
This is an Accepted Manuscript, which has been through the 
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. We will replace this Accepted Manuscript with the edited 
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the Ethical guidelines still 
apply. In no event shall the Royal Society of Chemistry be held 
responsible for any errors or omissions in this Accepted Manuscript 
or any consequences arising from the use of any information it 
contains. 

Accepted Manuscript

www.rsc.org/pccp

PCCP

http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/


Visible-ultraviolet vibronic emission of silica nanoparticles

Luisa Spallino,a Lavinia Vaccaro,a Luisa Sciortino,a Simonpietro Agnello,a Gianpiero Buscarino,a
Marco Cannas,∗aand Franco Mario Gelardia

Received Xth XXXXXXXXXX 20XX, Accepted Xth XXXXXXXXX 20XX
First published on the web Xth XXXXXXXXXX 200X
DOI: 10.1039/b000000x

We report the study of the visible-ultraviolet emission properties and the structural features of silica nanoparticles prepared
through a laboratory sol-gel technique. Atomic force microscopy, Raman and Infrared investigations highlighted the 10 nm size,
purity and porosity of the obtained nanoparticles. By time resolved photoluminescence technique in air and in vacuum we were
able to single out two contributions in the visible emission: one, stable in both atmospheres, is a typical fast blue band centered
around 2.8 eV; the second, only observed in vacuum around the 3.0-3.5 eV range, is a vibrational progression with two phonon
modes at 1370 cm−1 and 360 cm−1. By fully characterizing the spectroscopic features of this structured emission, we evidence
its vibronic properties and clarify the different origin with respect to the blue luminescent defect.

1 Introduction

Luminescence is a paramount property for several optical ap-
plications in the modern nanotechnologies (bioimaging, opto-
electronics, photovoltaics)1–6. The research is therefore ac-
tive towards the development of production methods success-
ful to finely control the physical and chemical characteristics
of nanostructured materials thus tailoring their emission. Sil-
ica nanoparticles (NPs) are systems of choice for this pur-
pose: they combine high luminescence with facile synthesis
methods, non toxicity and resistance to thermal and irradia-
tion treatments7–12. Their emissivity, surprising if compared
to the optical properties of the bulk counterpart, is mainly re-
lated to the high specific surface (∼102 m2 g−1) that favors
the formation of a wide variety of luminescent defects. The
microscopic structure of these sites is also influenced by the
surface accessibility to atomic and molecular species of the
environment atmosphere13.

Silica surface is generally terminated with Si-H or Si-OH
functional groups, well identified by their IR bands14. Some
authors suggested that these groups are responsible for the
photoluminescence (PL) activity under UV light excitation:
Si-H is responsible for a band centered around 2.4 eV with a
vibronic progression spacing ∼630 cm−1 15, whereas Si-OH
gives rise to a PL centered around 3.7 eV16. Also molecular
oxygen plays a crucial role since it is active in several reactions
and it can diffuse through the silica NPs17,18. Previous exper-
iments, dealing with the effects induced by controlled thermo-
chemical reactions, have demonstrated the formation of oxy-
gen related defects peculiar to surface such as the nonbridging
oxygen, Si-O•, the dioxasilyrane, Si(O2), and the silanone,
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Si=O13,19,20. The optical properties of these defects have also
been investigated by computational works19,21–23, the agree-
ment with the experimental data has supported the assignment
of their emission bands. The nonbridging oxygen is well char-
acterized by a PL around 1.9 eV with two excitation bands
centered at 2.0 eV and 4.8 eV, however the PL position is influ-
enced by the defect surrounding and a red shift down to ∼1 eV
is observed when it interacts with oxygen vacancy defects, Si-
Si19. The dioxasilyrane and the silanone emit overlapping PL
bands in the visible range, around 2.2-2.4 eV, that can be re-
solved thanks to their different lifetimes13. On the other hand,
O2 oxygen molecule inside the silica NPs is characterized by a
narrow IR emission centered at 0.97 eV excited in the near-IR
range24,25. O2 oxygen molecule has also been proposed for a
fast (few ns) emission centered around 2.8 eV (blue band) that,
after vacuum treatment, is enriched by vibronic lines above 3.0
eV (violet)26. The origin of the blue band has been associated
with a defects pair consisting of a dioxasilyrane, Si(O2), and
a silylene, Si••, its formation being induced by a dehydrox-
ylation reaction of adjacent geminal Si-OH groups27,28. On
the basis of this model, the UV light causes the photolysis of
the dioxasilyrane making free O2 in the excited state; the sub-
sequent emission gives rise to the blue band coupled with the
O2 stretching phonon modes. This hypothesis is supported by
the close similarity of the PL characteristics observed in nano-
crystals of Al2O3 (γ-alumina), structurally and composition-
ally different from amorphous silica NPs. The understanding
of the excitation/emission pathway giving rise to this struc-
tured PL is currently debated26,29–31.

In this work we deal with the spectroscopic characteriza-
tion of the visible PL associated with silica surface defects
and the effects induced by vacuum treatments. We synthesized
porous silica NPs by sol-gel technique and investigated their
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structural and morphological properties. These systems are
suitable to our purpose because of their very high specific sur-
face that enhances the amount of luminescent defects. Our ex-
perimental approach is based on time-resolved luminescence
spectroscopy combined with a tunable laser source that allows
to discern between the vibronic lines and the blue band. The
obtained results are useful to address the structural properties
of these luminescent defects.

2 Experimental Methods

Silica NPs investigated in the present work were synthesized
using a modified Stöber sol-gel route32. To obtain the col-
loidal solution, 70 mmol of TEOS (Aldrich, 99.99%) with
0.3 mol of water, 0.4 mol of ethanol (Sigma-Aldrich, abso-
lute ≥ 99.5%) and with 1.5 mmol of ammonium hydroxide
(Sigma-Aldrich, 29% NH3 basis) were mixed. The solution
was stirred in ultrasonic bath for 40 minutes and after two
hours it was centrifuged for one hour at 8000 rpm, so as to
favor the precipitation of silica NPs. The precipitate was sep-
arated by the supernatant to take away the unreacted species.
Silica powders were washed twice with water for one hour at
8000 rpm and one more time with acetone in the same condi-
tions. During the centrifuge cycles the temperature was main-
tained within the interval 23-28◦. The precipitate was finally
dried for one week in ambient atmosphere. The resulting ma-
terial is a white granular powder.

Morphological details were provided by the Atomic Force
Microscopy (AFM) investigation. The powder, as produced,
was dispersed in ethanol and the solution was deposited on a
mica substrate. After drying in vacuum, tapping mode ampli-
tude modulated AFM measurements were acquired in air by a
Multimode V (Veeco Instruments) equipped with a PointProbe
Plus Silicon SPM (typical apical radius of 5-10 nm).

To identify the structure of the synthesized material, Fourier
Transform (FT) -Raman and -IR spectra were acquired by
a FT-Raman Spectrometer (Bruker RAMII), equipped with
a 500 mW Nd:YAG laser (fundamental at 1064 nm), and a
Bruker FT-IR spectrophotometer (VERTEX-70). The spectral
resolution was 5 cm−1 and 1 cm−1 for Raman and IR absorp-
tion spectra, respectively.

The investigation of the emission properties was carried out
by the time-resolved PL technique. Tunable excitation pulsed
light (pulse width ∼5 ns, repetition rate 10 Hz) was provided
by a VIBRANT OPOTEK optical parametric oscillator laser
system, pumped by the third harmonic (3.50 eV) of a Nd:YAG
laser and equipped with a second harmonic generation crystal.
The pulse energy was monitored with a pyroelectric detec-
tor and the Fluence/pulse was maintained at Φ=0.2 mJ/cm2,
low enough to avoid the generation of luminescent defects12.
The emitted light was spectrally resolved by a monochroma-
tor (SpectraPro 2300i, PI/Acton) equipped with two gratings:

one, with 150 grooves/mm and blazed at 300 nm, has a spec-
tral resolution of 20 nm/mm; the other, with 300 grooves/mm
and blazed at 500 nm, has a resolution of 10 nm/mm. The
spectra were acquired by an intensified charge coupled device
(CCD) camera driven by a delay generator (PI-MAX Prince-
ton Instruments) that sets the delay time from the laser pulse,
TD, and the integration time of the emitted light, ∆T. The ex-
perimental set-up allows us to control the atmospheric condi-
tions thanks to a cryostat connected to a vacuum pump that
stabilizes the pressure down to 10−6mbar in about four hours.
PL measurements were performed placing the sample in the
cryostat in a standard front scattering geometry both in air and
in vacuum. All the emission spectra reported in this work are
corrected for the monochromator dispersion.

For the sake of clarity, we specify that FT-Raman, FT-
IR and PL measurements were performed on self-supporting
samples obtained pressing the powders, as-produced, at 300
MPa. In accordance with previous work, such a pressure is
low enough to avoid structural changes of the material33,34.
This procedure is needed in order to increase the signal-to-
noise ratio. Only for the FT-IR investigation, the sample con-
sists of a mixture obtained dispersing the synthesized powders
in KBr (1% dilution). Moreover, the samples were heated in
air at 300◦C for two hours to enhance the characteristic emis-
sion in the visible spectral range and to remove any spurious
contribution due to hydrocarbon contaminations28,35,36.

3 Results

3.1 Structural and morphological characterization

Figure 1 shows the Raman spectrum of the as synthesized ma-
terial and evidences the main typical features of nanostruc-
tured silica37–39. We mark the frequencies of the character-
istic peaks: ν=410 cm−1 is the bending mode of oxygen in
n-membered rings (n>4) and it is usually known as R line;
ν=490 cm−1 is the breathing mode of 4-membered rings, usu-
ally called D1 line; ν=800 cm−1 is the SiO2 network optical
mode; ν=980 cm−1 is the vibration of (OH)-group with re-
spect to Si. We note that the Raman spectrum does not present
the peak at ν=605 cm−1, corresponding to the frequency of
the 3-membered rings breathing mode (D2 line), its absence is
generally attributed to the porosity of silica40,41. In contrast
with previous studies24, we do not observe any signal around
1540 cm−1: this shift from the Nd:YAG laser excitation cor-
responds, in fact, to an absolute energy of 0.97 eV identifying
the IR emission of singlet O2 in silica42.

Further information on the structural properties of the ma-
terial are given by the IR spectrum reported in Figure 2, where
several wide bands are observed. The frequencies associated
with the vibration modes in the silica structure are identi-
fied on the basis of experimental and simulation works38,43:
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Fig. 1 Raman spectrum of the synthesized material. Dashed lines
indicate the position of the characteristic Raman active structures of
silica nanoparticles in cm−1.

ν=459 cm−1 is the bending; ν=800 cm−1 is the symmetric
stretching; ν=1095 cm−1 and ν=1200 cm−1 are the transver-
sal and longitudinal asymmetric stretching, respectively. The
OH related bands are also found: ν=980 cm−1 is the (OH)-Si
stretching mode; the broad band around ν=3400 cm−1 origi-
nates from the overlap of different O-H stretching modes (ad-
sorbed water, isolated, terminal and geminal silanols)44.

Fig. 2 IR spectrum of the synthesized silica NPs. Dashed lines
indicate the position in cm−1 of the characteristic IR active
structures related to the silica network (black) and to OH group
(red).

The AFM image reported in Figure 3 shows isolated silica
nanoparticles with size of about 10 nm.

Fig. 3 AFM image of isolated nanoparticles composing the
synthesized material.

3.2 Photoluminescence properties

Figure 4 summarizes the time resolved luminescence proper-
ties of the sample in air. In the panel (A) the PL spectrum is
reported: it is acquired exciting at Eexc=4.96 eV, with TD=10
ns and ∆T=100 ns. It consists of a broad band centered at
2.80±0.02 eV, with a full width at half maximum (FWHM)
of 0.80±0.03 eV. Monitoring the peak intensity on varying
Eexc, we obtained the blue band PL excitation (PLE) pro-
file reported in Figure 4(B). It evidences two excitation max-
ima: one around Eexc=3.3 eV, the other, less intense, around
Eexc=5.3 eV. The decay kinetics of the blue band is reported in
Figure 4(C). The curve is obtained monitoring the peak inten-
sity of the PL spectrum excited at Eexc=4.96 eV and integrated
for ∆T=1ns on varying the delay time after the laser pulse is
extinguished, from TD=5 ns to TD=31 ns. For the sake of
clarity, in the same graph the decay of the laser pulse is also
reported. The non-linear trend in the semilogarithmic plot evi-
dences that the blue band decay deviates from a pure exponen-
tial. This behavior is typical of disordered systems with lumi-
nescent defects having distributed decay rates36. To account
for such a decay rate, a best fit procedure was carried out us-
ing the stretched exponential function I(t) = I0exp[−(t/τ)γ ],
where the lifetime τ is the time necessary to reduce the PL in-
tensity by a factor e and the stretching parameter γ measures
the deviation from a pure exponential45; we get τ=4.86±0.03
ns and γ=0.84±0.02.

We studied the blue PL also in vacuum environment us-
ing the same acquisition parameters applied for air detection
(Eexc=4.96 eV, TD=16 ns and ∆T=100 ns). Immediately af-
ter purging air, we noted the appearance of a structured emis-
sion between 3.0 and 3.5 eV. Over the time, on decreasing the
pressure in the cryostat up to ∼10−6mbar, after 24 hours, the
overall PL intensity increases and the structured PL sharpens.
Figure 5 shows the comparison between the spectrum emitted
from the sample in air and that stored in vacuum for 24 hours.

The structured PL can be isolated by opportunely setting
the excitation laser energy and the time detection parame-
ters. Its spectroscopic properties are reported in Figure 6:
emission and excitation patterns are shown in the panel (A)
whereas the PL decay is reported in the panel (B). The PL
spectrum in (A) is obtained exciting the sample at Eexc=3.69
eV, setting ∆T=250 ns and delaying the acquisition from the
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Fig. 4 (A) Emission spectrum of the synthesized sample acquired in
air under Eexc=4.96 eV with TD=10 ns and ∆T=100 ns. (B)
Excitation energy dependence monitored at the maximum PL
amplitude. (C) Semilogarithmic plot of the PL decay monitored at
Eem= 2.8 eV under excitation Eexc= 4.96 eV (black dots) and of the
laser pulse at 4.96 eV (red dotted line); the full blue line is the best
fit stretched exponential curve.

laser pulse by TD=115 ns, so as to remove from the spectrum

Fig. 5 PL spectrum emitted by the synthesized sample stored in air
(dashed line) and in vacuum for 24 hours (continous line). Both
spectra are excited at Eexc=4.96 eV, acquired with TD=16 ns and
∆T=100 ns.

the blue band contribution decaying in few ns (see panel (C)
of Figure4). A vibronic progression with four peaks spaced
∆E∼0.17 eV (∼1370 cm−1) is evident, the position of the
peaks being: 3.340±0.005 eV, 3.170±0.005 eV, 3.00±0.02
eV, 2.83±0.02 eV. Moreover, other PL peaks are observed
at 3.290±0.005 eV and 3.245±0.005 eV. The PLE profile
was obtained acquiring PL spectra at different excitation en-
ergies. As evidenced in the panel (A), the PLE pattern moni-
tored at Eem=3.340 eV is also structured and shows two peaks
centered at 3.69±0.01 eV and 3.85±0.02 eV. The PL decay
shown in the panel (B) is monitored at Eem=3.34 eV, start-
ing from TD=30 ns to avoid the overlap with the blue PL: by
a best fit procedure with a stretched exponential law we de-
termine the lifetime τ=90±2 ns and the stretching parameter
γ=0.70±0.02.

4 Discussion

The above reported results, based on AFM, FT-Raman and -
IR spectroscopy, have proved the effectiveness of the sol-gel
production of porous silica NPs with diameter of about 10 nm
and decorated with OH groups. The time-resolved PL tech-
nique allowed us to distinguish two contributions in the UV-
visible emission already observed in other nano-sized silica
systems but not clearly disentangled up to now. One is the
typical blue PL band centered at 2.8 eV, with a FWHM∼0.8
eV, observed both in air and in vacuum. This emission is
characterized by a stretched exponential decay (τ≈5 ns and
γ≈0.84) and a PLE spectrum with two bands centered around
3.3 eV and 5.3 eV. These features are in good accordance with
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Fig. 6 (A) Emission and excitation features of the vibronic
structures in vacuum: the PL spectrum (red line) is excited at
Eexc=3.69 eV and acquired with TD=115 ns and ∆T=250 ns. The
PLE spectrum (circles)is obtained monitoring the excitation energy
dependence of the peak at 3.34 eV, the blue line acts as a guide for
viewing purpose. Solid arrows identify the vibronic progression
spaced 0.17 eV (1370 cm−1); dashed arrows point the progression
spaced 0.045 eV (360 cm−1). (B) Semilogarithmic plot of the PL
decay monitored at Eem= 3.34 eV from TD=30 ns to TD=505 ns
under excitation Eexc= 3.69 eV (black dots); each spectrum is
integrated for ∆T=25 ns. The full red line is the best fit stretched
exponential curve.

works dealing with the emission properties of nanosized silica
or silica with nanosized pores10,27,28,36,46. The second con-
tribution is a vibronic structured PL in the 3.0-3.5 eV violet
range, characterized by a stretched exponential decay (τ≈90
ns and γ≈0.70) and a PLE spectrum with two sharp peaks at
3.69 eV and 3.85 eV. Only on the basis of spectroscopic con-
siderations, the comparison between the emission, excitation
and decay properties clearly proves that the violet vibronic
progression and the blue band have to be originated by two
distinct defects, in contrast with previous suggestions26.
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Fig. 7 Energy levels scheme associated to the structured PL/PLE
pattern. The red and blue arrows refer to the emission and excitation
transitions, respectively; the green arrow highlights the ZPL.

Since this structured PL is peculiar to vacuum environment,
we can hypothesize that it originates from a defect located at
the surface: in air the PL is quenched by the interaction of
the luminescent defect with molecular species of the ambient
atmosphere, such as molecular oxygen and nitrogen; the vac-
uum treatment removes these species, thus activating the opti-
cal emission. The observation of a well defined vibronic pat-
tern proves that this luminescence originates from molecular
species in SiO2 NPs with electron-phonon coupled vibrational
motion. The excitation/emission pattern evidences a common
vibronic progression with peaks spaced by ∆E∼0.17 eV, in
agreement with a mirror-like symmetry. This finding iden-
tifies a hard vibrational mode (νH∼1370 cm−1) much larger
than the thermal energy at room temperature kBT∼0.025 eV
(∼200 cm−1). This mode is linearly coupled with the exci-
tation and emission electronic transitions. It is worth noting
that the Stokes shift of ∼0.35 eV, measured by the differ-
ence between the excitation peak at 3.69 eV and the emission
at 3.34 eV, is nearly 2×hνH ; this allows us to roughly esti-
mate the Huang-Rhys factor, S∼1, that is consistent with a
low electron-phonon coupling. Then, we can locate the zero
phonon line (ZPL) around 3.52 eV and consequently attribute
the observed peaks to allowed transitions, in accordance with
the fast decay time (∼100 ns), between the vibrational levels
of two singlet electronic states. Such transitions are graphi-
cally represented in the energy levels scheme reported in Fig-
ure 7: the excitations at 3.69 eV and 3.85 eV correspond to
the absorption from the lower vibrational level (n=0) of the
electronic ground state S0 towards the vibrational levels m=1
and m=2 of the electronic excited state S1; the emission peaks
at 3.34 eV, 3.17 eV, 3.00 eV and 2.83 eV correspond to the
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radiative decay from the lower vibrational level (m=0) of S1
down to the vibrational levels n=1, n=2, n=3 and n=4 of S0.
The additional peaks spaced by 0.045 eV, observed in the PL
spectrum, indicate that this electronic transition is also cou-
pled with a soft vibrational mode of frequency νS∼360 cm−1.
It is worth noting that both the vibrations are not observed ei-
ther in the Raman or in the IR absorption spectra. In contrast,
the PL spectroscopy offers much more selectivity in detecting
the vibrations coupled to the electronic transitions of defects.

The comparison with literature data allows us to discuss the
origin of the structured PL centered in the range 3.0-3.5 eV. A
vibronic progression with lines spaced by νH∼1370 cm−1 has
been observed both in silica based organic-inorganic hybrid47

and in evacuated silica nanoparticles26. In contrast, the pro-
gression with lines spaced by νS∼360 cm−1 has not been re-
solved in previous works, at least to our knowledge. Therefore
the assignment of the combined νH and νS vibronic lines to a
specific group at silica surface is not experimentally supported
yet14,48. We rule out Si-H and the Si-OH in view of their dif-
ferent PL properties15,16. Alternatively, computational works
dealing with the optical properties of defects peculiar to sur-
face silica have pointed out vibration modes with frequencies
in good agreement with that observed in our PL spectra. In
particular, Mebel et al.48 have predicted the superposition of
two vibrational progressions around 1300 cm−1 and 360 cm−1

in the PL spectra of silanone. In accordance with that model,
the excitation of this defect leads to an elongation of the Si=O
double bond, accompanied by its out-of-plane distortion re-
spect to the basal O23,48; the frequencies 1300 cm−1 and 360
cm−1 are associated with the Si=O stretching and bending, re-
spectively. On the other hand, the dioxasilyrane ring Si(O2)
is characterized by four vibrations bands with frequencies in
the range ∼800-1200 cm−1 21. However, the role of silanone
or dioxasilyrane as defects candidate for the origin of the ob-
served vibrations coupled to violet PL spectrum is weakened
by some findings. Both defects emits a green PL13,21,23, more-
over the silanone is not stable in ambient atmosphere because
of the reaction with water molecules13.

In a recent work26 the structured PL with lines spaced
∼1350 cm−1 has been assigned on the basis of the similari-
ties between silica and γ-alumina nanoparticles. In agreement
with the defects pair model27, Si(O2) and Si••, proposed to
explain the origin of the blue band, the vibronic progression
has been associated with the O2 Herzberg III decay transition
from A’3∆u to X3Σ−

g electronic states49, where O2 in its ex-
cited state originates by the transient photolysis of the dioxas-
ilyrane. To this regard, our data allow us to make the following
considerations: first of all, for the free O2 the ZPL of the A’3∆u
to X3Σ−

g transition is 34387 cm−1 (4.26 eV) and the stretch-
ing frequency for the X3Σ−

g ground state is 1580 cm−1 50,51;
these values are significantly larger than those measured in
our experiment: ZPL≈3.52 eV, νH∼1370 cm−1. Moreover,

the observation of the additional vibronic peaks spaced 360
cm−1 is not consistent with a diatomic molecule. On the other
hand, whatever the defect responsible for the blue band, the
spectroscopic data exclude the possibility that a single defect
gives rise to both the blue band and the vibronic progression.

5 Conclusions

The modified Stöber sol-gel route that we used to synthesize
silica nanoparticles is successful to produce a porous mate-
rial exhibiting a PL in the UV-visible range. Vacuum treat-
ment leads to the appearance of a structured emission in the
violet range coupled with two vibration modes: a hard one
(νH∼1370 cm−1) with a low Huang-Rhys factor (S∼1) and a
soft one (νS∼360 cm−1). On the basis of the excitation and
decay properties, we propose that the violet structured lumi-
nescence has a different origin than the blue band which, in
the current literature, is associated with a defects pair consist-
ing of a dioxasilyrane and a silylene. The observation of two
vibration modes is consistent with a defect structure contain-
ing more than two atoms, the measured frequencies at 1370
cm−1 and 360 cm−1 being in agreement with the stretching
and bending vibrations calculated for O2 related defects.
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Vibrational pattern coupled to excitation and emission transitions of surface defects in silica 

nanoparticles in vacuum  
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