
Published: October 04, 2011

r 2011 American Chemical Society 4676 dx.doi.org/10.1021/cm201988g |Chem. Mater. 2011, 23, 4676–4687

ARTICLE

pubs.acs.org/cm

Influence of Polyamines and Related Macromolecules on Silicic Acid
Polycondensation: Relevance to “Soluble Silicon Pools”?
Katrin Spinde,† Konstantinos Pachis,‡ Ioanna Antonakaki,‡ Silvia Paasch,† Eike Brunner,*,† and
Konstantinos D. Demadis*,‡

†Fachrichtung Chemie und Lebensmittelchemie, Bioanalytische Chemie, Technische Universit€at Dresden, 01062 Dresden, Germany
‡Crystal Engineering, Growth & Design Laboratory, Department of Chemistry, University of Crete, Voutes Campus, Heraklion, Crete
GR-71003, Greece

bS Supporting Information

’ INTRODUCTION

The uptake, internal storage, transport, and processing of
silicic acid by living organisms during biosilicification events are
rewarding topics with respect to fundamental research as well as
biomimetic silica synthesis approaches. Diatoms1 are particularly
interesting model systems for the study of silica biomineraliza-
tion processes and as a source of inspiration for biomimetics.2

Other biosilica-forming organisms are sponges3�5 and plants.6�8

Many diatoms preferentially take up Si as monosilicic acid9,10

(Si(OH)4) via special silicon transport (SIT) proteins.11 Active
transport is necessary because the concentration of silicic acid in
natural waters is often low.12 The regulatory levels of silicon
transport proteins, together with their transport activity, were
recently studied on synchronized Thalassiosira pseudonana
cultures.13 Maximum Si uptake rates were observed during cell
wall formation. These kinetics studies of various diatom species
revealed that the SIT proteins determine Si uptake at low
Si(OH)4 concentrations. In contrast, the uptake is diffusion-
controlled at high Si(OH)4 levels.

14 However, the intracellular Si
processing, transport, and transfer into the silica deposition
vesicle (SDV) are rather poorly understood.15,16 Numerous
publications report the existence of intracellular Si storage pools
in diatoms representing intracellular concentrations of ca.
19�340 mM depending on the species.17�21 Silicon storage
pools in diatom cells, if present, are supposed to accumulate Si
for the production of new valves.15 The accumulated Si is then

transported into the SDV where the new cell wall is synthesized.
Interestingly, the reported concentrations of intracellular Si within
the storage pool19,20 sometimes strongly exceed the solubility of
monosilicic acid (ca. 2mM, pH < 9).21 Various types of Si storage
pools are discussed in the literature. It is usually assumed that Si
species are stabilized by the association with some kind of organic
material such as special proteins, thus forming a soluble silicic
acid pool inside the cells.22 Special silicon transport vesicles
(STVs) were proposed by Schmid and Schulz.23 The latter
suggestion is based on the observation that certain cytoplasmic
vesicles are fusing with the developing SDV. However, there is no
evidence for the presence of Si inside the vesicles observed in
diatoms yet. In contrast, Si-containing vesicles could be identified
during the formation of the siliceous spicules of sponges.24

The detection of these putative Si storage pools usually relies on
the following procedure: The cells are boiled in water for
15 min.25 Afterward, the amount of dissolved Si in the boiling
solution (“soluble silica”) is quantified, usually with the so-called
silicomolybdate test that detects mono- and disilicic acid.21,26,27

This procedure—especially the boiling—may, however, result in
partial dissolution of oligomeric species and their backtransfor-
mation into mono- or disilicic acid species. On the other hand,
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NMR spectroscopy. The effect observed for PVP is striking and indicates that the silicic
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solid-state 29Si NMR spectroscopy (29Si magic angle spinning
(MAS) NMR spectroscopy) allows the detection of the different
Qn group species (Qn = Si(OSi)n(OH)4�n, n = 0�4).28 It is,
therefore, widely used to characterize siliceous materials.29�31

Liquid-state 29Si NMR spectroscopy (29Si high-resolution (HR)
NMR spectroscopy) has previously been used to study silicic acid
polycondensation,32�34 usually at concentrations in the range
from 0.5 to 1.5 M due to the low natural abundance of 29Si.
A method for the solid-state 29Si NMR spectroscopic study of
pristine, frozen diatom cells without any chemical pretreatment
has been developed recently.31,35 So far, this methodology has
been applied to two different diatom species,T. pseudonana35 and
Ditylum brightwellii.36 The latter species indeed exhibits a sig-
nificant amount of monosilicic acid which even exceeds its
normal solubility. However, the monosilicic acid concentration
was found to be considerably lower than the concentration of
soluble Si detected by using the aforementionedmethod (boiling
+ silicomolybdate test). It was, therefore, concluded35,36 that the
putative “soluble Si pools” must contain significant amounts of
stabilized silica particles with low polycondensation degree and
not only mono- and disilicic acid.

The idea of silicic acid stabilization by organic material has
meanwhile led to various in vitro investigations to characterize
the influence of the biomolecules found in diatoms upon silicic
acid. For example, Kinrade et al.37 discovered by 29Si NMR
spectroscopy that carbohydrate-like molecules can covalently
interact with silicate to form 5- and 6-coordinated stable silicon
complexes. These observations may be relevant for the under-
standing of Si transport and intracellular stabilization because
polysaccharides are indeed found to be attached to diatom
biosilica.38 They may also imply that polysaccharide-like poly-
mers (and “small” molecules) can affect Si transport and/or
condensation.37,39�42

Long-chain polyamines were found to be tightly attached to
diatom43,44 as well as sponge45 biosilica. In diatoms, such
polyamines are also found covalently attached to lysine residues
in special proteins, so-called silaffins.46,47 On the basis of these
observations and in vitro experiments onpeptides,48,49 proteins,50�54

and polyamines such as polyallylamine as a model, Sumper55

proposed the presence of so-called polyamine-stabilized silica
sols as silica precursor compounds. These sols remain stable over
longer time periods (24 h). However, instantaneous silica pre-
cipitation can be induced from these stabilized sols as soon
as they are mixed with polyamine solutions containing pro-
perly chosen counterions such as phosphate, pyrophosphate,55,56

or strongly acidic proteins, so-called silacidins.57 The aforemen-
tioned immediate silica precipitation was assigned to the attrac-
tion between counterions and polyamines, resulting in some
form of cross-linking.58,59 The silica species adsorbed on poly-
amines are brought into close contact with each other by a self-
aggregation process. This, in turn, results in the observed
enhanced silica formation and precipitation.

The idea of polyamine-stabilized sols was recently supported
by in vitro studies of silicic acid condensation in the presence of
1-vinylimidazole.60 Furthermore, Annenkov et al.61 studied the
interaction between poly(vinylamine) and silicic acid in solution.
The formed soluble poly(vinylamine)/silica composite nanopar-
ticles were discussed as a species relevant with respect to the
aforementioned stable “silicon storage pools” in diatoms. Inter-
estingly, amine-terminated poly(aminoamide) dendrimers62�64

and other polymers65�68 (at sufficiently low concentrations, e.g.,
40�100 ppm) were previously shown to slow silicic acid

polycondensation. Similar observations were noted for phospho-
nate-grafted chitosan zwitterionic derivatives.69,70 Furthermore,
an increased solubility of amorphous silica in aqueous solutions
containing tiron, a catechol derivative, 4,5-dihydroxy-1,3-benze-
nedisulfonate, was also found. A [Si(tiron)]8� complex is formed
in such solutions that contains a 6-coordinated Si atom sur-
rounded by three chelating catechol ligands.71 It is, therefore, an
important issue to gain further insight into the interaction
between polyamines and silicic acid species in solution at a
molecular level. The aim of the present study is the detailed
analysis of the influence of polyamines/polyamine-related macro-
molecules upon silicic acid polycondensation by the combined
use of 29Si NMR spectroscopy and the silicomolybdate test. These
studies include poly(allylamine hydrochloride) (PAH),72�76

poly(vinylpyrrolidone) (PVP),77 the poly(aminoamide) dendri-
mer of generation 1 (PAMAM-1), and poly(ethyleneimine)
(PEI)72,73,78,79 (see Figure 1). PAH has been selected since it
is a widely used long-chainmodel polyamine. In contrast to PAH,
PVP is an uncharged long-chain polymer which, however, also
finds interest for biomimetic silica syntheses.77 PEI72,73,78,79 and
dendrimeric polyamines80,81 have been used in previous studies
andwere, therefore, included in the present analyses for comparison.
The experiments were performed under biologically relevant
conditions (pH 5�7) using aqueous solutions of isotope-labeled
sodium [29Si]metasilicate as the precursor compound.

’MATERIALS AND METHODS

Reagents and Chemicals. Schematic structures of the polymer
additives used in this study are shown in Figure 1. PVP (MW 29 000)
and PAH (MW 15 000) were purchased from Aldrich, and PEI
(branched, MW 70 000, ∼25% primary amines, ∼50% secondary

Figure 1. Schematic structures of the polymers used in this study.
Nitrogen atoms are highlighted in red.
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amines, and∼25% amines) was purchased from Polysciences. PAMAM-1
dendrimer was purchased from Aldrich as a 20% (w/v) solution in
methanol (PAMAM-1 as well as other related dendrimers are available
under the commercial name STARBURST polymers). Sodium metasi-
licate (Na2SiO3 3 5H2O) was obtained from EM Science (Merck) and
29SiO2 from CortecNet (France). Ammonium molybdate ((NH4)6-
Mo7O24 3 4H2O) and oxalic acid (C2H2O4 3 2H2O) were purchased
from EM Science (Merck), sodium hydroxide (NaOH) was purchased
fromMerck, and hydrochloric acid (37%) was purchased from Riedel de
Haen. Acrodisc filters (0.45 μm)were obtained from Pall-Gelman Corp.
In-house, nanopure water was used for all experiments. It was analyzed
and found to contain only negligible amounts of soluble silica.
Synthesis of Isotope-Labeled Sodium Metasilicate. The

29Si-enriched samples were prepared using 96.74% 29Si-enriched sodium
metasilicate (Na2

29SiO3). To obtain the latter compound, 29SiO2 was
melted with sodium carbonate (Fluka), thus forming Na2

29SiO3 in a
solid-state reaction.82 The completeness of this reaction could bemonitored
by 29Si MAS NMR spectroscopy (see the Supporting Information,
Figure S-0).
Preparation of Molybdenum Blue Test Reagents. The

following solutions were prepared for the molybdenum blue spectro-
photometric test: (a) 3.1 g of ammonium molybdate tetrahydrate
(Sigma-Aldrich, Germany) dissolved in 50 mL of 1.0 M sulfuric acid;
(b) 6.3 g of oxalic acid dihydrate (Sigma-Aldrich), and (c) 1.76 g of
ascorbic acid, each dissolved in 50 mL of nanopure water.
Preparation of Sodium Silicate Solutions. The sodium silicate

stock solution containing 600 ppm SiO2 was prepared from 3.6 mg of
Na2

29SiO3 dissolved in 3 mL of D2O/H2O (1:2). The solution was
treated for 3 min in an ultrasonic bath to ensure that all the sodium
metasilicate was completely dissolved. Stock solutions of the additives in
water were prepared in the following concentrations: 56600 ppm PAH,
60800 ppm PAMAM-1, 25900 ppm PEI, and 66300 ppm PVP.
Silicic Acid Polycondensation Studies. A volume of 3 mL of

the 600 ppm Na2
29SiO3 stock solution was placed in a glass container

with a Teflon-covered magnetic stir bar. A 50 μL volume of nanopure
water (control sample) or of a polymeric additive-containing stock
solution was admixed. The concentrations in the additive-containing
stock solutions were chosen such that the final ratio between silicon and
nitrogen atoms was 1:1 (PAH, 913 ppm; PEI, 419 ppm; PAMAM-1, 995
ppm; PVP, 1082 ppm; after titration). The initial pH of this solution was
12.1. The desired pH values of 5.4 and 7.0 were adjusted by titration with
a 2.4 M HCl stock solution. The volume change caused by this titration
was ∼3%. The resulting solution was transferred into a 10 mm NMR
glass probe or—for the molybdenum blue test—placed in an Eppendorf
vial. The kinetics of silicic acid polycondensation was studied by liquid-
state 29Si NMR spectroscopy as well as the molybdenum blue test at
sampling times of 2 and 24 h after titration. For detailed investigations of
stabilized silicic acid by PVP, a control and a sample with PVP were
prepared. Therefore, 100 mL from a 600 ppm (as SiO2) Na2SiO3 stock
solution (pH≈ 11.8) was pH-adjusted to 7.00( 0.01 or 5.40( 0.01 by
addition of HCl or NaOH under continuous stirring using a poly-
(ethylene terephthalate) (PET) container with a Teflon-covered mag-
netic stir bar. If needed, the volume changes were taken into account in
the calculations. After titration the container was covered with Parafilm
and set aside without stirring. For short-term experiments—every hour
for the first 8 h—and for long-term experiments—24, 48, and 72 h—
after titration the solutions were checked for soluble silicic acid using the
silicomolybdate yellow test as follows: the same procedure, but includ-
ing various amounts (40, 60, 80, 100, 120, 140, and 160 ppm) of PVP,
was repeated.
Determination of Soluble (Reactive) Silica. According to the

established protocol, 75 μL of ammonium molybdate stock solution (a)
was mixed with a 1.5 mL diluted test sample and equilibrated for 10 min
after mixing. Then 75 μL of the oxalic acid solution (b) and, after 1 min,

75 μL of the reducing agent (ascorbic acid, c) solution were added to it.
The resulting final solution was equilibrated for further 10 min before
the absorbance was measured at 810 nm. The measurements of the
molybdenum blue test were performed on a Varian Cary Scan 50
spectrophotometer. Alternatively, the silicomolybate yellow test can be
used, according to the following procedure: A 2 mL volume of the
filtered sample (0.45 μm syringe filter) was diluted to 25 mL in a special
cylindrical cell (cell volume 25 mL). To the diluted sample, 1 ml of
ammonium molybdate stock solution and 0.5 ml of 1 + 1 HCl were
added, and the resulting solution was shaken well and left undisturbed
for 10min. Then 1mL of oxalic acid solution was added and the resulting
solution shaken again. After the second time period of 2 min, the
absorbance at 452 nm was measured to determine the concentration as
“parts per million soluble silica” using water as a blank. The measure-
ments of molybdate-reactive silica were run on a Hach 890 spectro-
photometer from the Hach Co., Loveland, CO, U.S.A.
Sample Preparation for 29Si HR NMR and MAS NMR at

Higher Silicic Acid Concentration. For liquid-state and solid-state
29Si NMR measurements, 25.6 mg of Na2

29SiO3 was dissolved in 2 mL
of D2O/H2O (1:1) and placed in a container with a Teflon-covered
magnetic stir bar, resulting in a 6030 ppm SiO2 stock solution. For the
control sample, 800 μL of nanopure water was added, thus giving a 4500
ppm SiO2 solution. The pH was adjusted with the 2.4 M HCl stock
solution to 5.4 ( 0.1. The final concentration of silicic acid was 4200
ppm. The additive-containing samples were also prepared from the
aforementioned silica stock solution (6030 ppm). Additive-containing
stock solutions were admixed. After titration with 2.4MHCl to pH 5.4, a
final silicic acid concentration of 4200 ppm was obtained for all samples,
and the ratio between silicon and nitrogen atoms was always kept at 1:1
(PAH, 6560 ppm; PVP, 7770 ppm). The kinetics of silicic acid
polycondensation was studied by liquid-state 29Si NMR. After a reaction
time of 24 h, the obtained gel/precipitates were characterized by solid-
state 29Si NMR.

29Si NMR Spectroscopy. 29Si NMR experiments were performed
on a Bruker Avance 300 spectrometer operating at a resonance
frequency of 59.63 MHz. For liquid-state 29Si NMR measurements a
commercial 10 mmHR probe (56� flip angle, number of scans 180, 60 s
repetition time) was used. TypicalT1 values for samples in solution were
8�13 s. Waltz16 1H decoupling was applied during signal acquisition.
The chemical shift was referenced relative to tetramethylsilane (TMS),
and the quantitative measurements were calibrated using a 4740
ppm sodium metasilicate solution at pH 12.8 as an external standard.
29Si MAS NMR measurements were carried out on commercial double-
resonance 4 mm and 2.5 mmMASNMR probes (90� flip angle; number
of scans 8000 (cross-polarization, CP), 2000 (single pulse, SP); repeti-
tion time 5 s (CP), 20 s (SP); sample spinning rate 12 kHz for the 4 mm
probe, 16 kHz for the 2.5 mm probe). Typical T1 values for samples
centrifuged into the rotors are: 2�4 s for 29Si and less than 1 s for 1H.
SPINAL64 1H decoupling83 was applied during signal acquisition. The
intensity ratios of Q2 to Q3 to Q4 of the 29Si MAS NMR spectra were
calculated by using the program dmfit (current version dmfit#20100301).84

Scanning Electron Microscopy. Scanning electron microscopy
(SEM) images were taken on a ZEISS DSM 982 Gemini using a 1.0 kV
accelerating voltage.

’RESULTS AND DISCUSSION

The polycondensation of silicic acid into amorphous silica is a
spontaneous process which depends on various parameters, in
particular on the silicic acid concentration85 and pH value.86 The
highest rate of polycondensation is found around pH 7.86 In
contrast, silicic acid solutions (in the form of silicate) are stable
(i.e., no polycondensation is occurring) at pH > 12 even at high
concentrations (see the Supporting Information). Diatom cell
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wall formation takes place in the SDV with an internal pH of
5�6.87 Therefore, we have chosen two pH regions. The first was
5.4 ( 0.1. For comparison, a number of experiments were also
carried out at 7.0 ( 0.1, where the maximum of the silicic acid
polycondensation rate is found.

In our first experiment, we have chosen a silicic acid concen-
tration of ∼4200 ppm at pH 5.4 and monitored its polyconden-
sation behavior in the presence/absence of a charged (PAH) and
an uncharged (PVP) polymeric additive. The results are shown in
Figure 2. All three spectra exhibit the signal due to monosilicic
acid (Q0). The highest intensity of this signal is found for the
PVP-containing sample. This sample also exhibits the signal due
to disilicic acid (Q1). The additive-free control sample exhibits a
Q0 signal intensity which is comparable to but somewhat smaller
than that in the PVP-containing sample. Obviously, the un-
charged PVP results in a slightly lower degree of polymerization
of the “soluble” silicic acid species (Q0 + Q1) than the additive-
free control at pH 5.4. In contrast to PVP, the charged polymer
PAH results in a considerably lower concentration of soluble
silicic acid, i.e., an increasing degree of polymerization. A corres-
ponding behavior is also found at lower initial silicic acid concen-
tration (600 ppm SiO2; see below).

Furthermore, the additive-free control spectrum in Figure 2
exhibits the well-known signals due to Q2, Q3, and Q4. The
signals are significantly broadened but still resolved. In contrast,
both additive-containing samples exhibit only a very broad and
unresolved signal centered at �110 ppm. This observation
strongly suggests that both additives result in an additional
immobilization of the oligomeric Si species compared to the
control. For PAH, this behavior is expected because the positively
charged PAH molecules should strongly interact with the
negatively charged silicic acid oligomers or small silica particles.
Several studies on the acid�base behavior of silica particles prove
that silica is negatively charged at pH 5.4.88

This means that the nanoparticles observed in the so-called
polyamine-stabilized sols55,60,61 are obviously formed by the
attraction between the charged polyamines and higher silica
oligomers. However, the uncharged PVP apparently exhibits a

similar silica�polymer association effect. Therefore, the question
arises of whether this immobilization of the silicic acid oligomers
is accompanied by an enhanced degree of silica polycondensa-
tion, which would be reflected by an increase in Q4 and a
simultaneous decrease in Q3 and Q2 signals. Unfortunately,
29Si HR NMR spectroscopy cannot address this question
because the corresponding signals are broadened and could only
be resolved in the control.

To determine the degree of silicic acid polycondensation, we
have studied silica precipitates resulting from various polycon-
densation experiments. At low concentrations (600 ppm) of
SiO2 and pH 5.4, silica precipitation occurs only in solutions
containing PAMAM-1. Therefore, we have continuously in-
creased the silicic acid concentrations. Beyond 1000�1200
ppm, all solutions except for the additive-free control exhibit
formation of silica precipitates. The onset of precipitation was
found to depend on the pH. The charged long-chain polyamines
PAH and PEI start to precipitate silica below a pH of ca. 11�10.5.
For the dendrimer PAMAM-1, precipitation occurs below pH
10. In the presence of the uncharged polymer PVP, precipitation
is observed below pH 8.

One- and two-dimensional (1D, 2D) solid-state 29Si NMR
spectroscopy is a well-established tool for the study of silica as
well as silica/polymer interfaces.30,89 Figure 3 shows the 29Si
MASNMR spectra and SEM images of characteristic precipitates

Figure 2. Background-corrected 29Si HR NMR spectra of silicic acid
solutions (4200 ppm) 4 h after titration at pH 5.4 in the absence or
presence of PVP or PAH. The background correction is demonstrated in
the Supporting Information (Figure S-5).

Figure 3. 29Si MAS NMR spectra (SP) of silica precipitates obtained
from a solution of 4200 ppm silicic acid 24 h after titration at pH 5.4 in
the absence (control) or presence of polymeric additives. The SEM
images of the silica precipitates obtained in the presence of polymeric
additives are shown for comparison. The additive-free control is also
shown and was prepared by drying the gel formed after 24 h.
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obtained for the PAH- and PVP-containing samples. For com-
parison, the control sample, i.e., pure silica gel, is shown. The
SEM images were taken on dried samples. The control sample
consists of unstructured plain silica blocks as a result of the slow
silica polycondensation. In contrast, the presence of PAH (4200
ppm SiO2) results in the formation of large amorphous aggre-
gates of SiO2 nanoparticles. This characteristic morphology is
possibly due to the rapid polyamine-mediated attraction of silica
species and their polycondensation, resulting in the formation of
the observed nanoparticle aggregates. In the case of PAH some
large particles with smooth faces also appear. Similar particles are
observed in the SEM images of the control experiments. In
contrast, silica precipitates containing PVP have a very different
morphology characterized by fibrous structures without larger
particles or superstructures. It may be that these fibrous struc-
tures represent PVP molecules or bundles of molecules covered
by rather thin silica layers. The 29Si MAS NMR spectra were
measured on the wet precipitates/gel centrifuged into the MAS
rotor. The parameters derived from the 29Si MAS NMR
spectra are summarized in Table 1. Notably, the polyconden-
sation degree of the silica in the PVP-containing sample is
even lower than that of the control, whereas the PAH-
containing sample has a higher degree of silica polycondensa-
tion as reflected by the relative intensities of the Q2, Q3, and
Q4 signals (see Table 1). That means the presence of PVP at
pH 5.4 does not only result in a slightly enhanced concentra-
tion of mono- and disilicic acid in the solutions as detected in
the 29Si HR NMR spectra (see Figure 2). It even slows the
polycondensation reaction, thus giving rise to a considerably
lower Q4:Q3 ratio than in the control. The effect observed for
PVP is striking and indicates again that the silicic acid
polycondensation is slowed, although the oligomers in solu-
tion are obviously attracted by the polymer (see Figure 2).
In contrast, the charged PAH attracts the oligomers and accel-
erates the silicic acid polycondensation.

29Si{1H} CP MAS NMR spectroscopy (see Figure 4) reveals
further interesting differences between the three samples studied
in Figure 2 and Table 1. The CP intensities of the three samples
are significantly different. Q0 and Q1 signals could not be
observed at all. Most likely, this is due to the high mobility of
the small Q0 and Q1 species. It is well-known that the CP
efficiency drops for mobile species.MaximumCP from 1H to 29Si
is observed for the PVP-containing sample, whereas the PAH-
containing sample exhibits the lowest CP effect (see Table 1).
This behavior is likely due to the fact that the PAH-containing
sample exhibits highly condensed silica with a smaller amount of
embedded 1H species such as hydroxyl groups/water and 1H
nuclei located at PAH molecules.

The CP intensity in the less condensed control is somewhat
higher due to the presence of a higher number of 1H species such
as OH groups and/or adsorbed water. The PVP-containing
sample with its low degree of silica polycondensation exhibits
the highest CP intensity. Note that no indication of 5- or 6-fold-
coordinated Si species could be observed in the 29Si MAS/CP
MAS NMR spectra of the samples under study.

The silicic acid stabilizing effect of the uncharged PVP could
also be confirmed by measurements carried out at lower silicic
acid concentrations. Table 2 summarizes the results of the 29Si
HR NMR studies combined with the molybdenum blue test
carried out at pH 5.4 (600 ppm SiO2) for all aforementioned
additives as well as the control. Furthermore, two selected
additives (PEI, PVP) as well as the control were also measured
at pH 7. The silica concentrations corresponding to Q0 + Q1

determined by quantitative 29Si HR NMR are reproducible and
in excellent agreement with those determined by the molybde-
num blue test. All the charged additives (PAH, PEI, and
PAMAM-1) more or less enhance silicic acid polycondensation.
The strongest polycondensation-enhancing effect is found for
PAH and PEI. At pH 5.4, the equilibrium value is reached with
both additives even within 24 h in contrast to that of the control.
PAMAM-1 has a less pronounced but measurable accelerating
effect. It is, however, remarkable that it still allows the presence of
some disilicic acid. This may be due to the presence of
uncharged amine moieties in the dendrimer (see Figure 1). In
contrast to the charged additives, the uncharged PVP does not
cause any enhancement of silicic acid polycondensation com-
pared to the control.

This is also reflected by the 29Si HR NMR spectra shown in
Figures 5 and 6. Comparison of the PVP-containing sample and
the control at pH 5.4 suggests a minor stabilization of both
mono- and disilicic acid by PVP, although the effect is still on the

Table 1. Relative Intensities of the Q2, Q3, and Q4 Signals
Observed in 29SiMASNMR Spectra (Cf. Figure 3) of Samples
Centrifuged into MAS Rotors without Dryinga

control PVP PAH

Q2 Q3 Q4 Q2 Q3 Q4 Q2 Q3 Q4

relative intensity 0.1 0.5 1.0 0.1 1.0 1.0 0.1 0.4 1.0

CP/SP 0.7 0.8 0.2 2.5 2.7 1.2 0.3 0.3 0.1
aThe relative intensity of Q4 is normalized to 1. CP/SP denotes the
intensity ratio between the absolute signal intensities observed in cross-
polarization (CP) and single-pulse (SP) excited experiments on iden-
tical samples.

Figure 4. 29Si{1H}CPMASNMR spectra (8000 scans, mixing time 5 s)
of pure silica (control) and PVP- and PAH-containing samples 24 h after
titration (pH 5.4, 4200 ppm SiO2) centrifuged into MAS rotors. Note
the pronounced intensity differences indicative of the different CP
efficiencies (see Table 1).
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order of the experimental error of 10%. However, the spectra
measured at pH 7 (see Figure 6) clearly show the stabilizing
effect of PVP onmono- and disilicic acid. In contrast, the charged
additive PEI results in almost the same spectrum as the one
observed for the control at pH 7. The main signal detected in the
latter two samples is due to monosilicic acid. The control still
exhibits a minor amount of Q1. Its concentration corresponds to
the aforementioned equilibrium value given by the expected
solubility. This is again in excellent agreement with the molyb-
denum blue test results at pH 7 (see Table 2).

In summary, it can be stated that the charged additives (PAH,
PEI, PAMAM-1) all enhance silicic acid polycondensation. The
most pronounced effects are observed for PAH and PEI.
Furthermore, they attract higher silicic acid oligomers, forming
aggregates. The latter is also true for the uncharged polymer PVP.
However, PVP does not accelerate silicic acid polycondensation.
In contrast to the charged additives, it even stabilizes mono- and
disilicic acid compared to the control, especially at pH 7. This
means, the presence of such uncharged polymers may cause a
“supersaturation” of silicic acid solutions. This interesting effect

is further studied at different PVP levels (40�160 ppm) in the
following. Two types of experiments were carried out, “short-
term” (sampling every 1 h for 8 h) and “long-term” (sampling
every 24 h for 3 days), at pH values of 5.4 and 7.0 chosen in the
above-described experiments.
Long-Term (3 days) Silicic Acid Polycondensation in the

Presence of PVP. pH 7.0 Region. The soluble silicic acid levels
observed at pH 7 are shown in Figure 7. PVP concentrations
between 40 ppm (1.38 μM) and 160 ppm (5.52 μM)were tested.
The retarding effect of PVP is concentration dependent only for
the 24 hmeasurements. At 140 ppm (4.83μM) PVP concentration,
the amount of soluble silicic acid reaches ca. 290 ppm and levels
off beyond that concentration. The amount of soluble silicic acid
decreases with increasing time. After 48 h, it drops to∼190 ppm for
a PVP level of 140 ppm, which is, however, still beyond that of the
control (soluble silicic acid 140 ppm). After 72 h, the silicic acid
level reaches 174 ppm (at 140 ppm PVP), ca. 40 ppm higher than
that of the control. The soluble silicic acid levels are statistically
indistinguishable between the 48 and 72 h measurements.
pH 5.4 Region. Silicic acid polycondensation at pH 5.4 is

slower than that at pH 7.0. This becomes obvious from Figure 8.
Both the control and PVP-containing solutions exhibit higher
silicic acid levels compared to those of the corresponding
experiments at pH 7.0 (see Figure 7). The inhibition of silicic
acid polycondensation is again observed, although it is much less
dependent on the PVP concentration. For PVP levels between

Table 2. Soluble Si Species (Mono- and Disilicic Acid) Determined by 29Si HR NMR and by the Molybdenum Blue Spectro-
photometric Test (Mo Test)

soluble silica as mono- and disilicic acid (expressed as ppm SiO2)

polycondensation time 2 h .

pH additive Q0 Q1 Q0 + Q1 Mo test Q0 Q1 Q0 + Q1 Mo test

5.4 control 309 45 354 371 302 41 343 317

PVP 371 67 438 434 343 54 396 362

PAMAM-1 281 42 323 325 247 30 277 235

PEI 188 6 194 197 145 145 146

PAH 173 173 156 127 127 130

7.0 control 334 48 382 356 146 5 151 164

PVP 296 43 339 384 271 47 317 338

PEI 150 150 157 140 140 134

Figure 5. Background-corrected 29Si HR NMR spectra of silicic acid
solutions (600 ppm) 24 h after titration to pH 5.4. The samples contain
either no polymeric additives (control) or polymers (as indicated) at
appropriate concentrations so that the ratio between Si and N atoms
is 1:1.

Figure 6. Background-corrected 29Si HR NMR spectra of silicic acid
solutions (600 ppm) 24 h after titration at pH 7. The samples contain
either no polymeric additives (control) or polymers (as indicated) at
concentrations corresponding to a ratio between Si and N atoms of 1:1.
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40 and 160 ppm (1.38�5.52 μM), the amount of soluble silicic
acid reaches∼450 ppm after 24 h, a result that is statistically the
same for all these PVP concentrations. These levels decrease over
time. The drop is, however, not as strong as that for pH 7.0. Finally,
the amount of soluble silicic acid after 72 h is∼390 ppm (control
180 ppm).
Short-Term (8 h) Silicic Acid Polycondensation in the

Presence of PVP. pH 7.0 Region. The experiments shown in
Figure 9 again clearly demonstrate the stabilizing effect of PVP at
pH 7.0, i.e., at the maximum silicic acid polycondensation rate.
A PVP concentration of 140 ppm (4.83 μM) was used. Silicic
acid levels of the pure (control) and PVP-containing solutions
decrease as polycondensation proceeds. After 8 h, the difference
between the two samples amounts to ca. 200 ppm.
pH 5.4 Region. As stated before, silicic acid polycondensation

is slower at pH 5.4. This is also reflected in the 8 h experiment
shown in Figure 10: the silicic acid concentration in the control
decreases much slower than that at pH 7.0 (Figure 9). PVP
almost completely stabilizes uncondensed silicic acid over 8 h.
At the end of the 8 h period, the difference in silicic acid levels
between the two solutions amounts to ca. 180 ppm.
Possible Mechanisms of Silicic Acid Stabilization by PVP.

To understand the observed stabilizing effect of PVP on silicic

acid, the interactions between these two species must be
analyzed. The interaction of PVP with metasilicic acid in
corresponding solutions has not yet been investigated to the
best of our knowledge. In contrast, the interaction with silica
particles has been studied previously. Robinson and Williams90

found that PVP adsorbs onto silica particles through interaction
of the carbonyl groups of the pyrrolidone rings with silanol
groups on the silica surface. The adsorption capacity depends on
the molecular mass of PVP but is independent of the ionic
strength and pH. Belyakova et al. studied the process of
adsorption�desorption of PVP onto the surface of highly
dispersed amorphous silica.91 It was shown that PVP occurs in
two forms on the silica surface, reversibly adsorbed and irrever-
sibly grafted onto the surface of silica. On the basis of FT-IR
studies, the authors concluded that hydrogen bond formation
takes place between the silanol groups of the silica surface and the
nitrogen and/or oxygen atoms of �N—CdO groups of the
adsorbed PVP (see the Supporting Information, Figure S-9). On
the basis of FT-IR measurements, Gun’ko et al. suggested that
the adsorption of PVP on fumed silica surfaces is due to the
formation of relatively strong CdO 3 3 3H—OSi hydrogen
bonds.92 Since PVP is an internal amide, N atoms are in planar
conformation due to the amide bond and can only form relatively
weak hydrogen bonds. It is, therefore, reasonable to assume that

Figure 8. Concentration dependence of the condensation-retarding
effect of PVP at pH 5.4 in 3 day silicic acid polycondensation
experiments.

Figure 7. Concentration dependence of the condensation-retarding
effect of PVP at pH 7.0 in 3 day silicic acid polycondensation
experiments.

Figure 9. Condensation-retarding effect of PVP at the 140 ppm level
and at pH 7.0 in an 8 h silicic acid polycondensation run.

Figure 10. Condensation-retarding effect of PVP at the 140 ppm level
and at pH 5.4 in an 8 h silicic acid polycondensation run.
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the N atoms do not participate in the interaction with the silica
surfaces; i.e., it was concluded that PVP interacts with the silica
surfaces via hydrogen bonding between the CdO groups and
free silanols.93 Similar results were also obtained by Hsiao and
Huang studying the formation of SiO2/PVP hybrid composites
by tetraethoxysilane (TEOS) hydrolysis and condensation.77 Xu
et al. also showed that the CdO moiety is involved in hydrogen
bonding with the Si�OH groups of silica particles. They,
furthermore, concluded that Si�O�

3 3 3H
+ interactions are unlikely

due to the weak basicity of the N atoms in the pyrrolidone groups
and the weak acidity of Si�OH groups in hydrolyzed monomers.
Furthermore, 13C NMR spectroscopy showed that the chemical
shift of the CdO groups shifts from 179.16 to 181.47 ppm in
ethanol solution, an additional indication of hydrogen-bonding
interactions.94 Solid-state 13C NMR studies on PVP/silica
composites77 also reveal a shift of the CdO signal on the order
of 1 ppm to higher chemical shift values. In agreement with these
previous results, we have observed a shift of this signal from 176.8
to 177.4 ppm in our precipitates (see the Supporting Informa-
tion, Figure S-9).
Examination of the PVP structure (see the Supporting In-

formation, Figure S-10) confirms that there are only two
potential points of interaction with silicic acid, the N and the
carbonyl O. However, as mentioned before, the N atom parti-
cipates in the amide bond and does not possess a lone pair for
hydrogen bond interactions. As described above, the carbonyl
oxygen is capable of interacting with the Si�OHof silica surfaces
through hydrogen bonding. Similar interactions can be envi-
sioned between the CdO and Si(OH)4. It should be noted in
this context that poly(ethyloxazoline) (PEOX), a linear, neutral,
amide-containing polymer, was also found to effectively stabilize
silicic acid.95

The structure of PVP also reveals that there are no moieties in
the polymer backbone that may induce substantial folding to create
“pockets” that can store more than one silicic acid molecule.
Otherwise, the polymer would induce silicic acid polycondensa-
tion. The minor disilicic acid stabilization effect exerted by PVP
may be explained by hydrogen-bonding interactions between
disilicic acid and two vicinal CdO groups. Possible O 3 3 3O
distances (between two neighboring pyrrolidone monomers) are
in the range of 4.5�5.6 Å, whereas the longest O 3 3 3O distances
in disilicic acid are 5.0�5.2 Å. Therefore, a hydrogen-bonding
interaction between a disilicic acidmolecule and two neighboring

pyrrolidone units is possible. It should be noted that the
hydrogen-bonded complexes possibly formed with mono- and
disilicic acid must be short-lived because the corresponding 29Si
HR NMR signals remain narrow (see Figures 2, 5, and 6).
Figure 11 presents a schematic depiction of these two hypothesized
types of stabilization.

1H�29Si 2D heteronuclear correlation (HETCOR) experi-
ments were performed to further characterize the interactions
between PVP and silica species in the prepared precipitates
(cf. Figures 3 and 4). Frequency-switched Lee�Goldburg96 de-
coupling was applied during t1 evolution to obtain maximum
spectral resolution. Since 2D measurements on the centrifuged
samples were hampered by sensitivity problems, the samples had
to be vacuum-dried at 40 �C. This allowed filling the MAS rotors
with much higher amounts of the dried, powdered sample than
by centrifugation of the wet material. On the other hand, the
vacuum-drying procedure may of course be accompanied by
further condensation of the silica. This is indeed observed in the
1D 29Si MAS NMR spectra (see the Supporting Information,
Figure S-11). However, it also becomes obvious from these
spectra that the PVP-containing sample remains to be the sample
with the lowest degree of silica polycondensation as was the case
before drying. The investigation of the dried material is, there-
fore, still relevant. Figure 12 shows the 1H�29Si 2D HETCOR
spectra of the additive-free control and the PVP-containing
sample. The spectra exhibit remarkable differences. For the
control, 1H�29Si CP transfer occurs from two distinct 1H species
giving rise to signals at 2.5 and 5.4 ppm. The only 1H-bearing
species in the control are hydroxyl groups (SiOH) and water
molecules adsorbed strong enough to withstand the vacuum
drying and/or readsorbed during the sample transfer into the
rotor. Free or weakly hydrogen-bonded Si�OH groups typically
occur at low chemical shift. The signal at 2.5 ppm is, therefore,
attributed to such species. Adsorbed water typically gives reso-
nances at around 5 ppm. The signal at 5.4 ppm is therefore likely
to be due to adsorbed H2O molecules which are not removed by
the drying procedure or readsorbed (see above). In analogy to
the control, the PVP-containing sample also exhibits a signal at
ca. 2 ppm which can be attributed to free and/or weakly
hydrogen-bonded Si�OH. Furthermore, the aliphatic 1H species
located at the PVP molecules can contribute to this signal.
The spectral resolution is, however, insufficient to resolve the
different signal contributions. Furthermore, efficient 1H�29Si
CP transfer is observed from two 1H species giving rise to signals
at ca. 8 and 12 ppm. At a 10msmixing time, the signal at 8 ppm is
themajor source of polarization. At shortermixing times (Figure 12,
bottom), the 12 ppm signal is almost equally important as the
8 ppm signal.

13C CPMASNMR spectroscopy shows that the PVPmolecules
embedded into the precipitates are chemically unmodified (see
the Supporting Information, Figure S-9). Since PVP only con-
tains aliphatic 1H nuclei with chemical shifts between 1 and 4
ppm,97 the latter species must be associated with the silica.
Furthermore, these species exhibit the most intense CP transfer
to 29Si for short CP contact times (Figure 12, bottom). That
means the corresponding 1H nuclei are in close proximity to the
29Si nuclei. It is therefore concluded that these species are
possibly due to the presence of relatively strongCdO 3 3 3H—OSi
hydrogen bonds as suggested earlier by Gun’ko et al.92 Although
adsorbed water usually gives rise to signals around ca. 5 ppm,
an alternative explanation for the observed signals at ca. 8 and
12 ppm would be the presence of strongly adsorbed and

Figure 11. Schematic representations of possible hydrogen-bonding
interactions between monosilicic acid (left) and disilicic acid (right)
molecules with the CdO group from PVP. Color codes: C, gray; N,
blue; O, red; Si, green. H atoms are omitted for clarity.



4684 dx.doi.org/10.1021/cm201988g |Chem. Mater. 2011, 23, 4676–4687

Chemistry of Materials ARTICLE

hydrogen-bonded H2O molecules in close proximity to the 29Si
nuclei. Such species are not observed in the additive-free control.
If they are present, they must hence be involved in the interaction
between PVP and the silica. In any case, it can be stated that the
interaction between PVP and silica results in a pronounced
stabilization of silica species with a lower degree of polyconden-
sation than in the control. This is even true after vacuum drying,
resulting in a powdered silica/PVP composite material of low
degree of silica polycondensation. The responsible interactions
involve the presence of strongly hydrogen-bonded species
(SiOH or H2O) giving rise to pronounced 1H NMR signals at
ca. 8 and 12 ppm.

’CONCLUSIONS

Bioinspired silica chemistry relies on the transfer of biological
processes into sol�gel chemistry.98,99 Revealing the mechanisms
governing biosilicification offers the prospect of developing
environmentally benign routes100,101 to synthesize new silicon-
based materials and to resolve the biological use of silicon in
higher organisms.102

The purpose of the present work was the characterization of
the influence of certain macromolecular structures on silicic acid
polycondensation by combining 29Si NMR spectroscopy and the

silicomolybdate test. Charged macromolecules such as PAH,
PEI, and PAMAM-1 accelerate silica formation under the applied
conditions. In contrast, PVP is able to stabilize enhanced silicic
acid concentrations over longer periods of time (days). In
addition to the previously described55,60,61 polyamine-stabilized
sols consisting of precondensed silica nanoparticles, the observed
stabilization of soluble silicic acid by uncharged polymers may be
of interest for Si transport to and storage within the diatom cell,
which require relatively high Si concentrations over a certain
period of time.

Major conclusions of this study are the following: Macro-
molecules containing amine moieties (PAMAM-1, PAH, PEI)
when added at concentrations corresponding to a ratio between
Si and N atoms of 1:1 enhance the polycondensation of silicic
acid to form amorphous silica. This observation emphasizes the
accelerating influence of charged polyamines upon silicic acid
polycondensation in aqueous solutions. Using 29Si isotope-
labeled metasilicic acid, 29Si NMR spectroscopy was proven to
be a useful tool to study these effects even at relatively low
concentrations. 29Si HR NMR allows Q0 and Q1 groups to be
distinguished in contrast to the silicomolybdate test, which
appears to be more “promiscuous” in that regard.

PVP exerts a silicic acid stabilizing effect, especially at pH 7.
It significantly stabilizes mono- and disilicic acid in contrast to

Figure 12. 1H�29Si 2D HETCOR spectra of the additive-free control (top, left) and a PVP-containing precipitate (top, right) measured with a 10 ms
CP contact time and frequency-switched Lee�Goldburg decoupling during t1 evolution. At the bottom, HETCOR spectra measured at lower contact
times (left, 350 μs; right, 1 ms) for the PVP-containing precipitate are shown. These short contact times were applied to visualize the 1H nuclei closely
located at the 29Si. The two 1H species giving rise to signals at ca. 8 and 12 ppm exhibit the strongest CP transfer to 29Si, indicating their close proximity to
the 29Si nuclei. For the control, these short contact times did not deliver spectra of sufficient quality due to the much lower CP intensity (see Table 1).
The samples were vacuum-dried at 40 �C and transferred into the MAS rotor immediately.
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the aforementioned behavior of the charged additives. This was
established by both 29Si HR NMR spectroscopy and the silico-
molybdate test. In other words, the presence of uncharged,
hydrogen-bond-forming polymers in solution may result in
significantly higher silicic acid concentrations than predicted by
the solubility in pure aqueous solutions.

It is suggested that PVP stabilizes mono- and disilicic acid
through short-lived CdO 3 3 3H—O—Si hydrogen bond com-
plexes. Higher oligomers are immobilized by their interaction
with the PVP polymer. Silica precipitates isolated from PVP-
containing silicification experiments were studied by 29Si MAS
NMR spectroscopy. The effects observed for PVP support the
conclusion that silicic acid polycondensation is slowed by this
uncharged, hydrogen-bond-forming polymer.
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