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ABSTRACT:

The role of polymer (poly(vinylamine)) size (238�11000 units) on silicic acid condensation to yield soluble nanoparticles or
composite precipitates has been explored by a combination of light scattering (static and dynamic), laser ablation combined with
aerosol spectrometry, IR spectroscopy, and electron microscopy. Soluble nanoparticles or composite precipitates are formed
according to the degree of polymerization of the organic polymer and pH. Nanoparticles prepared in the presence of the highest
molecular weight polymers have core�shell like structures with dense silica cores. Composite particles formed in the presence of
polymers with extent of polymerization below 1000 consist of associates of several polymer�silica nanoparticles. Themechanism of
stabilization of the “soluble” silica particles in the tens of nanometer size range involves cooperative interactions with the polymer
chains which varies according to chain length and pH. An example of the use of such polymer�poly(silicic acid) nanoparticles in the
generation of composite polymeric materials is presented. The results obtained have relevance to the biomimetic design of new
composite materials based on silica and polymers and to increasing our understanding of how silica may be manipulated (stored) in
the biological environment prior to the formation of stable mineralized structures. We suspect that a similar method of storing silicic
acid in an active state is used in silicifying organisms, at least in diatom algae.

’ INTRODUCTION

Over the past decade, silicifying organisms such as diatom algae,
sponges, and some plants (horsetail, rice) have become a focus of
attention for biologists, chemists, and related specialists, including
nanotechnologists. The reasons for this are the large ecological and
economic significance of these organisms, a desire to understand
the molecular mechanisms of biosilicification and the potential
practicality of this knowledge. One of the insufficiently studied
stages in silica accumulation by living organisms is the cytoplasmic
form of silicon. In our opinion, however, this process is the most
investigated for diatoms. Until recently, various silicon compounds
were discussed: free silicic acid,1 organo-silicon compounds,2 solid

silica nanoparticles,3,4 and stabilized oligomers of silicic acid.5�7

The study of diatom biomass with solid-state NMR8,9 revealed
only condensed Si(OH)4 in the cells and the absence of electron-
dense silica particles in cytoplasm10 reduces the possible forms of
silicon present to oligosilicates, but it is not known how these are
formed and regulated.

Studies of diatoms has led to the discovery of special proteins�
silaffins that are associated with biosilica.6,11�13 These proteins
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contain polyamine side chains with up to 20 nitrogen atoms, and
free polyamines were also found in some diatoms.6,12,14,15 The
physiological function of silaffins is not fully known or understood,
the initial suggestion being that these compounds function as the
matrix in the biosynthesis of ordered silica structures, for example,
diatom exoskeletons.6,12,16 This hypothesis is not confirmed
in vivo, but these results stimulated studies of silicic acid con-
densation in the presence of polymeric bases and ampholytes.

In particular, it was found6,7,17 that primary nanoparticles of
poly(silicic acid) can be stabilized in solution by complexing with
amino- or imidazole-containing polymers. In the case of poly(1-
vinylimidazole) (PVI), the interaction between imidazole units
and silanol groups decreases the activity of tSi�OH in further
condensation.7 This interaction results in composite precipitates
or in stable nanoparticles, depending on the extent of polymer-
ization of PVI: long chains are able to stabilize particles in solution,
and the short macromolecules link silica nanoparticles to one
another. In both cases, formation of hydrogen bonds between
silanol groups and imidazole groups inhibits further condensation
due to a reduction in availability oftSi�O� anions that are active
in nucleophilic reaction with monomeric Si(OH)4. Condensation
of silicic acid in the presence of poly (allylamine) results6 in stable
soluble nanoparticles about 40�60 nm in diameter, and this
observation is the closest model of the biogenic polyamine�
Si(OH)4 system. Unfortunately, allylamine is a poorly polymerizable
monomer and the corresponding polymer is available as low
molecular weight samples only.

Poly(vinylamine) (PVA), however, is a more convenient and
structurally relevant polymer to study the influence of polymeric
amines on silicic acid condensation in water. Figure 1 shows a
comparison of biogenic polyamine structures and those of PVI,
polyallylamine, and PVA. PVA can be readily synthesized from
poly(vinyl formamide) (PVFA), which is available in the form of
narrow molecular weight fractions.16

In this study we have prepared PVA samples of various degree
of polymerization (DP, 238�11000 units) and studied their
influence on the condensation of silicic acid using a combination
of light scattering (dynamic and static) methods (DLS and SLS),
laser ablation using a free electron laser (FEL) in the terahertz
region combined with aerosol spectrometry, FTIR spectroscopy,
and electronmicroscopy. The application of laser ablation using a
free electron laser is a novel application in this area of research
but it has recently been shown19 that under the action of
submillimeter (120�240 μm) radiation from FEL, nanoparticles
can be gently transferred from solution or solid phases to the
aerosol state and their size and quantity measured with modern
aerosol equipment. The advantage of ablation with FEL consists
in correspondence between laser frequencies (40�80 cm�1)
and vibrations of hydrogen bonds, and so destruction of covalent

bonds is unlikely. The softness of the ablation technique has been
confirmed by the retention of enzymatic activity of horseradish
peroxidase and PCR-proven integrity of lambda phage DNA,
plasmid pUC18DNA after all manipulations.19 The technique
was investigated for its ability to provide complementary infor-
mation to that obtained by light scattering, which suffers from the
problem that the data obtained are all cumulative and results
obtained from complex systems of particles of a different nature
must be treated with caution.

Using the range of experimental methods listed above, we have
obtained and characterized organo-silica nanoparticles based on PVA
and suggest they may be potential building blocks for the design of
more complicated nanocomposites. In addition, the results obtai-
ned reinforce the hypothesis concerning silicon transport vesicles
as complexes between organic polymers and oligosilicates.7,20

’EXPERIMENTAL SECTION

Ethanol, dioxane, NaOH, Na2SiO3 3 5H2O, 1 M HCl solutions, and
reagents for the molybdenum blue assay (ammonium molybdate, oxalic
acid, 4-methylaminophenol sulfate, sodium sulphite, standard silicate
solution, hydrochloric acid (35%), and sulphuric acid (98%)) were
purchased from Sigma Aldrich, Fisher, or Acros chemicals and used
without further treatment. Vinylformamide, 1-vinylimidazole, and ac-
rylic acid (Sigma Aldrich) were purified from stabilizers by vacuum
distillation before use. 2,2-Azobis(isobutyronitrile) (Sigma Aldrich) was
crystallized from ethanol.

PVA was obtained by alkaline hydrolysis of PVFA.21 PVFA was
synthesized by radical polymerization of vinylformamide in ethanol
(10% solution) under the action of 2,2-azobis(isobutyronitrile) (2% from
the monomer mass) at 60 �C for 6 h under an argon atmosphere. The
obtained precipitate was washed with ethanol and dried under vacuum.
Yield: 92%. PVFA was fractionated by precipitation from 1.5% water
solution into dioxane. DP of PVFA fractions was measured by viscometry
using constants from.18 VI-AA copolymers were synthesized according to
ref 20 by radical polymerization in water. Polymer concentration is
presented with respect to the repeating unit everywhere in the article.

Sodium silicate (10 mM) was used as a precursor of Si(OH)4 in this
study. The desired pH was adjusted with 1 M HCl over 30�60 s using
predetermined volumes of the acid. Concentration of orthosilicic acid
was measured by the molybdenum blue colorimetric method.23,24 This
method is based on the formation of a silicic acid�molybdate complex
followed by reduction with ‘metol’ and measurement by colorimetry at
810 nm. The reaction conditions chosen only allow the interaction of
monomers and dimers of silicic acid with the molybdate reagent without
hydrolysis of more condensed species. A total of 3�5 specimens were
taken for each point, and the relative standard deviation was below 5%.
Kinetic data on silicic acid condensation were processed using a plot of
1/[Si(OH)4]

2 versus time, which gives a straight line for the first 30�60
min of reaction, in accordance with third order kinetics being obeyed
with the rate constant (kthird) being obtained from the gradient of the
plot.22 The kinetic experiments were repeated three times, giving <10%
experimental error in the calculated kthird. Composite precipitates were
collected by centrifugation (3000 g, 5 min), twice washed with cold
water (2�4 �C), and freeze-dried.

Zeta-potential (ζ) and time dependence of Rh were measured with a
Zetasizer Nano-ZS ZEN3600 (Malvern Instruments Ltd., U.K.), equipped
with a 4 mW He�Ne laser operating at λo = 633 nm. Measurements of
zeta-potential were performed at θ = 17�. Simultaneously, Rh was
determined at the back scattering angle of θ = 173�. Size and zeta-
potential-DTS1060 folded capillary cells were employed for the simul-
taneous Rh and ζmeasurements. Calculation of ζ values was performed
using software supplied with the Zetasizer. Temperature was stabilized
with a Peltier temperature control.

Figure 1. Structures of biogenic polyamines (1),6,12,14 PVI (2), poly-
allylamine (3), and PVA (4).
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Multiangle SLS and DLS experiments (including DLS data in Table 1)
were performed using a Brookhaven Instruments BI-200SM goniometer,
a BIC-TurboCorr digital pseudocross-correlator, a BI-CrossCorr detector
including two BIC-DS1 detectors, a Sapphire 488�100 CDRH laser from
Coherent GmbH operating at λo = 488 nm and the power adjusted in the
range from 10 to 50 mW was used as the light source. Scattered light was
collected in the angular range between 30� and 150�. Correlation
functions in DLS were analyzed using a model of log-normal distributed
relaxation times and presented as intensity vs hydrodynamic radius.
Examples of the experimental data and calculated values are presented
in Supporting Information. All LS measurements were performed at
20 �C. Each particle size measurement was repeated 5�10 times, with the
objective to minimize fluctuations in scattering intensity (SLS) and to
increase reliability of the mathematical procedures in DLS.
IR spectra were recorded with an Infralum FT-801 spectrometer using

KBr pellets using identical weights of the materials formed. Scanning
electron microscopy (SEM) was performed using JEOL JSM-840A and
FEI Quanta 200 instruments. The samples were placed on double-sided
sticky carbon tape mounted on aluminum sample holders and then
sputter-coated with gold using a SDC 004 (BALZERS) device. The
coating settings (working distance 50 mm, current 15 mA, time 75 s)
correspond to 12 nm gold coating according to the device manual.
Transmission electron microscopy (TEM) was performed using a Philips
EM 420 instrument on freeze-dried solutions 10-fold diluted just before
freezing. The solid products were dispersed in hexane and drops of the
solution place on Formvar film coated copper grids.
To study the samples by submillimeter laser ablation, the aqueous

solutions were freeze-dried on a substrate made from aluminum foil.
After that, the sample was placed into a horizontal cell into which filtered
gaseous nitrogen was admitted in excess to prevent the arrival of aerosols
from outside the cell. Before making measurements, the absence of
aerosols in the whole air line was tested and confirmed. In the present
study, an automatic diffusion battery with a condensation particle
counter25 was used to determine the particle size distribution of ablation
products within the size range 3�250 nm; the source of the terahertz
radiation was the free electron laser of the Siberian Center for Photo-
chemical Research,26 the laser wavelength was 128�131 μm. The power
density necessary for the start of ablation was established by moving the
sample along the focal axis of the sector mirror with the focal distance
f = 10 cm; its average valuewas 20W/cm2. The resulting aerosol was carried
by flowing nitrogen into a buffer reservoir 25 L in volume to stabilize the
number concentration of particles. Then the aerosol was brought to the
diffusion aerosol spectrometer to analyze the particle size distribution.
Time of a single measurement was 4 min. Measurements were carried
out in series of four measurements in each series, with the size
distributions being averaged over the series. Irradiation of pure substrate
did not cause the formation of particles.

’RESULTS AND DISCUSSION

DLS studies of PVA solutions alone (Figure S1 in Supporting
Information) showed a bimodal size distribution pointing to the

samples most likely including both single chains (5�20 nm) and
aggregates (50�300 nm). This was confirmed by the SLS
measurements, Table 1. DP values exceeded the DP of PVFA
precursors, especially for the lowmolecular weight fractions. The
presence of associates was observed at pH 5.5�10, and the
aggregates are more pronounced at high pH values. Potentio-
metric titration and zeta potential measurements of the polymers
alone (Figure 2) show an increase of protonation from 0 at pH 10
to 30% at pH 5.5. ζ-Potential remains positive at high pH,
probably due to sorption of Naþ ions onto the polymer chains.

Condensation of sodium silicate in the presence of the
polymers was explored over a range of pH values from about
5.5 (the pH value suggested to occur in silica deposition vesicles
of diatom algae27) through neutral pH, where silica condensation
is usually very fast, through to pH 10, which is just at the pKa

value for orthosilicic acid.23 Condensation of free Si(OH)4
(Figure 3) results in bimodal distributed particles at pH 8�10,
with particles >100 nm. At pHe 7, small particles <30 nm were
observed. Aggregation at pH > 7 to give∼100 nm silica particles
had been described previously,23,28 but at pHe 7, condensation
of primary particles usually results in three-dimensional gel
networks. In this study, no gelation or precipitation was observed
over two weeks at pH e 7, possibly due to the low silicon
concentration (10 mM) used. This behavior (the formation of
stable “soluble” particles containing silica) was not observed if
the molar ratio of [Na2SiO3]/[PVA] was increased to 1.5:1 and
above, with precipitates being observed for the pH range 4�9.5.

The effect of the presence of PVA polymers on the rate of
condensation of silicic acid was checked using the colorimetric
molybdenum blue method23 (example data is shown in Figure 4).
Measurement of the concentration of noncondensed species
(monomers and dimers) and subsequent data treatment24 allows
the extent of condensation to be measured as well as rate
constants for the very early stages of condensation (formation
of the smallest oligomers of silicic acid) to be calculated. Use of
this method in the Si(OH)4�PVA system showed that the

Table 1. SLS and DLS of PVA Fractions (in 0.2 M HCl and
0.1 M NaCl)

DP MW, g/mol (DP) from SLS rg
a rh

a (% of the peak intensity)

238 22700 (528) 14.6 4.4 (86); 131 (14)

1000 113000 (2630) 20.4 5.8 (66); 165 (34)

3250 235000 (5470) 25.3 8.6 (70); 85.8 (30)

11000 437000 (10160) 42.2 37.1
a rg, radius of gyration (SLS); rh, hydrodynamic radius (DLS, 30�,
488 nm scattering).

Figure 2. Example potentiometric titration data and ζ-potential of
PVA-3250 (10 mM, in 0.02 NaCl).

Figure 3. DLS data of the products of silicic acid condensation (10mM,
10 days) at various pH values.
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presence of PVA, at all pH values explored, increased the rate of
condensation, the effect being most marked at the highest pH,
with the effect of the polymer being clearly seen during the first
few hours of the reaction. The equilibrium concentration of
silicic acid was 2.8�3mM after 2 days for all pH values, including
blank experiments without PVA (Figure 4).

Analysis of polymer/silicic acid composite samples by light
scattering methods showed a strong effect of polymer size on
particle size, particularly for experiments performed at pH 10
(Figures 5 and 6). In the presence of low molecular weight
fractions, there was a gradual increase in size of the particles in
solution followed by fast aggregation with an appearance of an
additional peak in the last stage (Figure 6a) and precipitation
after 75 min and 10 days for PVA-238 and PVA-1000, respec-
tively. Higher molecular weight fractions gave solutions of
≈30 nm particles that were stable for more than two weeks. At
initial time points (first days), large aggregates, several hundreds
of nanometers in diameter, were also visible (Figure 6b), but with
time (about a week), they gradually turned into stable nanopar-
ticles that also remained stable over extended periods of time.

Condensation at pH 5.5 and 7 did not give precipitates with
any PVA fraction. The detailed DLS study showed transitions
from a bimodal to unimodal distribution of sizes during the first
hours of reaction, as was observed above for the PVA-3250
polymers at pH 10. The resulting particles were stable for more
than 10 days. Hydrodynamic radius of the particles increases
drastically at pH 5.5 (Table 2).

The stable particles formed from silicic acid and PVA were
studied with multiangle DLS and SLS (Table 3), which allowed
us to obtainmore realistic rh values by extrapolation of the data to

0� scattering angle and also to measure rg. The rg/rh ratios vary
mostly with DP rather than pH: for high molecular weight
samples, the values being those expected for microgels
(0.3�0.6), and at short polymer chain length, the values are
near 1 as appropriate for dendrimers and hyperbranched or
star polymers. These values are also similar to values found
for core�shell systems.29 ζ-Potential measurements of these

Figure 4. Example data set showing the effect of the PVA on con-
densation of silicic acid at pH 10 and the kthird for the Si(OH)4 at various
pH. All rate constants are relative to the blank at pH 5.5. [PVA] =
[Si(OH)4] = 10 mM in the initial solutions.

Figure 5. DLS data of the system PVA�silicic acid at pH 10. [PVA] =
[Si(OH)4] = 10 mM.

Figure 6. Size distribution of the particles formed on condensation of
silicic acid in the presence of PVA-238 (A) and PVA-3250 (B) at pH 10.

Table 2. Hydrodynamic Radius (nm) of the Particles Formed
after 10 Days Condensation of 10 mM Silicic Acid in the
Presence of 10 mM PVAa

DP of PVA

pH 238 1000 3250 11000

5.5 47 54 96 48

7 17 28 28 29

10 precipitate 33 29
aObtained by DLS, 173�, 633 nm scattering.

Table 3. Multiangle DLS and SLS Data of PVA�Silicic Acid
Nanoparticles

DP pH rg, nm rh, nm rg/rh

11000 5.5 22.2 101.0 0.22

11000 7.0 26.5 52.9 0.50

11000 10.0 30.0 79.5 0.38

238 7.0 23.0 22.2 1.03

1000a 10.0 23.8 23.8 1.00
aAfter 72 h of the reaction, precipitation was observed to begin after
10 days.
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particles were positive, but accurate determinations were not
possible because of changes in the particle size during measure-
ments. The instability/destruction of composite nanoparticles
under the action of an electric field points to their construction
from oppositely charged components: negatively charged poly-
(silicic acid) and positively charged PVA chains.

Laser ablation experiments were performed on PVA fractions,
silica, and composite particles containing silica and PVA, with
comparative samples to those used for the SLS/DLS experiments
being freeze-dried onto aluminum foils for analysis. There was
generally good agreement between the general trends observed
by light scattering and analysis involving laser ablation (Figure 7).
For the blank silica system (Figure 7A), all samples contain
ablated particles close to that found in solution by DLS. In
addition, at pH 10, small (<5 nm in diameter) particles were also
detected (for explanation see below), and at pH 7, large particles
(ca. 125 nm in diameter) not observed by DLS (Figure 3) were
detected, suggesting that further condensation of silica particles
with active silanol groups (pKa of polymeric silicic acid is∼6�7)

occurred during sample preparation. The ablation products of
PVA (Figure 7B) consist of two types of particles: relatively small
(5�15 nm) and large (20�60 nm) particles. The PVA-11000
fraction gives mainly small particles and PVA-238 gives mainly
large ones. Taking into account the DLS data, the small particles
can be attributed to individual molecules and the large particles
can be attributed to aggregates that are less common for PVA-
11000. A comparison of the absolute particle sizes of PVA
molecules from ablation and light scattering is not currently possible
due to the high dependence of the size of flexiblemacromolecules in
water on pH, concentration, and ionic strength.

The ablation data for composite nanoparticles (Figure 7C,D)
generally show good agreement with what would be expected
from the DLS/SLS data but also contain smaller (ca. 3�6 nm
diameter) particles that are most significant for composites
prepared in the presence of the high molecular weight PVA.
These particles are absent in ablation spectra of PVA and can be
possibly attributed to silica from the core of the composite
particles. Assuming the density of silica as 2.2, the conversion of

Figure 7. Laser ablation data for silica particles obtained without PVA (A), the studied solutions were prepared similar to the data presented in
Figure 4), PVA samples of various DP (B), and composite nanoparticles (C, D). The polymer fractions used and the pHof the initial sample are indicated
on the individual plots.
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silicic acid as 70% (as measured from the molybdenum blue
colorimetric analysis described earlier), and the diameter of silica
nanoparticles as about 5 nm, we can calculate that the composite
particles formed in the presence of PVA-11000 must contain 5�6
such silica nanoparticles. Taking into account the hydrodynamic
radius of PVA-11000 (Table 1) and composites formed from it
(Table 2) this seems reasonable. Samples based on low molecular
weight polymer fractions do not show the small particles, suggest-
ing that if such particles were present their size would have to be
below the detection limit of the instrument.

Electron microscopy was used to confirm the size and the
nature of the composite particles formed, Figure 8, and FTIR
spectroscopy, Figure 9, was used to confirm the nature of bonding
interactions between the polymer and the inorganic phase.
Example SEM data (Figure 8A) of the composite precipitate
obtained from PVA-238 at pH 10 show≈100 nm particles, which
were formed at the beginning of the fast aggregation stage after
about 90 min of reaction, Figure 5. Drying of the soluble
nanoparticles is accompanied by the formation of net-like struc-
tures at pH 10 (Figure 8B) or smoothed submicrometer particles

at pH 7 (Figure 8D,E). A high molecular PVA sample gives
(Figure 8C,F) aggregated <100 nm particles. In all cases, increas-
ing the silicic acid to PVA ratio content in this system gives rise to
large particles of indeterminate form, data not shown. TEM images
(Figure 8G�J) contain electron-dense particles 5�30 nm in
diameter, which evidently correspond to silica nanoparticles.

IR spectra of the composite precipitates (Figure 9) show a
shift of the antisymmetric Si�O�Si stretching band from 1095
to 1060 cm�1 in the presence of PVA. Absorbance at 2000�
2700 cm�1 can be attributed to protonated PVA units, providing
evidence of ionic interactions between the polymer and inorganic
components in the composite particles. In addition, an increase
in relative intensity of the band at about 955 cm�1 suggests that
the silica formed in the presence of PVA contains more silanol
groups than the silica material prepared in the absence of the
polymer. These phenomena were observed at pH 5.5�10,
independently of the molecular weight of PVA. In the case of
pH values below 10, 50% excess of silicic acid was used to obtain
the precipitates because at equimolar PVA�silicic acid ratio the
solutions are stable at pH 5.5�9.

A detailed exploration of the PVA-silicic acid reaction system
by a number of experimental techniques has shown that con-
densation of silicic acid in the presence of PVA results in the
formation of stable composite nanoparticles about 35�200 nm
in diameter. However, questions arise in connection with the
nature and properties of these particles as well as to how they are
formed and stabilized.

Silica nanoparticles can react with polymeric bases and cations
via surface silanol groups.30�32 This reaction obeys the laws of
cooperative interpolymer reactions and gives immediate preci-
pitation or stable solutions depending on the nature and chain
length of the organic polymer, pH, ionic strength, and so on. In
the case of the PVA�Si(OH)4 system, condensation proceeds
over hours (sometimes days) after starting the reaction. The
composites contain considerably more silanol groups than for

Figure 8. SEM (A�F) and TEM (G�J) images of composite pre-
cipitates (A) and freeze-dried solutions (B�J) with PVA-238 (A, D, G),
PVA-1000 (E), 3250 (B), and 11000 (C, F, H�J). pH = 10 (A�C, H), 7
(D�G, I), and 5.5 (J). [PVA] = [Si(OH)4] = 10mM. Scale bar 1 μm (A,
C�F), 10 μm (B), and 50 nm (G�J).

Figure 9. FTIR spectra of composite precipitates obtained for the system
PVA-1000�Si(OH)4 at various pH. [PVA] = 10 mM, [Si(OH)4] =
10 mM (pH = 10), and 15 mM (pH = 5.5�9). Blank, silica obtained
by precipitation from 50 mM sodium silicate at pH 7; PVA-HCl, salt
obtained in excess of HCl.
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silica obtained without PVA (Figure 9, band at 955 cm�1). We
propose the following reaction sequence:

At the very beginning of the condensation process, the
reaction solution contains a preponderance of Si(OH)4 mol-
ecules and certainly dimers and trimers that are able to interact
with PVA chains by ionic and hydrogen bonds (Figure 10A).

Such interactions increase the concentration of Si�O� species
that are the most active in reaction with weakly acidic monomeric
silicic acid23 with condensation proceeding by addition of un-
charged Si(OH)4 to silanol anions in the growing composite
nanoparticles. This process explains the observed acceleration of
condensation (Figure 4) and continues until the equilibrium
concentration of silicic acid in solution is reached.

The growth of silica particles is accompanied by strong
cooperative interaction with PVA chains. Taking into account
that the surface area per silanol group is ≈0.2 nm2,32 we can
calculate that a silica particle of 1�2 nm in diameter contains
15�60 Si�OH groups, which is enough for this interaction.

The ability of PVA to interact with silica particles depends on
pH. At pH 10, the degree of protonation of PVA is very low and
silanol groups are mostly ionized (pKa = 6�723). The weakened
interaction between a polymeric amine and silica sol at pH 9
comparing with pH 7 had been described earlier.31 Thus, the
PVA�silica complex at pH 10 contains long PVA loops and tails.
In the case of long-chain molecules, the macromolecular chain
length is enough for complexing with a silica particle (or several
particles), as shown in Figure 10B.

The complex obtained is relatively stable due to the protective
action of the organic polymer on active silica groups. Short PVA
chains are not able to encapsulate the whole silica nanoparticle at
pH 10, so that further condensation proceeds with the non-
charged PVA tails not being able to stabilize large silica particles
in solution (Figure 10C).

At pH 5�7, PVA is partially protonated (Figure 2) and silica
particles have sufficient Si�OH and Si�O� groups for strong
interaction with PVA by ionic and hydrogen bonds. The struc-
ture of the products from long-chain PVA is expected to be
similar to that observed at pH 10. Short-chain polymers give rise
to stable nanoparticles at these pH values, and their size
(Table 2) points to the presence of several PVA macromolecules
associated with an individual particle (Figure 10D). An increase
of DP up to 11000 results in the formation of monomacromo-
lecular based particles, and we observe a decrease of rh (Table 2),
especially at pH 5.5, where high PVA protonation and low silica
ionization decreases PVA�silica interactions compared to the
behavior observed at pH 7.

The composite nanoparticles formed in the presence of long
and short PVA differ in rg/rh ratios (Table 3). The values
correspond to core�shell structures, but materials formed in
the presence of PVA-11000 give particles with lower rg/rh,
suggesting that the particles contain a dense core surrounded
with a large shell formed from a swelled polymeric chain. The
more dense core with high molecular PVA is possibly explained
by a concentration of all of the silica nanoparticles in a small area
of the PVA chain, similar to that observed for metal�polymer
complexes.33,34 This concentration may result in further con-
densing of the primary silica nanoparticles, giving rise to a dense
core. Lowmolecular PVA forms composite particles as associates
of several individual PVA-silica particles and the product also has
a core�shell structure, but the core contains more PVA frag-
ments that decrease its density and increase rg/rh ratio. The
difference between silica particles formed with PVA-238 and
PVA-11000 is evident from TEM data (Figure 8G�J): small
particles being formed in the presence of PVA-11000 and larger
aggregates up to 30 nm in diameter being formed in the presence
of PVA-238.

We propose PVA as a simple model of polyamine-containing
proteins in diatom algae. These proteins (silaffins) are associated
with biosilica,11�14 but their role in the building of silica valves is
not fully known. Recently,35 elemental analysis of diatom frus-
tules showed low levels of organic matter in diatom frustules,
which contradicts the hypothesis6,12 of the matrix role of silaffins
in the formation of fine species-specific structures of frustules.
Special silicon transport vesicles (STVs) have also been identi-
fied in the cytoplasm of diatoms that are proposed to be
important in biosilica formation.3 The STVs are 20�50 nm
particles that do not contain any electron-dense silica and so their
existence is still debatable.10 However, in this contribution, we
have shown that polymeric amines are able to stabilize condensed
silicic acid in the formation of composite nanoparticles whose
size is comparable with the hypothetical STVs. “Silicon” is
captured within these particles in the form of small primary
heavily hydroxylated particles, which are hardly detectable by
microscopy of the natural samples but which we propose could
be readily transported within an organism and be readily
depolymerized (if required) at the point of use owing to the
extremely high level of hydroxylation associated with the silicified
component of the particles. These polymeric amines also accel-
erate the initial stage of condensation of Si(OH)4, which could be

Figure 10. Scheme of interactions between condensed silicic acid and
PVA chains (A) and structures of composite products formed with long-
chain PVA macromolecules (B) and short chain PVA at pH 10 (C) and
at pH 5�7 (D).
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used to facilitate the capture of silicic acid from the environment.
From the results of this and other studies,7,20 the most probable
form of silicic acid in the cytoplasm of diatoms will be core�shell
complexes of primary silica particles with biogenic polymeric
amines such as silaffins or components thereof.

Composite nanoparticles obtained in this work could be
considered as new biomimetic precursors for the synthesis of
silica structures under moderate conditions. The list of precur-
sors available for the synthesis of silica-based materials from a
solution environment now include sodium silicate, organic
derivatives of silicic acid (tetraethylorthosilicate, sodium cate-
cholate, etc.), and silica nanoparticles obtained by sol�gel
methods.28 The problems associated with the use of these
precursors include fast, unregulated condensation of Si(OH)4
in the case of inorganic silicates, the requirement for hydrolysis,
complications in mechanistic understanding, and the presence of
residual unhydrolyzed organic moieties in the final material for
syntheses involving organic ethers, and when silica nanoparticles
are used, the inherent stability of the particles themselves restricts
possibilities to synthesize low-dimensional nanostructures.

In contrast, core�shell composite nanoparticles as described
in this paper are obtained from water, and contain silica
nanoparticles surrounded by organic polymer, which provides
compatibility with other polymers and may enable the design of
more complicated structures using polymer�polymer interac-
tions. As an example, recently we have shown the formation of
composite nanoparticles during condensation of silicic acid in the

presence of poly(1-vinylimidazole).7,17 Additionally, copolymers
of 1-vinylimidazole with acrylic acid (VI-AA) are also able to
control silicic acid condensation and to give composite nano-
particles up to 56% acidic units.36 These nanoparticles are
negatively charged (Table 4) and were expected to interact with
the positively charged PVA-based particles. Recently,37 the
importance of oppositely charged polymeric matrices for the
formation of ordered organo-silica structures in living organisms
has been demonstrated.

Solutions containing composite nanoparticles of opposite
charge interact giving precipitates, oftenwith an interesting fibrous
shape (Figure 11). Products obtained at pH 8 (Figure 11C,D)
consist of small (<100 nm) particles, and the fibrous structures at
pH 7 contain large smoothed fragments admixed with small
particles. These materials contain 40�50% of SiO2 (according
to molybdate colorimetric analysis) and are a promising type of
composite38 that do not require organic solvents and expensive
and toxic silica precursors for their formation.

’CONCLUSIONS

We have shown that condensation of silicic acid in the
presence of poly(vinylamine) chains results in soluble nanopar-
ticles or composite precipitates depending on DP of the organic
polymer and pH. The nanoparticles in solution have core�shell
like structures with a dense silica core in the case of high-
molecular weight polymers. Composite particles based on poly-
mers with a DP below 1000 are associates of several polymer-
silica nanoparticles. We consider these polymer�poly(silicic
acid) nanoparticles to be both a new silica precursor for the
design of composite materials and to serve as a model for the
storage of active silicic acid for use in silicifying organisms such as
diatom algae.
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