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g r a p h i c a l a b s t r a c t
� New composites were obtained from
silicic acid, organic polymers and
silicon analogs.

� The composites show considerably
intensive luminescence comparing
with pure silica.

� The luminescence spectra and life-
times are similar to pure silica.

� The additives allows to control
morphology of the highly lumines-
cence particles.
a r t i c l e i n f o

Article history:
Received 23 November 2015
Received in revised form
2 October 2016
Accepted 5 October 2016
Available online 10 October 2016

Keywords:
Silica
Composite
Luminescence
Defects
Dopants
a b s t r a c t

A new composite materials of various particle morphology were obtained by silicic acid condensation in
the presence of oligomeric polyamine, poly (vinyl amine) or co(1-vinylimidazole - acrylic acid). These
organic compounds are the models of biopolymers which participate in synthesis of siliceous structures
in living organisms. Hydroxides of silicon analogs (Ge, Ti, Zr and Sn) were also applied as additives in the
composite synthesis. The obtained materials show greatly more intensive luminescence comparing with
pure silica without essential changes in luminescence spectra and lifetimes. We suppose the increase in
emission intensity under the action of organic and inorganic additives is connected with increase of
concentration of the luminescence-active defects which present in pure silica. Our results show possi-
bility to obtain bright luminescent siliceous materials with controllable nano- and micro-level
morphology by the action of polymeric amines and silicon analogs.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

Fluorescent and photosensitive materials are actively studied
nowadays in the connection with production of various electronic
yahoo.com (V.V. Annenkov).
devices, displays, elaboration of new visualization approaches in
medicine and biology. Photocatalytic decomposition of the water is
a promising way to effective utilization of the solar energy [1,2].
Siliceous materials and composites are considered as highly
promising compounds because inorganic matrix is stable and
cheap and silica morphology is controllable by the means of sol-gel
methods [3e6]. The nanosized silica particles having high surface-
volume ratio demonstrate peculiar properties such as bright visible
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photoluminescence under ultraviolet (UV) excitation [7]. Therefore
silica nanoparticles are promising for medical nanoprobes without
need to doping with bright extrinsic fluorophores [8].

Pure non-doped silica is capable of photoluminescence in blue,
green and red regions of the electromagnetic spectrum due to
defects present in its structure. Particularly, a weak photo-
luminescence within about 430e600 nm (lexc ¼ 390 nm) was
observed for polysilisic acid [9]. Under the excitation of 325 nm
high purity pristine silica samples gave a photoluminescence
spectrum, which after mathematical processing revealed the exis-
tence of two luminescence bands centered at 550 nm and 450 nm
[10]. Uchino et al. in paper [7] proposed a model of the blue-light-
emitting center in silicon and silica-based materials on the basis of
the density functional theory calculations and experimental results.
There are several types of luminescent centers in silica and siliceous
composites. The first type of the centers is various defects in the
silicon dioxide structure, including nonbridging oxygen hole cen-
ters (NBOHC, SieO�) and two types of oxygen-deficient centers
(ODCs, Si�, Si/Si) [10e13]. The luminescence spectra of porous
material and nanoparticles is similar to the ones in bulk silicon
dioxide. The second type is surface defects in silicon and silica
nanoparticles. There are defect structures arising under heating of
the siliceous materials, e.g. dioxasilirane, ¼Si(O2) and silylene ¼ Si:
obtained from hydrated silicon [7,14e16]:
Photoluminescence from these centers is characterized with
short lifetimes (<20 ns) which points on singlet-singlet transitions.
There are no definite assignment of the luminescence band to de-
fects in silica structure, moreover the bands positions are often
calculated from the Gaussian model fitting [17].

The third type of luminescent centers was observed in silica
doped with silicon analogs such as carbon [18e21], germanium
[22e29] or tin [4,27,30,31] ions which increase luminescence in
violet-blue region due to developing of the defect structures similar
to structures in pure silica. Introducing of silicon analogs (Ge, Ti, Zr
and Sn) can give five- or sixfold oxygen atoms which were
described for titanium and zirconium [32e35]. The presence of
organic compounds in composites can results in luminescence of
these compounds or products of their thermodestruction, e.g.
2e3 nm carbon nanoparticles [36].

Morphology of the luminescence siliceous material is an
important factor for its application. Alkoxysilanes are used for a
long time as precursors for synthesis of uniform silica particles [3,
4, 37 and references in these works]. Water-based systems
applying sodium silicate become promising last decades because
of cheapness and ecology friendliness. Some living organisms can
build fine skeletons from silicon dioxide (practically pure melting
quartz glass), the most known of them are frustules of diatom
algae [38] and spicules of siliceous sponges [39]. Study of the
silicifying organisms resulted in an increased attention to poly-
meric amines as the substances which catalyze condensation of
silicic acid and control morphology of the obtained silica or
composite particles. These polymers and oligomers are probably
play an important role in silicon assimilation by the living cells
and in building of the resulting biosilica [40]. Synthetic polymeric
amines are considered as models of biopolymers and as reagents
for bioinspired production of siliceous materials with controllable
structure [41e43]. Recently [44] we have found that Ti(IV), Ge(IV),
Zr(IV) and Sn(IV) influence on the silicic acid condensation in the
presence of polymeric amines. These elements belong to the same
group in the short variant of Periodic Table as silicon and so they
are considered as silicon analogs. Interaction between organic
polymer and primary silica nanoparticles is enhanced in the
presence of these elements which was explained with their
“metallic” properties and high activity (compared to silicon) to
form complexes with a coordination number greater than four
[45].

The aim of this work is to synthesize siliceous materials doped
with the silicon analogs and to study their luminescent properties.
Poly (vinyl amine) (PVA), co(1-vinylimidazole - acrylic acid) (VI-AA)
and N-methyl-N,N-bis[3-(methylamino)propyl]amine [tri(1-
methylazetane) (N3) (Fig. 1) were applied as reagents capable to
control morphology of the siliceous particles. Silicic acid conden-
sation in the presence of these reagents in aqueous medium has
been studied previously and results in <100 nm nanoparticles (PVA
[40], VI-AA [46]) and 200e300 nm spherical particles (N3 [47]).
Silicon analogs Ti(IV), Ge(IV), Zr(IV) and Sn(IV) were addedwith the
objective to enhance possibilities to the morphology control and to
influence on luminescence of the obtained materials.
2. Materials and methods

2.1. Materials

The inorganic salts (Na2SiO3, ZrCl4, TiCl4, Na2GeO3, Na2SnO3)
and other chemicals were purchased from Sigma Aldrich, Fisher or
Acros Chemicals and used without further treatment. Silicon and
other Group IV elements were used as 100 mM stock solutions of
Na2SiO3, Na2GeO3, TiCl4 and ZrCl4 and 10 mM stock solution of
Na2SnO3. Polyamine N3 was obtained according to [48]. PVA was
obtained by alkaline hydrolysis of poly(vinyl formamide) [43,49]
and VI-AA copolymer (44 mol.% VI units) was synthesized by
radical copolymerization [50]. Molecular weight of the PVA and VI-
AA samples was 231,000 and 1,060,000 respectively.
2.2. Composite synthesis and characterization

The composite precipitates were obtained by mixing of a poly-
mer (N3, PVA or VI-AA) stock solutions with sodium silicate and
dopant solutions. The silicon analogs were added in the amount
corresponding to 10 mol % from total silicon and dopant concen-
tration. Water was added up to the desired volume (10 mL) and pH
was adjusted to 7, 5.5 and 5 for N3, PVA and VI-AK systems
respectively using concentrated and 1 M HCl. The solutions with
precipitates were stored for two days at room temperature,
centrifuged (3500 g, 20 min), washed with water (3 times) and
freeze-dried. Details of the composite synthesis and yields of the
products are summarized in Table 1. Composites were calcinated at
550 �C during 10 and 30 min, the obtained samples are labeled by
addition “\10” or “\30” to the initial sample abbreviation.

Composition of N3-based composites was determined with FTIR
spectrometry using SieOeSi (1090 cm�1) and alkyl (1465 cm�1)
bands. Calibration mixtures were prepared from N3 and silica gel



Fig. 1. Structures of poly (vinyl amine) (PVA), co(1-vinylimidazole - acrylic acid) (VI-AA) and N-methyl-N,N-bis[3-(methylamino)propyl]amine [tri(1-methylazetane) (N3).

Table 1
Synthesis of the composites.

Label Polymer Dopant Concentration of the components, mM HCl added, mLa pH Yield, %

Na2SiO3 Dopant Polymerb Conc. 1 M

N3-0 N3 e 13.0 e 13.0 e 0.434 7.13 41.4
N3-Ge N3 Ge 11.9 1.3 13.2 e 0.347 7.16 36.6
N3eSn N3 Sn 11.9 1.3 13.2 e 0.343 7.17 54.4
N3eTi N3 Ti 12.0 1.3 13.3 e 0.255 7.18 45.3
N3eZr N3 Zr 12.0 1.3 13.3 e 0.274 7.13 52.1
PVA-0 PVA e 22.5 e 15.0 e 0.442 5.76 21.8
PVA-Ge PVA Ge 20.3 2.2 15.0 e 0.449 5.70 54.5
PVA-Sn PVA Sn 16.9 1.9 12.5 e 0.389 5.50 78.3
PVA-Ti PVA Ti 20.2 2.3 15.0 e 0.321 5.70 73.5
PVA-Zr PVA Zr 20.2 2.3 15.0 e 0.365 5.60 73.0
VI-AA-0 VI-AA e 28.4 e 19.2 0.016 0.511 4.80 81.7
VI-AA-Ge VI-AA Ge 25.7 3.0 19.5 0.024 0.435 4.89 78.2
VI-AA-Sn VI-AA Sn 25.8 2.9 19.3 0.021 0.430 4.94 83.2
VI-AA-Ti VI-AA Ti 25.98 2.92 19.48 0.007 0.371 5.05 83.8
VI-AA-Zr VI-AA Zr 25.97 2.89 19.48 0.014 0.369 4.84 82.9

a Total volume of the solution with sodium silicate, dopant and polymer was 10 mL.
b Calculating on the monomer units.
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(Panreac, silica gel 60, 63e200 mm). Composition of PVA-based
precipitates was determined by dissolving of 3e5 mg in 1 ml of
0.3 M NaOH at 60 �C during 3 h. Silicon concentration in the
resulted solutions was measured by the molybdate method [51].
Silica content in the precipitates was calculated based on silicon
content in silica obtained from 0.1 M Na2SiO3 by precipitation with
1 M HCl at pH 5.5. Composition of the material based on VI-AA
copolymer was determined in Ref. [46] by the same way. FTIR
spectra of the doped and non-doped samples (Fig. 1 in SM) do not
show influence of the silicon analogs on the composition of the
products obtained with PVA and VI-AA.

Elemental analysis of the samples was performed with ICP-MS
method using an Agilent 7500ce quadrupole mass spectrometer.
Samples of the composites (1 mg) were treated with concentrated
HF (50%, 3.5 ml), HNO3 (70%, 110 ml) and 30% H2O2 (10 ml) in a closed
15 ml polypropylene tubes (Falcone type) at 80 �C for 2 h. After
cooling the tubes 0.165% EDTA was added up to 4 ml. A blank
samples were prepared from composites without silicon analogs
and pure reagents without any composites.
2.3. Instrumentation

Scanning electron microscopy (SEM) was performed using an
FEI Quanta 200 instrument. An acetone suspension of the com-
posite precipitate was placed on aluminum sample holder and then
sputter coated with gold using an SDC 004 (BALZERS) device. The
coating settings (working distance 50 mm, current 15 mA, time
75 s) correspond to 12 nm of gold coating, according to the device
manual.

Qualitative study of the luminescence was performed with
Axiovert 200 epifluorescence microscope with excitation at 365
and 470 nm. Samples (3 mg) were placed into 96-well flat-bottom
cell culture plates (Nunclon, Cat. No. 167008). Semi-quantitative
estimation of the luminescence intensity was performed by
calculation of the average pixel brightness. Study of organic lumi-
nescent admixtures in the composites was performed by dissolu-
tion of the sample (1 mg) in 0.1 mL of 44% HF. 0.05 mL of the
obtained solutions were placed into 96-well flat-bottom cell cul-
ture plates and studied with epifluorescence microscope.

Photoluminescence spectra were obtained with Perkin-Elmer
LS-55 instrument at 25 and -196 �C. The width of mono-
chromator slits was 15 (input) and 6 (output) nm. All excitation
spectra were recorded using the wavelength of the emission
maximum as the emission wavelength. Emission is presented
without spectral correction due to flat response of the detection
channel in the measured spectral range. Powder samples were
filled in high purity quartz tubes and placed in an ESR quartz cold-
finger. The dewar was mounted into the spectrofluorimeter so as to
block a pathway of the excitation light scatter.

The lifetimes for blue luminescence were measured with a
FluoTime 200 luminescence lifetime spectrometer (PicoQuant
GmbH). Semiconductor picosecond laser with t0 z 180 ps pulse
duration (FWHM), 20 MHz repetitions frequency, and wavelength
of lexc ¼ 375 nm was used as an excitation source, emission was
recorded at 450 nm. The luminescence decays were fitted by the
FluoFit Pro 4.5.3 (PicoQuant GmbH) software package using com-
mon multiexponential model.

The lifetimes for blue and green-red luminescence were also
measured using nitrogen laser and argon discharge lamp operated
on 337 and 470 nm respectively, 12.6 ns pulse duration, 50 Hz
repetitions frequency, 50 ns impulse delay from the synchroniza-
tion signal. The signal recording at 440 and 530 nmwas performed
with a grating monochromator MDR2, a photomodule Hamamatsu
H6780-04, and an oscilloscope Rigol DS1202CA.
3. Results and discussion

The siliceous materials doped with Ge (IV), Sn (IV), Ti (IV) and Zr
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(IV) were obtained similar to our previous works [43,46,48] by
neutralization of aqueous solution of sodium silicate and organic
component. Introduction of the silicon analogs was performed by
substitution of 10 mol % of sodium silicate with the dopant hy-
droxide. Yields of the composites (Table 1) change from 22 to 84%
depending on the polymer and silicon analog nature. PVA is known
as polymer capable of stabilizing silica nanoparticles in the solution
[40] which explains low yield of the composite based on sodium
silicate. The addition of the silicon analogs to PVA-based system
increases yields especially with Zr, Ti and Sn in accordance with
metallic properties of these elements and their ability to interact
with PVA by donor-acceptor bonds. Coordination of PVA chains
with metal ions can result in cross-linking and precipitation of the
soluble nanoparticles. N3 is not a long-chain polymer and it acts as
catalyst of silicic acid condensation [45] but it is not involved into
the precipitates in a considerable amounts which results in a low
influence of the silicon analogs on the yields of composites. VI-AA
copolymer provides a high yield of the siliceous composite
without any dopant and the addition of silicon analogs does not
influence on the yield. Elemental analysis (Table 1 in
Supplementary Materials (SM)) confirms including of the dopants
Fig. 2. SEM images of composites N3-0 (A), N3-Ge (B), N3eSn (C), N3eZr (D), N3-0/30 (E), N3
(M), VI-AA-Sn/30 (N), VI-AA-Ti (O), VI-AA-Ti/30 (P). The samples with “/30” in the label were
250 (B, C, F, M and N) nm.
into the materials. Content of tin, titanium and zirconium corre-
sponds to inclusion of the whole amount of the dopant into com-
posite which is in agreement with the possibility of these ions to
form complexes with nitrogen-containing ligands. According to our
previous data [46], composite based on sodium silicate and VI-AA
contain 57% of the organic polymer. PVA composite contains 60%
PVA according to silicon analysis with the molybdate method [51].
IR spectra of the samples obtained with the addition of silicon
analogs (Fig. 1 in SM) do not show influence of the dopants on
composition of PVA and VI-AA-based materials. According to FTIR
data, the products with N3 contain 3.5, 5, 10, 18 and 6% of N3 for
non-doped system and Ge, Sn, Ti, Zr respectively.

The composite precipitates obtained by silicic acid condensation
in the presence of organic additives consist of submicrometer
particles z150 and 70 nm in diameter for N3 and PVA systems
respectively and of merged nanoparticles in the case of VI-AA
(Fig. 2).

Introduction of Ge (IV) into N3-based composites does not in-
fluence on the particle morphology, the other dopants decrease
particle size to 60e90 nm and in the case of Sn (IV) z400 nm
particles are observed (Fig. 2 in SM). The dopants do not change
-Ge/30 (F), N3eSn/30 (G), N3eZr/30 (H), PVA-0 (I), PVA-Ge (J, K), VI-AA-0 (L), VI-AA-Sn
heated at 550 �C for 30 min. Scale bar represents 1 mm (A, D and P), 500 (G-L and O) and



Fig. 3. Luminescent images of the composite precipitates placed into 96-well array plates. Excitation e 365 and 470 nm. PSA: 1 e silica gel for flash chromatography (PSA-1); 2 e

silica precipitated from 100 mM sodium silicate with 1 M HCl at pH 5.5 (PSA-2). The conditions of microphotography (power of the lamp, diaphragm, and exposure) were identical
in all cases.

Fig. 4. Semi-quantitative data of the luminescence intensity under 365 (A) and 470 (B) nm excitation. Without heating e composite precipitates without thermal treatment, heated
10 min e samples after 10 min heating at 550 �C, heated 30 min e samples after 30 min heating at 550 �C. PSA: 1 e silica gel for flash chromatography (PSA-1); 2 e silica
precipitated from 100 mM sodium silicate with 1 M HCl at pH 5.5 (PSA-2).
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considerably the particle size in PVA composites with the exception
of Ti (IV) which increases diameter from 50 to 60 nm to 70e130
(Fig. 3 in SM). In the case of VI-AA composites, Sn (IV) and Zr (IV) do
not influence on the precipitates morphology but Ge (IV) and Ti (IV)
stimulate formation of large 500e1000 nm particles (Fig. 4 in SM)
The formation of these large particles is probably caused with large
aggregates found in silicic acid solutions in the presence of poly-
ampholyte and germanium or titanium additives [44]. Calcination
of the samples results in merging (sintering) of the particles and
destruction of the large particles observed in VI-AA system (Fig. 2).

Epifluorescence microscopy was applied for screening of the
obtained composite materials (Figs. 3 and 4). Silica samples do not
show visible luminescence comparing with the composite pre-
cipitates. PVA considerably increases emission of the composites
and doping with the silicon analogs slightly decreases lumines-
cence brightness. Heating of the samples influences on the emis-
sion in an ambiguous manner. PVA-based composites decrease the
excitance with the exception of Ge-doped sample after 10 min
heating. The precipitates obtained with N3 show low excitance
which increases with heating and becomes comparable to PVA
non-heated samples. The same is true for VI-AA composites doped
with titanium and zirconium. Green-luminescent samples show
high blue emission too but yellow-luminescent composites are not
so active under UV-excitation. We can not see any specific influence
of the silicon analogs on the photoluminescence, e.g. N3 and PVA
based composites show high emission without any dopants. The
change of the luminescence color from green to yellow can not be
attributed to a dopant nature too. N3eZr/30 sample is yellow, VI-
AA-Zr/30 is green, N3-Ge/30 is green, PVA-Ge is also green but
become yellow after heating.

As mentioned above, the luminescence of organo-silica com-
posites may be caused by luminescence of the organic components
[36]. With the objective to find such compounds in the studied
samples, we dissolved them in 36% HF and measured luminescence
of the solutions (Fig. 5, Fig. 5 in SM). Non-calcinated composites do
not give luminescent solutions in HF. There are six annealed sam-
ples containing soluble organic fluorophors which include Sn and
Zr-based systems. The organic fluorophors were not found in
composites which showed bright luminescence in the solid state
which confirms participation of the inorganic component in
luminescence of the composite materials.

Excitation and luminescence spectra of the composite samples
were recorded and data are discussed mainly for the brightest
samples. The luminescence spectra obtained with 280 nm excita-
tion (Fig. 6) represent broad lines with maximum near 400 nm and
several pure resolved bands in long-wave area. PSA-2 sample gives
a broad complex spectrum which consists of several lines possibly
attributed to various luminescence centers similar to data obtained
in Ref. [17]. Luminescence spectra of some composites differ from
the silica spectrum but they also look like a superposition of several
lines and the observed shifts of the spectra maximum can be
attributed to change of the relative intensity of luminescence from



Fig. 5. Luminescent images of HF solutions of the composite precipitates placed into 96-well array plates. Excitation e 365 and 470 nm. PSA e silica precipitated from 100 mM
sodium silicate with 1 M HCl at pH 5.5. The conditions of microphotography (power of the lamp, diaphragm, and exposure) were identical in all case and exposure was two times
longer than in Fig. 3.

Fig. 6. Luminescence spectra of PSA-2 and composites. Numbers in the curve labels
designate excitation values, nm. Green curves represent decomposition of the PSA-2
spectrum by the use of Gaussian model fitting which was applied to intensity vs en-
ergy (eV) data. Intensity of VI-AA-Zr/30, 370 spectrum was increased by factor 5. (For
interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)

Fig. 7. Excitation spectra of PVA-Ge and PVA-Ge/10 composites. Numbers in the curve
labels designate luminescence values, nm.
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the centers present in pure silica. The spectra obtained with more
long-wave excitation do not show considerable peculiarities
comparing with 280 nm excitation (Figs. 6 and 7 in SM).

As mentioned above, two groups of samples were found with
epifluorescence microscopy: green and yellow luminescent com-
posites. For example, green emission of PVA-Ge sample becomes
yellow after ten minutes at 550 �C (Fig. 3). The change of the
luminescence color does not accompanied by considerable change
of the luminescence spectra (Fig. 8 in SM), peaks of the curves do
not change their position but change the relative intensity. The
decrease of blue emission (under 365 nm excitation) after sample
heating is not connected with change of the luminescence spec-
trum too.

Analysis of excitation spectra of PVA-Ge and PVA-Ge/10 samples
(Fig. 7) show decrease of 360e370 nm band (440 nm lumines-
cence) relative to 320e330 band after heating which explains the
decrease of blue luminescence under 365 nm excitation (Fig. 3).
Excitation spectra of 530 nm luminescence (green area) show
maximum at 440e460 nm in the case of PVA-Ge sample which
corresponds to green luminescence of this sample under 470 nm
excitation with the epifluorescence microscope (Fig. 3). Heating of
this sample decreases 440e460 nm band and excitation of 640 nm
luminescence (red area) is not changed which results in yellow
luminescence of PVA-Ge/10 sample under 470 nm excitation
(Fig. 3). Excitation spectra of the PVA-Ge and other samples (Fig. 9
in SM) show main excitation bands at 270e290, 320e330,
365e395 and 470e490 nm which relative intensities vary from
sample to sample.

Lifetimes of the luminescence (Table 2 in SM) are close for all
samples including pure silica and their values (several ns) corre-
spond to singlet-singlet transitions. The luminescence decay curves
for the green-red area were almost identical with the blue lumi-
nescence data. The small differences in lifetimes (Table 2 in SM) are
explainable with redistribution of the contribution from several
luminescent centers into the resulting spectrum. The increase of
luminescence intensity at liquid nitrogen temperature (Fig. 10 in
SM) confirms the singlet-singlet transition.



Fig. 8. Schematic model of the formation of the emission centers at surface of primary oligosilicates in PVA-silica nanoparticles.
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Thus, the spectral data confirms observations from fluorescent
microscopy: composites obtained with organic polymers and sili-
con analogs do not show new luminescence features, we see in-
crease of the emission only. We suppose that in the presence of
organic polymers the number of defects in silica structure in-
creases. PVA catalyzes condensation of the silanol groups by sta-
bilization of ~SieO� groups and the polymer chains are tightly
mixed with silica phase in the composites [43]. This can provoke
formation of the defects, such as silylene and a dioxasilirane groups
due to the appearance geminal ¼ Si(OH)(O�) groups on the silica
nanoparticles surface (Fig. 8). N3 is involved into composites in the
lesser amount than PVA but heating of the samples allows migra-
tion of this low-molecular polyamine along the sample giving rise
the defects such as in case of PVA systems. VI-AA copolymer inhibit
condensation of the silanol groups by stabilization of ~SieOH
moieties [46] through hydrogen bonds in contrast to PVA and N3,
and the corresponding composites do not show considerable
luminescence without heating and addition of silicon analogs
which can coordinate with imidazole groups releasing silanol
groups.

On the other hand, the observed increase in the emission and
changes in the luminescent spectra of the composites are similar to
the effects observedwith Al3þ doped silica [9]. It was supposed that
the aluminum ions capture oxygen which increases amount of
ODCs in the silica and this effect was enhanced after heating at
500 �C. We can hypothesized that in the case of our composites the
organic substances and silicon analogs act as the oxygen acceptors
and increase concentration of the siliceous ODCs.
4. Conclusion

Silicic acid condensation in the presence of polyamine and
organic polymers gives rise to composite particles of various
morphology. The addition of silicon analogs Ge, Sn, Ti or Zr allows
further change of the particles morphology. The obtained com-
posite materials show considerably more intensive luminescence
comparing with pure silica without essential changes in lumines-
cence spectra and lifetimes. Our results show possibility to obtain
bright luminescent siliceous materials with controllable nano- and
micro-level morphology by the action of polymeric amines and
silicon analogs. We suppose the increase in emission intensity is
connected with increase of the luminescence-active defects which
present in pure silica. Our data point to the necessity of a cautious
analysis of the luminescent data from composite siliceous material
because the spectral peculiarity can arise not only from new
luminescent centers but also from an increase of luminescent-
active defects which are inherent for the pure silica.

Acknowledgements

Authors thank the Russian Academy of Sciences (project
#0345e2014e0001) for the financial support; V. Pal'shin was
supported by Project # 14-03-31644 of the Russian Foundation for
Basic Research. The authors wish to thank the Center of Ultra-
microanalysis (Limnological Institute) and the Isotope-geochemical
research center for Collective Use (Institute of Geochemistry) for
providing equipment.

Appendix A. Supplementary data

Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.matchemphys.2016.10.006.

References

[1] A. Fujishima, K. Honda, Electrochemical photolysis of water at a semi-
conductor electrode, Nature 238 (7) (1972) 37e38, http://dx.doi.org/10.1038/
238037a0.

[2] Y. Shioya, K. Ikeue, M. Ogawa, M. Anpo, Synthesis of transparent Ti-containing
mesoporous silica thin film materials and their unique photocatalytic activity
for the reduction of CO2 with H2O, Appl. Catal. A 254 (2003) 251e259, http://
dx.doi.org/10.1016/S0926-860X(03)00487-3.

[3] C.J. Brinker, G.W. Scherer, Sol-Gel Science. The Physics and Chemistry of Sol-
Gel Processing, Academic Press Inc., San Diego, California, 1990, p. 908.

[4] T. Yu Wei, S.Y. Lu, YuC. Chang, Rich photoluminescence emission of SnO2eSiO2
composite aerogels prepared with a co-fed precursor solegel process, J. Chin.
Inst. Chem. Eng. 38 (2007) 477e481, http://dx.doi.org/10.1016/
j.jcice.2007.05.002.

[5] afsafas.
[6] S. Bonacchi, D. Genovese, R. Juris, M. Montalti, L. Prodi, E. Rampazzo,

N. Zaccheroni, Luminescent silica nanoparticles: extending the frontiers of
brightness, Angew. Chem. Int. Ed. 50 (2011) 4056e4066, http://dx.doi.org/
10.1002/anie.201004996.

[7] T. Uchino, N. Kurumoto, N. Sagawa, Structure and formation mechanism of
blue-light-emitting centers in silicon and silica-based nanostructured mate-
rials, Phys. Rev. B 73 (2006) 233203, http://dx.doi.org/10.1103/
PhysRevB.73.233203.

[8] H. Ow, D.R. Larson, M. Srivastava, B.A. Baird, W.W. Webb, U. Wiesner, Bright
and stable core-shell fluorescent silica nanoparticles, Nano Lett. 5 (1) (2005)
113e117, http://dx.doi.org/10.1021/nl0482478.

[9] Y.H. Liyk, C.M. Moy, L.Z. Yaoy, et al., Intense green luminescence associated
with two-fold coordinated Si in silica aerogel doped with Al3þ, J. Phys. Con-
dens. Matter 10 (1998) 1655e1664, http://dx.doi.org/10.1088/0953-8984/10/
7/013.

[10] J. Fournier, J. N�eauport, P. Grua, E. Fargin, V. Jubera, D. Talaga, S. Jouannigot,
Evidence of a green luminescence band related to surface flaws in high purity

http://dx.doi.org/10.1016/j.matchemphys.2016.10.006
http://dx.doi.org/10.1016/j.matchemphys.2016.10.006
http://dx.doi.org/10.1038/238037a0
http://dx.doi.org/10.1038/238037a0
http://dx.doi.org/10.1016/S0926-860X(03)00487-3
http://dx.doi.org/10.1016/S0926-860X(03)00487-3
http://refhub.elsevier.com/S0254-0584(16)30740-4/sref3
http://refhub.elsevier.com/S0254-0584(16)30740-4/sref3
http://dx.doi.org/10.1016/j.jcice.2007.05.002
http://dx.doi.org/10.1016/j.jcice.2007.05.002
http://dx.doi.org/10.1002/anie.201004996
http://dx.doi.org/10.1002/anie.201004996
http://dx.doi.org/10.1103/PhysRevB.73.233203
http://dx.doi.org/10.1103/PhysRevB.73.233203
http://dx.doi.org/10.1021/nl0482478
http://dx.doi.org/10.1088/0953-8984/10/7/013
http://dx.doi.org/10.1088/0953-8984/10/7/013


V.V. Annenkov et al. / Materials Chemistry and Physics 185 (2017) 65e7272
silica glass, Opt. Express 18 (21) (2010) 21557e21566, http://dx.doi.org/
10.1364/OE.18.021557.

[11] L. Skuja, Optically active oxygen-deficiency-related centers in amorphous
silicon dioxide, J. Non-Cryst. Solids 239 (1998) 16e48, http://dx.doi.org/
10.1016/S0022-3093(98)00720-0.

[12] R. Salh, Concentration and annealing effects on luminescence properties of
ion-implanted silica layers, J. Phys. B At. Mol. Opt. Phys. (2011), http://
dx.doi.org/10.1155/2011/326368. Article Id 326368.

[13] L. Vaccaro, M. Cannas, V. Radzig, R. Boscaino, Luminescence of the surface
nonbridging oxygen hole center in silica: spectral and decay properties, Phys.
Rev. B 78 (2008). Article id 075421.

[14] C.M. Carbonaro, R. Corpino, P.C. Ricci, D. Chiriu, On the origin of blue and UV
emission bands in mesoporous silica, in: AIP Conf. Proceed, 2014, pp. 15e22,
http://dx.doi.org/10.1063/1.4900451, 1624.

[15] A. Aboshi, N. Kurumoto, T. Yamada, T. Uchino, Influence of thermal treatments
on the photoluminescence characteristics of nanometer-sized amorphous
silica particles, J. Phys. Chem. C 111 (24) (2007) 8483e8488, http://dx.doi.org/
10.1021/jp0718505.

[16] L. Spallino, L. Vaccaro, L. Sciortino, S. Agnello, G. Buscarino, M. Cannas,
F.M. Gelardi, Visible-ultraviolet vibronic emission of silica nanoparticles, Phys.
Chem. Chem. Phys. 16 (2014) 22028e22034, http://dx.doi.org/10.1039/
c4cp02995j.

[17] J. Fournier, J. N�eauport, P. Grua, E. Fargin, V. Jubera, D. Talaga, S. Jouannigot,
Evidence of a green luminescence band related to surface flaws in high purity
silica glass, Opt. Express 18 (21) (2010) 21557e21566, http://dx.doi.org/
10.1364/OE.18.021557.

[18] L.S. Liao, X.M. Bao, X.Q. Zheng, N.S. Li, N.B. Min, Blue luminescence from Si1-
implanted SiO2 films thermally grown on crystalline silicon, Appl. Phys. Lett.
68 (6) (1996) 850e852, http://dx.doi.org/10.1063/1.116554.

[19] L. Wang, M.C. Est�evez, M. O'Donoghue, W. Tan, Fluorophore-free luminescent
organosilica nanoparticles, Langmuir 24 (2008) 1635e1639, http://dx.doi.org/
10.1021/la703392m.

[20] K. Sato, Y. Ishikawa, Y. Ishii, S. Kawasaki, S. Muto, Y. Yamamoto, Effects of
synthesis process on luminescence properties and structure of mesoporous
carbonesilica nanocomposite, Jpn, J. Appl. Phys. Part 1 51 (8) (2012), http://
dx.doi.org/10.1143/JJAP.51.082402. Article id 082402.

[21] K.S. Kang, J.H. Kim, Origin of blue luminescence from a hybrid sol-gel after
thermal processing, J. Phys. Chem. C 112 (2008) 618e620, http://dx.doi.org/
10.1021/jp068970h.

[22] A.F. Zatsepin, H.J. Fitting, V.S. Kortov, V.A. Pustovarov, B. Schmidt, E.A. Buntov,
Photosensitive defects in silica layers implanted with germanium ions, J. Non-
Cryst. Solids 355 (2009) 61e67, http://dx.doi.org/10.1016/
j.jnoncrysol.2008.08.025.

[23] T. Yoshida, S. Muto, L. Yuliati, H. Yoshida, Y. Inada, Clustering of germanium
atoms in silica glass responsible for the 3.1 eV emission band studied by
optical absorption and X-ray absorption fine structure analysis, J. Nucl. Mater.
386e388 (2009) 1010e1013, http://dx.doi.org/10.1016/
j.jnucmat.2008.12.201.

[24] A. Alessi, S. Agnello, Y. Ouerdane, F.M. Gelardi, Dependence of the emission
properties of the germanium lone pair center on Ge doping of silica, J. Phys.
Condens. Matter 23 (2011), http://dx.doi.org/10.1088/0953-8984/23/1/
015903. Article id 015903.

[25] A. Trukhin, B. Poumellec, J. Garapon, Study of the germanium luminescence in
silica: from non-controlled impurity to germano-silicate core of telecommu-
nication fiber performs, J. Non-Cryst. Solids 332 (2003) 153e165, http://
dx.doi.org/10.1016/j.jnoncrysol.2003.09.017.

[26] A. Trukhin, K. Golant, J. Teteris, Absorption and luminescence in amorphous
SixGe1-xO2 films fabricated by SPCVD, J. Non-Cryst. Solids 358 (2012)
1538e1544, http://dx.doi.org/10.1016/j.jnoncrysol.2003.09.017.

[27] S. Noge, T. Uno, H. Shimotori, S. Fujitsuka, Behavior of metal-doped silica thin
films with artificial-lattice structure B: luminescence, Ferroelectrics 338
(2006) 225e232, http://dx.doi.org/10.1080/00150190600740291.

[28] A. Trukhin, B. Poumellec, Photosensitivity of silica glass with germanium
studied by photoinduced of thermally stimulated luminescence with vacuum
ultraviolet radiation, J. Non-Cryst. Solids 324 (2003) 21e28, http://dx.doi.org/
10.1016/S0022-3093(03)00224-2.

[29] L. Rebohle, T. Gebel, J. Von Borany, W. Skorupa, M. Helm, D. Pacifici, G. Franz�o,
F. Priolo, Transient behavior of the strong violet electroluminescence of Ge-
implanted SiO2 layers, Appl. Phys. B 74 (2002) 53e56, http://dx.doi.org/
10.1007/s003400100771.

[30] Z.C. Liu, H.R. Chen, W.M. Huang, J.L. Gu, W.B. Bu, Z.L. Hua, J.L. Shi, Synthesis of
a new SnO2/mesoporous silica composite with room-temperature photo-
luminescence, Microporous Mesoporous Mater. 89 (2006) 270e275, http://
dx.doi.org/10.1016/j.micromeso.2005.10.037.

[31] A.O. Rybaltovskii, I.A. Kamenskikh, V.V. Mikhailin, N.L. Semenova,
D.A. Spasskii, G. Zimmerer, P.V. Chernov, K.M. Golant, Spectroscopic features
of silica glasses doped with tin, Glass Phys. Chem. 28 (6) (2002) 379e388,
http://dx.doi.org/10.1023/A:1021714916659.

[32] E.R. Leite, L.P.S. Santos, N.L.V. Carreno, E. Longo, C.A. Paskocimas, J.A. Varela,
F. Lanciotti, C.E.M. Campos, P.S. Pizani, Photoluminescence of nanostructured
PbTiO3 processed by high-energy mechanical milling, Appl. Phys. Lett. 78 (15)
(2001) 2148e2150, http://dx.doi.org/10.1063/1.1362200.

[33] G.F.G. Freitas, L.E.B. Soledade, E.R. Leite, E. Longo, P.S. Pizani, T.M. Boschi,
C.A. Paskocimas, J.A. Varela, D.M.A. Melo, M. Cerqueira, R.S. Nasar, Photo-
luminescence in amorphous zirconium titanate, Appl. Phys. A 78 (2004)
355e358, http://dx.doi.org/10.1007/s00339-003-2327-x.

[34] P.S. Pizani, M.R. Joya, F.M. Pontes, L.P.S. Santos, M. Godinho Jr., E.R. Leite,
E. Longo, Tunable visible photoluminescence of powdered silica glass, J. Non-
Cryst. Solids 354 (2008) 476e479, http://dx.doi.org/10.1016/
j.jnoncrysol.2007.07.053.

[35] S. Murakami, M. Herren, D. Rau, M. Moritam, Photoluminescence and decay
profiles of undoped and Fe3þ, Eu3þ-doped PLZT ceramics at low temperatures
down to 10 K, Inorg. Chem. Acta 300 (2000) 1014e1021, http://dx.doi.org/
10.1016/S0020-1693(00)00008-6.

[36] H. Chen, Z. Zhen, W. Tang, T. Todd, Y.J. Chuang, L. Wang, Z. Pan, J. Xie, Label-
free luminescent mesoporous silica nanoparticles for imaging and drug de-
livery, Theranostics 3 (9) (2013) 650e657, http://dx.doi.org/10.7150/
thno.6668.

[37] H. Yoshida, M.G. Chaskar, Y. Kato, T. Hattori, Active sites on silica-supported
zirconium oxide for photoinduced direct methane conversion and photo-
luminescence, J. Photochem. Photobiol. A 160 (2003) 47e53, http://dx.doi.org/
10.1016/S1010-6030(03)00220-X.

[38] R. Gordon, D. Losic, M.A. Tiffany, S.S. Nagy, F.A.S. Sterrenburg, The Glass
menagerie: diatoms for novel applications in nanotechnology, Trends Bio-
technol. 27 (2) (2009) 116e127, http://dx.doi.org/10.1016/
j.tibtech.2008.11.003.

[39] M.J. Uriz, X. Turon, M.A. Becerro, G. Agell, Siliceous spicules and skeleton
frameworks in sponges: origin, diversity, ultrastructural patterns, and bio-
logical functions, Microsc. Res. Tech. 62 (2003) 279e299, http://dx.doi.org/
10.1002/jemt.10395.

[40] M. Sumper, N. Kr€oger, Silica formation in diatoms: the function of long-chain
polyamines and silaffins, J. Mater. Chem. 14 (2004) 2059e2065, http://
dx.doi.org/10.1039/B401028K.

[41] T. Coradin, O. Durupthy, J. Livage, Interactions of amino-containing peptides
with sodium silicate and colloidal silica: a biomimetic approach of silicifica-
tion, Langmuir 18 (6) (2002) 2331e2336, http://dx.doi.org/10.1021/
la011106q.

[42] S.V. Patwardhan, N. Mukherjee, M. Steinitz-Kannan, S.J. Clarson, Bioinspired
synthesis of new silica structures, Chem. Commun. 10 (2003) 1122e1123,
http://dx.doi.org/10.1039/b302056h.

[43] V.V. Annenkov, E.N. Danilovtseva, V.A. Pal’shin, V.O. Aseyev, A.K. Petrov,
A.S. Kozlov, S.V. Patwardhan, C.C. Perry, Poly(vinyl amine) e silica composite
nanoparticles: models of the silicic acid cytoplasmic pool and as a silica
precursor for composite materials formation, Biomacromolecules 12 (5)
(2011) 1772e1780, http://dx.doi.org/10.1021/bm2001457.

[44] T.N. Basharina, E.N. Danilovtseva, S.N. Zelinskiy, I.V. Klimenkov,
YeV. Likhoshway, V.V. Annenkov, Influence of chemical analogues of silicon
on the growth of diatom Synedra acus, Silicon 4 (2012) 239e249, http://
dx.doi.org/10.1007/s12633-012-9119-x.

[45] P. Klüfers, C. Vogler, Polyol metal complexes. Part 55. Germanes with alky-
lenedioxy substituents, Z. Anorg. Allg. Chem. 633 (2007) 908e912, http://
dx.doi.org/10.1002/zaac.200700060.

[46] E.N. Danilovtseva, V.A. Pal’shin, Y.V. Likhoshway, V.V. Annenkov, Condensa-
tion of silicic acid in the presence of co(1-vinylimidazoleeacrylic acid), Adv.
Sci. Lett. 4 (2011) 616e621, http://dx.doi.org/10.1166/asl.2011.1262.

[47] D. Belton, S.V. Patwardhan, V.V. Annenkov, E.N. Danilovtseva, C.C. Perry, From
biosilicification to novel materials: optimizing hydrophobic domains and
resistance to protonation of polyamines, PNAS 105 (16) (2008) 5963e5968,
10.1073_pnas.0710809105.

[48] V.V. Annenkov, S.V. Patwardhan, D. Belton, E.N. Danilovtseva, C.C. Perry,
A new stepwise synthesis of a family of propylamines derived from diatom
silaffins and their activity in silicification, Chem. Commun. 14 (2006)
1521e1523, http://dx.doi.org/10.1039/B515967A.

[49] L. Gu, S. Zhu, A.N. Hrymak, Acidic and basic hydrolysis of poly(N-vinyl-
formamide), J. Appl. Polym. Sci. 86 (2002) 3412e3419, http://dx.doi.org/
10.1002/app.11364.

[50] V.V. Annenkov, E.N. Danilovtseva, H. Tenhu, V. Aseyev, S.P. Hirvonen,
A.I. Mikhaleva, Copolymers of 1-vinylimidazole and (meth)acrylic acid: syn-
thesis and polyelectrolyte properties, Eur. Polym. J. 40 (6) (2004) 1027e1032,
http://dx.doi.org/10.1016/j.eurpolymj.2003.12.014.

[51] R. Iler, The Chemistry of Silica, Wiley, New York, 1982.

http://dx.doi.org/10.1364/OE.18.021557
http://dx.doi.org/10.1364/OE.18.021557
http://dx.doi.org/10.1016/S0022-3093(98)00720-0
http://dx.doi.org/10.1016/S0022-3093(98)00720-0
http://dx.doi.org/10.1155/2011/326368
http://dx.doi.org/10.1155/2011/326368
http://refhub.elsevier.com/S0254-0584(16)30740-4/sref13
http://refhub.elsevier.com/S0254-0584(16)30740-4/sref13
http://refhub.elsevier.com/S0254-0584(16)30740-4/sref13
http://dx.doi.org/10.1063/1.4900451
http://dx.doi.org/10.1021/jp0718505
http://dx.doi.org/10.1021/jp0718505
http://dx.doi.org/10.1039/c4cp02995j
http://dx.doi.org/10.1039/c4cp02995j
http://dx.doi.org/10.1364/OE.18.021557
http://dx.doi.org/10.1364/OE.18.021557
http://dx.doi.org/10.1063/1.116554
http://dx.doi.org/10.1021/la703392m
http://dx.doi.org/10.1021/la703392m
http://dx.doi.org/10.1143/JJAP.51.082402
http://dx.doi.org/10.1143/JJAP.51.082402
http://dx.doi.org/10.1021/jp068970h
http://dx.doi.org/10.1021/jp068970h
http://dx.doi.org/10.1016/j.jnoncrysol.2008.08.025
http://dx.doi.org/10.1016/j.jnoncrysol.2008.08.025
http://dx.doi.org/10.1016/j.jnucmat.2008.12.201
http://dx.doi.org/10.1016/j.jnucmat.2008.12.201
http://dx.doi.org/10.1088/0953-8984/23/1/015903
http://dx.doi.org/10.1088/0953-8984/23/1/015903
http://dx.doi.org/10.1016/j.jnoncrysol.2003.09.017
http://dx.doi.org/10.1016/j.jnoncrysol.2003.09.017
http://dx.doi.org/10.1016/j.jnoncrysol.2003.09.017
http://dx.doi.org/10.1080/00150190600740291
http://dx.doi.org/10.1016/S0022-3093(03)00224-2
http://dx.doi.org/10.1016/S0022-3093(03)00224-2
http://dx.doi.org/10.1007/s003400100771
http://dx.doi.org/10.1007/s003400100771
http://dx.doi.org/10.1016/j.micromeso.2005.10.037
http://dx.doi.org/10.1016/j.micromeso.2005.10.037
http://dx.doi.org/10.1023/A:1021714916659
http://dx.doi.org/10.1063/1.1362200
http://dx.doi.org/10.1007/s00339-003-2327-x
http://dx.doi.org/10.1016/j.jnoncrysol.2007.07.053
http://dx.doi.org/10.1016/j.jnoncrysol.2007.07.053
http://dx.doi.org/10.1016/S0020-1693(00)00008-6
http://dx.doi.org/10.1016/S0020-1693(00)00008-6
http://dx.doi.org/10.7150/thno.6668
http://dx.doi.org/10.7150/thno.6668
http://dx.doi.org/10.1016/S1010-6030(03)00220-X
http://dx.doi.org/10.1016/S1010-6030(03)00220-X
http://dx.doi.org/10.1016/j.tibtech.2008.11.003
http://dx.doi.org/10.1016/j.tibtech.2008.11.003
http://dx.doi.org/10.1002/jemt.10395
http://dx.doi.org/10.1002/jemt.10395
http://dx.doi.org/10.1039/B401028K
http://dx.doi.org/10.1039/B401028K
http://dx.doi.org/10.1021/la011106q
http://dx.doi.org/10.1021/la011106q
http://dx.doi.org/10.1039/b302056h
http://dx.doi.org/10.1021/bm2001457
http://dx.doi.org/10.1007/s12633-012-9119-x
http://dx.doi.org/10.1007/s12633-012-9119-x
http://dx.doi.org/10.1002/zaac.200700060
http://dx.doi.org/10.1002/zaac.200700060
http://dx.doi.org/10.1166/asl.2011.1262
http://refhub.elsevier.com/S0254-0584(16)30740-4/sref47
http://refhub.elsevier.com/S0254-0584(16)30740-4/sref47
http://refhub.elsevier.com/S0254-0584(16)30740-4/sref47
http://refhub.elsevier.com/S0254-0584(16)30740-4/sref47
http://refhub.elsevier.com/S0254-0584(16)30740-4/sref47
http://dx.doi.org/10.1039/B515967A
http://dx.doi.org/10.1002/app.11364
http://dx.doi.org/10.1002/app.11364
http://dx.doi.org/10.1016/j.eurpolymj.2003.12.014
http://refhub.elsevier.com/S0254-0584(16)30740-4/sref51

	Luminescent siliceous materials based on sodium silicate, organic polymers and silicon analogs
	1. Introduction
	2. Materials and methods
	2.1. Materials
	2.2. Composite synthesis and characterization
	2.3. Instrumentation

	3. Results and discussion
	4. Conclusion
	Acknowledgements
	Appendix A. Supplementary data
	References


