-meth-
oxybenzyl alcohol (lower trace).

Fig. 3 UV-visible absorption spectrum of a 0.6 g L−1 suspension of
NP in 1 : 1 acetonitrile–aqueous phosphate buffer. The excitation wave-
length of 266 nm employed in the photochemical experiments is also
shown. The scattering component of the NP samples was subtracted
according to Ruiz et al.3
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aqueous phosphate buffer showed formation of a transient
species with maximum at around 390 nm (see absorption spec-
trum in Fig. 4).

The transient species could be formed upon photoionization
of the organic moiety to yield a radical cation. However, assum-
ing an ionization potential of the organic moiety similar to that
of the 4-methoxybenzyl alcohol (771 kJ mol−1),39 we conclude
that the photoionization cannot take place in a 266 nm monopho-
tonic process. Since the low laser fluence employed in the exper-
iments guarantees that the transient species are formed in a
monophotonic event, formation of the cation radicals is neg-
lected. This is in line with the absence of absorption detected in
the region where the solvated electron (λmax = 720 nm)40 and the
radical cation of the 4-methoxybenzyl alcohol (λmax = 290 and
450 nm41) absorb.

The photolysis of NP at 266 nm could lead to the Si–O–C
scission according to reaction (2).

ð2Þ

However, the (4-methoxybenzyl)oxyl radical formed as a
product of reaction (2) was reported to absorb in the visible
region with a maximum at 560 nm.42 Moreover, from TD-DFT
calculations it was possible to obtain the UV-visible spectrum of
the radical, which also shows absorption in the visible region.
The absorption maximum calculated at the B98/6-311++G(d,p)
level of theory for the solvent acetonitrile is located at 533 nm.
The energy difference between the experimental absorption
maximum, 2.19 eV,42 and that calculated here, 2.33 eV, is 0.11
eV. This value is much smaller than the mean unsigned error in
the electronic excitation energy reported for the B98 method of

0.57 eV.43 Thus, the transient species observed here cannot be
assigned to the (4-methoxybenzyl)oxyl radical.

A reaction route leading to the formation of silica chemisorbed
benzyl radicals can also be neglected here because these radicals
show an absorption maximum at 320 nm.8 The 4-methoxybenzyl
radical also shows an absorption maximum at 320 nm in
solution.44

The decay rate of the transient measured here at 380 nm
increases with increasing O2 concentration. The oxygen-depen-
dent decay (Fig. 4A) suggests that the observed transient species
may be a chemisorbed triplet state. From the oxygen solubility
data in acetonitrile and water,45,46 it is possible to estimate an
oxygen concentration of 0.5 mM in the air-saturated solvent
mixture employed here to suspend the particles. From these data
and the transient decays observed in Ar- (1.3 × 106 s−1) and air-
saturated samples (3.6 × 106 s−1), a bimolecular rate constant of
4.9 × 109 M−1 s−1 is obtained. Should the transient species be a
triplet state, then the spin statistical factor for the energy transfer
from this species to oxygen is 1/9,47 and a value of 4.4 × 1010

M−1 s−1 is obtained for the diffusion-controlled rate constant of
the particles with molecular oxygen, in complete agreement with
that calculated for nanoparticles of the same size in the same
medium (kdiff ≥ 3 × 1010 M−1 s−1).3 This result is an evidence
for the quenching of the triplet states by dissolved molecular
oxygen.

The absorption spectrum of the transient species obtained in
comparative LFP experiments with Ar-saturated 4-methoxyben-
zyl alcohol solutions (Fig. 5) is similar to that obtained from
LFP experiments performed with the NP suspensions (Fig. 4).
The assignment of the free and chemisorbed species to triplet
states, which completely decay to the ground state is supported
by our inability to detect changes in the UV-visible absorption
spectra of N2-saturated solutions of the alcohol and suspensions
of NP upon irradiation (λexc = 266 nm) during 1 h employing a
laser fluence of 12 ± 3 mJ per pulse at a repetition rate of 10 Hz.

According to the LFP and steady-state irradiation results, the
assignment of the transient species observed in Fig. 4 and Fig. 5
to chemisorbed and free triplet states, respectively, seems reason-
able. To further support this hypothesis, DFT calculations were

Fig. 4 A: Traces obtained at 380 nm with the suspensions employed in the main figure under: Ar-saturation (●); and air-saturation (Δ). The solid
lines show the fitting to single exponential decay functions. B: Absorption spectrum of the transient species obtained from LFP experiments (λexc =
266 nm) performed with Ar-saturated solutions of 4-methoxybenzyl alcohol in acetonitrile–aqueous phosphate buffer (●). The solid line shows the T–
T absorption coefficients calculated for the cluster. The experimental spectrum is normalized to the calculated one.
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performed. The chemisorbed triplet states were modeled with the
molecule shown in Fig. 6 which, hereafter, we denote as cluster.
As can be seen in Fig. 4 and 5 there is a relatively good agree-
ment between the experimental and calculated T–T absorption
spectra for the chemisorbed (modeled with the cluster) and free
triplet states. The calculated triplet energies for the alcohol and
the cluster are 328.9 and 327.2 kJ mol−1, respectively.

The calculated energies of both chemisorbed and free triplet
states are higher than the energy (94.4 kJ mol−1)48 required to
promote ground-state oxygen to O2(

1Δg). To confirm the gener-
ation of O2(

1Δg), time-resolved phosphorescence experiments
were performed.

Values of ΦΔ were obtained using the intensity of the time-
resolved 1270 nm singlet oxygen phosphorescence as a probe
and the sensitizer PNS as a reference standard (ΦΔ = 1)49

(Table 2).

The method assumes that the flux of absorbed photons is the
same in the homogeneous and in micro-heterogeneous media. To
guarantee this condition, for the NP the scattering component at
the excitation wavelength was subtracted according to Ruiz et al.3

The time-resolved phosphorescence signals from the air-satu-
rated PNS and 4-methoxybenzyl alcohol solutions and the nano-
particle dispersions showed a single exponential decay both
when acetonitrile or 1 : 1 acetonitrile–aqueous phosphate buffer
were used as solvents. The measured lifetime of O2(

1Δg), τΔ, in
acetonitrile was 68 μs in complete agreement with reported
data,50 whereas in the acetonitrile–aqueous phosphate buffer
mixture τΔ was 16 μs.

As can be seen in Table 2, lower singlet oxygen quantum
yields were obtained for the particles suspensions compared to
those of the free alcohol in the same media. There is no apparent
reason (e.g. electronic interaction) to explain a lower intersystem
crossing efficiency for the chemisorbed chromophore compared
to that of the free alcohol. Thus, the lower singlet oxygen
quantum yields should be related to deactivation of triplet states
at the particle’s surface, which is in agreement with the faster
decay rate of the triplet states (1.3 × 106 s−1, see Fig. 4A)
observed in the Ar-saturated suspensions of the NP compared to
that detected in the Ar-saturated the solutions of the alcohol (7.3
× 104 s−1, result not shown).

To determine the overall quenching rate constant (kt) of
O2(

1Δg) by the 4-methoxybenzyl alcohol and by the NP in aceto-
nitrile, the decay of the time-resolved O2(

1Δg) phosphorescence
signal was measured by employing Rose Bengal as the sensitizer
(λexc = 532 nm). The Stern–Volmer plots are shown in Fig. 7.

Fig. 6 Molecule employed to model the 4-methoxybenzyl alcohol che-
misorbed on the silica nanoparticles (cluster).

Fig. 5 Absorption spectrum of the transient species obtained from LFP
experiments (λexc = 266 nm) performed with Ar-saturated solutions of 4-
methoxybenzyl alcohol in acetonitrile–aqueous phosphate buffer (●).
The solid line shows the T–T absorption coefficients calculated for the
alcohol. The experimental spectrum is normalized to the calculated one.

Table 2 Singlet oxygen quantum yield (ΦΔ) for 4-methoxybenzyl
alcohol solutions and NP suspensions

ΦΔ in
acetonitrile

ΦΔ in 1 : 1 acetonitrile–aqueous
phosphate buffer

4-Methoxybenzyl
alcohol

0.47 ± 0.07 0.31 ± 0.06

NP 0.09 ± 0.03 0.09 ± 0.03

Fig. 7 Plots of τΔ
−1 for the 4-methoxybenzyl alcohol (●) and for the

NP (Δ) in acetonitrile.
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The slope of the Stern–Volmer plot obtained for the alcohol
yields kt = (1.3 ± 0.2) × 105 M−1 s−1. As can be seen in Fig. 7,
τΔ measured in 0.8–3.2 g L−1 dispersions of the NP was inde-
pendent of the concentration. This observation means that the
concentration of surface bonded quencher is too small to affect
the lifetime of singlet oxygen within the range of the quencher
concentration.

4. Conclusions

Upon irradiation with UV light of the suspensions of silica nano-
particles modified with 4-methoxybenzyl alcohol, transient
species are formed. The assignment of these species to chemi-
sorbed triplet states is supported by DFT calculations. The che-
misorbed triplet states are quenched by ground state oxygen to
yield singlet molecular oxygen with a quantum yield of 0.09.
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