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ABSTRACT: Mono- and disilicic acids were stabilized by
uncharged polyethylene glycols (PEGs) in silica-supersaturated
solutions (the starting solution contained 500 ppm/8.3 mM
sodium orthosilicate, Na2SiO3·5H2O, expressed as SiO2) at pH = 7,
most likely by hydrogen bonding between the silanol groups and
−CH2−CH2−O−ether moieties. The stabilization was monitored
by measuring molybdate-reactive silica and also by a combination
of liquid- and solid-state 29Si NMR spectroscopy. It depends on
PEG concentration (20−100 ppm) and molecular weight (1550−
20 000 Da). Two narrow 29Si NMR signals characteristic for
monosilicic acid (Q0) and disilicic acid (Q1) can be observed in
29Si NMR spectra of solutions containing PEG 10000 with
intensities distinctly higher than the control, that is, in the absence
of PEG. Silica-containing precipitates are observed in the presence of PEG, in contrast to the gel formed in the absence of PEG.
These precipitates exhibit similar degrees of silica polycondensation as found in the gel as can be seen from the 29Si MAS NMR
spectra. However, the 2D HETCOR spectra show different 1H NMR signal shifts: The signal due to H-bonded SiOH/H2O,
which is found at 6 ppm in the control, is shifted to ∼7 ppm in the PEG-containing precipitate. This indicates the formation of
slightly stronger H-bonds than in the control sample, most likely between PEG and the silica species. The presence of PEG in
these precipitates is unequivocally proven by 13C CP MAS NMR spectroscopy. The 13C signal of PEG significantly shifts and is
much narrower in the precipitates as compared to the pristine PEG, indicating that PEG is embedded into the silica or at least
bound to its surface (or both), and not phase separated. FT-IR spectra corroborate the above arguments. The H-bonding
between silanol and ethereal O perturbs the band positions attributed to vibrations involving the O atom. This work may invoke
an alternative way to envision silica species stabilization (prior to biosilica formation) in diatoms by investigating possible
scenarios of uncharged biomacromolecules playing a role in biosilica synthesis.

■ INTRODUCTION

Silicon is abundant in the Earth’s crust. Several organisms use it
mostly in the form of silica and are thus part of the global Si
cycle.1−3 Si metabolism of such organisms is a remarkable
source of inspiration for bioinorganic and biomimetic
chemistry. One of the most spectacular examples of such silica
biomineralizing organisms are diatoms that are unicellular algae
living in fresh and marine water habitats.4−7 Diatoms
preferentially take up “Si” as monosilicic acid (Si(OH)4)

8,9

via special “Si” transport (SIT) proteins.10−12 Active transport
is necessary because the concentration of silicic acid in natural
waters is low.13−15 The SIT proteins determine “Si” uptake at
low Si(OH)4 concentrations, whereas the uptake is diffusion-
controlled at high Si(OH)4 levels.16,17 However, the intra-
cellular “Si” processing, transport, and transfer into the silica
deposition vesicle (SDV) are rather poorly understood.17−21

Numerous publications report the existence of intracellular “Si”
storage pools in diatoms. “Si” storage pools in diatom cells, if
present, provide “Si” for the production of new valves.22,23 The

reported concentrations up to ca. 300 mM intracellular “Si”
within the storage pool24−28 strongly exceed the solubility of
monosilicic acid (∼ 2 mM/150 ppm, pH < 9).29−31 “Si” species
are assumed to be stabilized via association with “organic
material” such as special proteins, thus forming intracellular
soluble Si(OH)4 pools.

32 Special “Si” transport vesicles (STVs)
were proposed.33 However, no evidence for the presence of “Si”
inside the diatom STVs exists, in contrast to sponges.34 Various
biomacromolecules such as special proteins,35−39 long-chain
polyamines,40,41 and polysaccharides42−44 have been found as
integral parts of the cell wall. These molecules are assumed to
play a role in silica biogenesis.

29Si MAS NMR spectroscopy has been widely used to
characterize siliceous materials45 revealing the different Qn

group species (Qn: Si(OSi)n(OH)4−n, n = 0−4). It could be
applied to study extracted diatom biosilica46,47 as well as intact
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diatom cells after isotope enrichment.48,49 Liquid-state 29Si HR
NMR spectroscopy has previously been used to study silicic
acid polycondensation in vitro50,51 and in diatom cells without
chemical pretreatment.52 The idea of Si(OH)4 stabilization by
“organic material” has meanwhile led to various in vitro
investigations to model the influence of biomolecules found in
diatoms on Si(OH)4 chemistry. 29Si NMR revealed53−55 that
carbohydrate-like molecules can interact in vitro with silicate,
forming stable 5- and 6-coordinated complexes, using Na−
silicate as the Si source. Representative conditions, as stated by
Kinrade et al.,53−55 include pH = 7, 1.2−1.4 mol kg−1 SiO2, 2.9
mol kg−1 NaOH, at 270 K. Polysaccharides have indeed been
found attached to diatom biosilica.42−44

In diatoms, long-chain polyamines are found.40,41 They may
also be covalently attached to lysine residues in proteins, coined
silaffins.35,36 Sumper proposed the presence of so-called
polyamine-stabilized silica sols as silica precursors,56 which
are stable over 24 h. Rapid silica precipitation only occurs in the
presence of appropriate counterions such as phosphate57,58 or
the highly phosphorylated silacidins.37,38

With respect to the type of stabilized “Si” species, two
different possibilities are envisioned: (i) mono- and disilicic
acid (Q0 + Q1); and (ii) higher silicic acid oligomers/silica
nanoparticles (Q2, Q3, Q4). The idea of polyamine-stabilized
silica sols has spurred several in vitro studies on the interaction
of silicic acid with polymeric chains. Polymers such as
poly(vinylamine),59 NH2-terminated polyaminoamide den-
drimers,60−63 phosphonate-grafted chitosan zwitterionic deriv-
atives,31,64 and other amine- (or ammonium)-based synthetic
polymers65 were investigated by the silicomolybdate test
detecting the total amount of soluble species (Q0 + Q1). So
far, in vitro Si(OH)4 stabilization with the “intervention” of
purposely added polymers has led to silicic acid levels up to ∼8
mM. It is, therefore, important to gain further insight into the
interaction between polymers and silicic acid species in solution
at a molecular level, to mimic the extraordinary ability of the
diatom to stabilize extreme levels of uncondensed Si(OH)4.
Our research thus far revealed that polymers possessing
protonated primary, secondary, or tertiary amine groups,
organo-ammonium groups,31,60−65 amide moieties,66 and,
surprisingly, polymer-grafted phosphonium groups,67 can
stabilize Si(OH)4.
Apart from electrostatic interactions, H-bonding is another

important interaction capable of influencing silica forma-
tion.68−70 To eliminate the influence of electrostatic
interactions, the effect of H-bonding should be investigated
using uncharged molecules. An ideal candidate is polyethylene
glycol (PEG). Si(OH)4 is also uncharged under conditions
relevant for our study (circumneutral pH). PEG is well-known
to interact with water and other molecules via H-bonding,71,72

resulting in an increasing viscosity of aqueous PEG solutions as
compared to pure water. Long-chain PEGs exhibit a stronger
influence upon the viscosity than do short-chain PEGs.73−75 It
is reasonable to assume that H-bonding is the most relevant
molecular interaction pathway between PEG and the OH
groups of the mainly undissociated Si(OH)4, whereas hydro-
phobic interactions, another potentially important silica−
organic interaction, can be safely neglected. Even if the
ethylene (−CH2CH2−) moieties in PEG could induce
hydrophobic interactions, these can only be imagined with
other ethylene (−CH2CH2−) moieties of PEG chains, or
maybe colloidal silica. Hydrophobic interactions may, therefore,
be important at later stages of the silica formation as discussed

by Vrieling and co-workers.70 The aim of this study is the
systematic analysis of the influence of six “simple” PEG
polymers of different molecular weight (MW) between 1550−
20 000 Da upon the Si(OH)4 polycondensation process. Two
approaches were followed to study the stabilization effect.
“Short-term” (for 8 h) and “long-term” (for at least 1 and up to
3 days) experiments were implemented to study the
condensation reaction.

■ EXPERIMENTAL SECTION
Definitions and Si Species Nomenclature. Icopini et al.76 state

that “Iler77 and others have argued that the silicomolybdate method
used within the present work (see below) detects different low-weight
silica polymers, including monomeric (H4SiO4), dimeric (H6Si2O7),
and possibly trimeric (H8Si3O10) silica. Comparisons of [SiO2]TD (TD
= total dissolved) and [SiO2]n≤3 indicated that the stock solution at
pH 11 consisted only of molybdate-reactive silica.”

We, henceforth, agree with the definition of Icopini et al. and adopt
the terminology “molybdate-reactive” in this Article. We define
“molybdate-reactive” as the “Si” species that are responsive to the
silicomolybdate test, described in detail below. In accordance with the
above-mentioned definition of Icopini et al., “molybdate-reactive”
includes all three species, monomeric (monosilicic acid, H4SiO4),
dimeric (disilicic acid, H6Si2O7), and possibly trimeric (H8Si3O10)
silica. However, because we did not detect trimeric silica in any of our
experiments (see below), the term “molybdate-reactive” silica refers to
a mixture of monosilicic acid (primarily) and disilicic acid, with the
first being dominant under our experimental conditions.

Reagents, Chemicals, and Materials. Sodium silicate Na2SiO3·
5H2O was purchased from EM Science (Merck). Solid samples of
PEG polymers were commercial samples. PEG 1550, PEG 6000, and
PEG 20000 from SERVA Electrophoresis GmbH (Germany), and
PEG 2000, PEG 10000, and PEG 12000 from Alfa Aesar (U.S.). They
were used as received. Some information about them is given in
Scheme 1.

Ammonium molybdate ((NH4)6Mo7O24·4H2O) and oxalic acid
(H2C2O4·2H2O) were obtained from EM Science (Merck). Sodium
hydroxide (NaOH) was purchased from Merck, and hydrochloric acid
37% was from Riedel de Haen. In-house deionized water from an ion-
exchange resin was used for all experiments. This water was tested for
molybdate-reactive silica and was found to contain negligible amounts.
Acrodisc filters (0.45 μm and occasionally 0.20 μm) from Pall-Gelman
Corp. were used.

Preparation of Supersaturated Sodium Silicate Solutions. A
solution containing silicate (500 ppm as SiO2) was prepared by
dissolving 4.4 g of Na2SiO3·5H2O in 2.5 L of nanopure water (a
nonglass container must be used), followed by overnight rigorous
stirring. This solution contains exclusively molybdate-reactive silica in
agreement with the literature.77,78 Stock solutions of the additives in
water were 1% w/v (10 000 ppm). The following solutions were

Scheme 1. Basic Structure, MWs, and Number of O Atoms
per PEG Polymer Used in This Work
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prepared for the silicate spectrophotometric detection test: (a) 10 g of
ammonium molybdate was dissolved in 100 mL of water, and its pH
was adjusted between 7 and 8 with NaOH to avoid precipitation of
ammonium molybdate. (b) HCl 1 + 1 was prepared by mixing one
volume 37% HCl with equal volume water. (c) 8.75 g of oxalic acid
was dissolved in 100 mL of water. All solutions were kept in
polyethylene containers (glass containers must be avoided to minimize
SiO2 dissolution and silicate leaching into the test solutions).
Silicic Acid Polycondensation Protocol. Silicic Acid Poly-

condensation in the Absence of PEGs (“Control” Protocol). 100 mL
from the 500 ppm sodium silicate stock solution (see above) was
placed in a polyethylene beaker, which was charged with a Teflon-
covered magnetic stirring bar. The pH of this solution was initially
∼11.8 and is subsequently adjusted to 7.00 ± 0.1 by addition of HCl
and NaOH (the change in the resulting volume was about 3% and was
taken into account for subsequent calculations). The beaker was then
covered with plastic membrane and set aside without stirring. The
solutions were checked for molybdate-reactive silica by the
silicomolybdate method every 1 hour for the first 8 hours or after
24, 48, 72 h time intervals after the onset of the pH adjustment to 7.0.
There must be strict time control in measuring molybdate-reactive
silica, to avoid conversion of higher oligomers/colloidal silica to silicic
and disilicic acids. Specifically, after the ammonium molybdate and
HCl solutions were added to a working sample, a period of 10 min has
to pass until the solution of oxalic acid is added to the same sample.
Another 2 min period then has to follow until the final measurement.
All samples (control and in the presence of PEGs) were treated in
precisely the same way. Separate experiments were performed in which
the working solutions were stirred, but no difference in molybdate-
reactive silica levels was found, as compared to the quiescent solutions.
Silicic Acid Polycondensation in the Presence of PEGs. 100

mL portions of the 500 ppm sodium silicate stock solution (see above)
were placed in polyethylene containers and charged with Teflon-
covered magnetic stir bars. In each container, different volumes of
PEG (from the prepared 10 000 ppm stock solutions) were added to
achieve desirable PEG concentration. These ranged from 20−40−60−
80−100 ppm, and the added volumes were 200−400−600−800−1000
μL. After that, the same procedure as the “control” protocol was
followed.
Determination of Molybdate Reactive Silica. Frequently, there

is a misconception about the use of the terms “silica”, silicate”, and
“silicic acid”. In this Article, the term “silica” indicates the product of
silicic acid polycondensation. The term “silicate” indicates all of the
forms of the species Si(OH)4 at various deprotonated states
(Si(OH)4−x

x−, x = 0, 1, 2, 3, 4; 4 indicates that silicic acid is fully
deprotonated), which exist at pH regions >9.79 Note that mono- and
disilicic acid rapidly interconvert, and they both contribute to
molybdate-reactive silica. Molybdate-reactive silica was quantified
using the well-established silicomolybdate spectrophotometric meth-
od. For our studies, we used a modification of (several) published
procedures (for which a precision of ±5% is reported),80−85 as follows:
A quantity of 2 mL aliquot from the working solution is filtered
through a 0.45 μm syringe filter, and then diluted to 25 mL in a special
cylindrical cell (the Hach Co.) of 1 cm path length. Next, 1 mL of
ammonium molybdate stock solution and 0.5 mL of HCl (1:1 dilution
of the concentrated solution) are added to the sample cell, the solution
is mixed well by shaking, and finally left undisturbed for 10 min. After
that, 1 mL of oxalic acid stock solution is added and thoroughly mixed
again. The solution is set aside for 2 min. After the second time period,
the photometer is set to “zero absorbance” using a sample of water
plus all chemicals used for the silicomolybdate test except for silicic
acid (“blank”). Finally, the sample absorbance is measured (at 420
nm) and is expressed as “ppm SiO2”. The detectable concentration
range for this specific protocol is 6−75 ppm. To calculate the
concentration in the original solution, an appropriate dilution factor is
applied.
The silicomolybdate method is based on the principle that

ammonium molybdate reacts only with “reactive” silica (see definitions
above) and any phosphate present at low pH (about 1.2) and yields
heteropoly acids, yellow in color. Oxalic acid is added to destroy the

molybdophosphoric acid (in case phosphate is present in the water),
leaving the silicomolybdate complex intact, and thus eliminating any
color interference from phosphates. It should be emphasized that
molybdate reacts only with the monomeric, dimeric, and possibly
trimeric forms as stated above, but is totally unreactive to colloidal
silica particles, if the measurements are performed with strict time
control (see above). This was verified experimentally in our laboratory.
Within the strict time control of the above-described measurements,
only mono- and disilicic acids are reactive.

Reagents, Materials, and Procedures for NMR Studies.
Materials for NMR Studies. All reagents used in this work were
purchased from commercial sources. The 29Si-enriched samples were
prepared using 96.74% 29Si-enriched sodium metasilicate (Na2

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

29SiO3 in a solid-state
reaction. For the samples studied by NMR, the total amount of
molybdate-reactive silica was determined by the silicomolybdate test
(molybdenum blue method, in this case) following our protocol
previously described in detail.66

Sample Preparation for 29Si HR NMR and MAS NMR.
Following the protocol described previously,66 we have prepared
stock solutions of 6030 ppm 29SiO2 and 600 ppm

29SiO2 for solid-state
MAS NMR and HR NMR, respectively. For the control samples,
nanopure water was added to the stock solution, thus giving the
desired starting concentration of 29SiO2 (500 ppm for HR NMR, 4200
ppm for solid-state MAS NMR). The pH was adjusted with a 2.4 M
HCl stock solution to 7.0 ± 0.1. The additive-containing samples were
also prepared from the aforementioned stock solutions. Additive-
containing stock solutions + nanopure water were admixed to give the
desired concentrations of additive and SiO2. Titration to the desired
pH was again performed with 2.4 M HCl solution. 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 MAS NMR.

29Si and 13C 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 mm HR probe was used (56° flip
angle, 60 s repetition time, typical T1 values for samples in solution
were 8−13 s). Waltz16 1H-decoupling was applied during signal
acquisition. The chemical shift was referenced relative to TMS, and the
quantitative measurements were calibrated using a 4200 ppm sodium
metasilicate solution at pH > 11 as an external standard. 29Si MAS
NMR measurements were carried out on commercial double
resonance 4 and 2.5 mm MAS NMR probes. SPINAL64 1H-
decoupling was applied during signal acquisition. 13C CP MAS
NMR spectra were acquired at 201.19 MHz using ramped 1H−13C
cross-polarization (CP) on a Bruker Avance 800 spectrometer.

■ RESULTS AND DISCUSSION
First, we have investigated the influence of the PEG polymer
chain length and concentration. In the absence of PEG
polymers, 188 ppm of molybdate-reactive silica (38% of the
initial amount) is quantified after 8 h (Figure 1). PEG 1550
(i.e., PEG with a MW of 1550) at 80 ppm induces stabilization,
resulting in 243 ppm molybdate-reactive silica (49% of the
initial amount).
Further MW increase (PEG 2000) causes an increasing

stabilization resulting in 287 ppm molybdate-reactive silica, that
is, an additional 44 ppm as compared to PEG 1550. There
seems to be an upward trend in stabilization with MW increase.
However, the stabilization activity is indistinguishable above 10
000 Da (for all 8-h results, see Supporting Information Figure
S-1). About 360−370 ppm molybdate-reactive silica is then
observed for all PEGs with MW ≥ 10 000.
Figure 2 displays silicic acid levels in the presence of various

PEGs after 24 h. In these “long-term” experiments, the
dependence of stabilization on MW is clearly evident. For

Journal of the American Chemical Society Article

dx.doi.org/10.1021/ja411822s | J. Am. Chem. Soc. 2014, 136, 4236−42444238



example, PEG 20000 is capable of stabilizing 367 ppm
molybdate-reactive silica (73% of the initial amount) after 24
h (for the entire set of 3-day results, see Supporting
Information Figure S-2). It is notable that the amount of
stabilized molybdate-reactive silica levels off at a certain PEG
concentration. This indicates that the effect cannot simply be
due to increasing solution viscosity. Increasing PEG concen-
tration will lead to a steadily increasing viscosity. This, in turn,
slows diffusion of Si(OH)4, leading to a lower probability for
collisions between Si(OH)4 molecules. If viscosity-limited
diffusion would be the only effect, an increasing PEG
concentration should result in steadily decreasing polyconden-
sation rates, in contrast to the observed behavior.
Significant stabilization of molybdate-reactive silica could also

be monitored with liquid-state 29Si NMR at pH 7, Figures 3 and
4 in combination with the molybdenum blue test (see Table 1
and Supporting Information Figure S-3).
Figure 3 displays the 29Si NMR spectra of two samples

containing an initial silicic acid concentration of 500 ppm
without (control) and with 40 ppm PEG 10000 at pH 7
measured after 2 days reaction time. Two narrow 29Si NMR

signals characteristic for monosilicic acid (Q0) and disilicic acid
(Q1) can be observed. Because the spectra were measured
under identical conditions, the signal intensities observed in the
spectra of Figure 3 can be directly compared and, furthermore,
be used to measure absolute values for concentrations by
comparing the intensities, that is, signal areas, with that of a
reference sample. The sum of the signal intensities of these two
species represents the molybdate-reactive silica present in the
sample. First, it is obvious that both signals, Q0 and Q1, are
more intense in the PEG 10000-containing sample than in the
control. The resulting concentrations are given in Table 1.
Obviously, the presence of 40 ppm PEG 10000 results in

significant stabilization of both species, Q0 and Q1. Note that
the total Si concentrations (Q0 + Q1) determined by 29Si NMR
agree well with the concentrations measured by the
molybdenum blue test within the experimental error of ∼10%
for the NMR data. This means the presence of PEG clearly
results in a “supersaturated” solution, thus confirming the
above-described results of the silicomolybdate test (see Figures
1 and 2). Furthermore, it is remarkable that the signals in the
PEG-containing samples remain narrow. This, in turn, means

Figure 1. Stabilization of molybdate-reactive silica by PEG polymers
during the first 8 h of the condensation reaction. All polymer
concentrations are 80 ppm (pH 7.0).

Figure 2. Stabilization of molybdate-reactive silica with PEG polymers
(after 24 h, pH 7.0). The red dotted line represents the level of
molybdate-reactive silica in the absence of PEGs and is added to guide
the eye. The bars have been drawn at a gradually darker scale to
denote increase in PEG MW.

Figure 3. Liquid-state 29Si NMR spectra of a solution containing
Na2

29SiO3 (500 ppm as SiO2) without PEG addition (control) and
with 40 ppm (4 μM) of PEG 10000 (as indicated), measured 2 days
after preparation at pH 7.0. Characteristic literature values for the
isotropic chemical shifts of Q2, Q3, and Q4 in silica gel86 are indicated.

Figure 4. Liquid-state 29Si NMR spectra of a solution containing 500
ppm SiO2 and various concentrations of PEG 10000 (as indicated) 2
days after preparation at pH 7.0. The spectral region characteristic for
Q0 and Q1 is shown, which gives rise to well-resolved lines in contrast
to higher oligomers in the form of colloidal silica66 (cf., also Figure 3
and Supporting Information Figure S-4).

Table 1. Concentrations of Q0 and Q1 Species Determined
by 29Si NMR and the Silicomolybdate (Molybdenum Blue)
Test Measured 2 days after Preparation

Si species (ppm)
29Si NMR

sample Q0 Q1 Q0+Q1
molybdate-reactive

silica

control 199 15 214 184
PEG 10000 (40 ppm, 4 μM) 345 56 401 374
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that mono- and disilicic acids contributing to the denoted
signals in the spectra obviously remain very mobile, as revealed
by the narrow line width. This further shows that the proposed
hydrogen-bonding interactions can only lead to short-lived
PEG−silicic acid “complexes” in rapid exchange with the free
state of mono- and disilicic acids.
Inspection of Figure 3, furthermore, shows that the signals of

higher oligomers (Q2, Q3, and Q4) in colloidal silica are not
detected. Note that the “background signal” caused by the
NMR probe and the sample tube has been subtracted from the
spectra shown in Figure 3 as described in the Supporting
Information (Figure S-4). The absence of the signals due to
higher oligomers is explained by the fact that these signals are
strongly broadened and would only become visible at much
higher Si concentrations as already described in detail
previously.66 Line-broadening is caused by an increasing degree
of immobilization, which accompanies the oligomerization/
polymerization process. Moreover, sedimentation and precip-
itation of heavier aggregates result in their “disappearance”
from the active receiver coil volume in the NMR probe.
The influence of the concentration of PEG 10000 upon the

observed supersaturation effect was also studied by liquid-state
29Si NMR spectroscopy, Figure 4. Both Q0 and Q1 are stabilized
by PEG 10000 at all studied concentrations (40−320 ppm). At
500 ppm SiO2, a concentration of 40 ppm PEG 10000 (4.0
μM) is already sufficient to obtain the full effect. Higher PEG
concentrations do not provide further enhancement.
Formation of silica-containing precipitates is observed in the

presence of PEG polymers, in contrast to the gel formed in the
absence of PEGs. These precipitates exhibit degrees of silica
polycondensation similar to those found in the “control” gel as
can be seen from the 29Si MAS NMR spectra (Supporting
Information, Figure S-5). However, the 2D HETCOR spectra
(Supporting Information, Figure S-6) show different 1H NMR
signal shifts. The signal due to H-bonded SiOH/H2O is found
at 6 ppm in precipitates from the “control” solution. This signal
is shifted to ca. 7 ppm in the PEG-containing precipitate.
Moreover, the relative contribution of the H-bonded species to
the total CP intensity is larger in the PEG-containing
precipitate as compared to the PEG-free control. This
indicates87 the formation of slightly stronger H-bonds than in
the “control” solid sample, most likely between PEG and the
silica species/particles. The presence of PEG in these
precipitates is unequivocally proven by 13C CP MAS NMR
spectroscopy of the precipitates (Supporting Information,
Figure S-7). Note that the 13C signal of PEG significantly
shifts and is much narrower in the precipitates as compared to
the pristine PEG, indicating that PEG molecules are embedded
into the silica or at least bound to its surface (or both), and not
phase separated. FT-IR spectra provide further corroborative
proof for the interaction of precipitated silica particles and
PEG. H-bonding between silanol and ethereal O (−CH2−
CH2−O−) should perturb the band positions attributed to
vibrations involving the O atom. The FT-IR spectra of PEG
10000 (Supporting Information, Figures S-8−S-11) show
intense peaks assigned to C−O-related vibrations at 1148
cm−1 (C−O stretch) and 1093 cm−1 (C−O−C stretch). The
former splits into two bands at 1152 and 1145 cm−1, and the
latter shifts to 1089 cm−1. Such shifts have been attributed to
silica−PEG H-bonding interactions88 corroborating the pro-
posed presence of PEG−silica hydrogen bonding. The silica−
PEG precipitates are amorphous, with the PEG molecules

showing no long-range order as evidenced by X-ray powder
diffraction (see Supporting Information, Figure S-26).
Amorphous silica precipitates were collected in the presence

of PEGs after 8 h and 3 days, and studied by SEM, Figure 5

(see Figure S-27 in the Supporting Information for all SEM
images). A general observation is the tendency for particle
aggregation upon prolonged Si(OH)4 exposure to PEG.
Second, silica particles seem to possess the common spherical
morphology. Finally, with increasing PEG MW, and hence
chain elongation, there is a decrease in particle size and more
pronounced aggregation, obviously due to PEG association
with the silica particles as corroborated by the NMR and FT-IR
results. A systematic enhancement of aggregation upon PEG
chain length increase was also observed by Vong et al.89

Figure 6 shows a magnification of silica spherical particles
isolated in the presence of PEG 20000 after 24 h. It appears

that the surface of the particles is rough, an indication that even
these “larger” particles are not the primary ones, but are rather
dense aggregates of much smaller (<5 nm) primary particles,
such as the ones indicated in Figure 6. PEG-induced silica
particle aggregation has been reported by Killmann and

Figure 5. Selected SEM images of silica precipitates (formed at pH
7.0) in the presence of PEG 10000. The “control” images were taken
on a dried gel sample.

Figure 6. SEM image (magnification) of silica precipitates (formed at
pH 7.0) in the presence of PEG 20000. Primary particles are indicated
with circles.
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Winter90 for PEGs of MW > 600 and by Rubio and Kitchener91

for polyethylene oxides with MWs of millions.
Interactions of PEG or PEG-containing polymers with silica

particles have been reported previously. Kind et al. have
invoked the presence of PEG in di- or tri-block polyethylenei-
mine/PEG polymers and its ability to form H-bonds with the
surface silanols as a contribution to silica colloidal stability.92

Another study suggested that PEG 400 formed helical
structures on fumed silica surfaces.93 Parida et al. showed that
partial PEG adsorption on silica, with a portion of the polymer
protruding into the solution, is possible.94 Other moieties
grafted on polymers have also been reported to form H-bonds
with silanols. Annenkov and co-workers have reported such
interactions for the imidazole group on 1-vinylimidazole−
acrylate copolymers59 and for poly(1-vinylimidazole).95,96

Similar observations were noted for benzimidazole-based
polymers.97

The results described herein leave little doubt that the major
mechanism for mono- and disilicic acid stabilization is H-
bonding between silanol groups (H-donor) and the polyether
O’s (H-acceptor). A short discussion on silica−PEG hydrogen-
bonding interactions is warranted at this point. Because of the
pronounced instability of monosilicic acid (and disilicic acid as
well), it is difficult to directly study its hydrogen-bonding
behavior, especially in aqueous solutions. This is reflected by
the total lack of corresponding literature. Such polyether−silicic
acid hydrogen-bonding interactions are short-lived and undergo
rapid exchange processes, which makes them hardly accessible
by experimental techniques.
However, several researchers have studied organosilane

molecules that possess one (or more) silanol (−Si−OH)
groups. We mention some representative examples here. X-ray
crystallographic analysis revealed that (tBuMe2Si)3SiOH forms
a dimeric structure with hydrogen bonding between the silanol
groups.98 A review provides a section on hydrogen bonding of
silanol-containing molecules.99 The authors cite a variety of
references describing the hydrogen-bonding behavior of silanols
(in organosilane molecules) by FT-IR, including crystallo-
graphic proof for the existence of hydrogen bonds involving the
silanol group. Another paper presented theoretical and FT-IR
investigations on the hydrogen bonds between silanols and
ethers or ketones such as dimethyl ether, diethyl ether,
tetrahydrofuran, etc.100

However, our main concern was to locate publications that
offer appropriate information on hydrogen bonds between the
silanol group and polyether oxygen atoms (ideally from PEG-
like molecules). All available literature concerns such H-
bonding interactions in the solid state (studied by appropriate
solid-state techniques). Papisov et al.101,102 described precip-
itates formed by silicic acid in benzene solutions in the presence
of poly(ethylene glycol) as a macromolecular matrix using
tetra(acetoxysilane) as the “Si” source. On the basis of the
provided experimental data, the authors propose two hydrogen-
bonding schemes, inter- and intrachain, between the silanol
groups and the PEG ethereal oxygens. Other authors have
studied the ability of PEG polymers to form H-bonds with
water proving the ability of PEGs to form such H-bonds.103

Vong et al.89 prepared and characterized PEG-modified silica
gels prepared from tetraethyl orthosilicate (TEOS). The
presence of PEG−silica hydrogen bonds was suggested. Koksal
et al.104 used polyethylene oxides (PEGs of high molecular
weight) to flocculate sodium Kaolinite (an aluminosilicate) and
suggested hydrogen bonding between PEG ethereal oxygens

and surface hydroxyl groups as being responsible for the
flocculation activity. Silica−PEG sonogels were prepared via the
sol−gel route starting with TEOS.105 Hydrogen bonding was
invoked after hydrolysis of TEOS. Direct measurements were
made to quantify the molecular forces between streptavidin and
lipid bilayers displaying grafted PEG 2000.106 These measure-
ments provided direct evidence for the formation of relatively
strong attractive forces between PEG and the protein. These
forces were assigned to the ability of PEG to form hydrogen
bonds. Although this Article is not related to PEG−silanol
hydrogen bonding, it provides experimental proof that PEG is
able to form strong hydrogen bonds with appropriate H-
donors. Kuraoka et al.107 utilized PEG to form silica−PEG
hybrid composites using TEOS as the Si source. PEG−silica
hydrogen bonding was proposed as the main reason for the
formation of these composites. FT-IR evidence was provided.
Rubio and Kichener91 have discussed that the study of
ethyleneoxide−silica hydrogen bonding by FT-IR spectroscopy
in the aqueous state is very difficult. Therefore, PEO−silica
precipitates (PEO = polyethylene oxide) were studied instead,
and proof for hydrogen bonding was given for the solid
materials. Malmsten et al.108 studied the adsorption of
polyethylene and polypropylene oxide (EO/PO) block
copolymers on silica and suggested the existence of hydrogen
bonds. The capability of PEGs to form hydrogen bonds with
the silica surface was also proposed in another report.109

Detailed considerations concerning the adsorption of organic
molecules on silica surfaces are summarized in a recent review
article.110 Strong PEG−silica interactions allowed the prepara-
tion of PEG−silica hybrids starting from sodium silicate.111

Band shifts observed in the FT-IR spectra were interpreted as
proof for these interactions. This is in line with the NMR and
FT-IR investigations carried out on our PEG−silica precipitates
(see above). In summary, there is sufficient convincing
experimental proof for the presence of hydrogen bonding
between silanol groups and PEG-like molecules, at least in the
solid state.
Iler described an interesting method to quantify the

hydrogen-bond formation ability of certain polar organic
molecules (alcohols, ketones, amides, amines, carboxylic acids,
and, importantly, PEGs).77,112,113 Briefly, the methodology is
based on the ability of these molecules, coined “hydrogen-
bonding agents”, to inhibit the precipitation of polysilicic acid
with gelatin, by forming hydrogen bonds with polysilicic acid. A
group of short-chain PEGs was tested (with 1, 2, 3, 5, and 8
ether moieties) against a “standard” (dimethoxytetraethylene
glycol). Iler came up with certain values for the “molar
effectiveness” and “effectiveness per ether group”. The latter are
shown in the inset of Figure 7. We used these values to
construct a simple mathematical equation:

= + + =y x x R0.2126 0.0797 14.538 ( 0.999)2 2

that relates “effectiveness per ether group” of our tested PEGs
with the number of ether groups (or ethylene units) per PEG
chain. The calculated “effectiveness per ether group” is plotted
in Figure 7. The idea proposed by Iler is that the effectiveness
of ether moieties in hydrogen bonding is not additive. When
connected to each other in a single polymer chain, their ability
to form hydrogen bonds exponentially increases with the
number of ethylene oxide units. Hence, PEG 20000 has roughly
10 times more ethylene oxide units than does PEG 2000, but it
is ∼100 times more effective in hydrogen bonding.
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To shed further light onto the stabilization mechanism, the
following discussion is put forth. We will discuss PEG 10000,
referring to Figure 1, but a similar analysis can be worked out
for each PEG (the full analysis can be found in the Supporting
Information, Figures S-12−S-25). We will only include silicic
acid in this discussion, to keep the analysis simple. In other
words, we will assume that all of the molybdate-reactive silica
consists of monosilicic acid, exclusively. Each O atom of the
PEG backbone can (theoretically) form a maximum of two H-
bonds. In other words, each PEG 10000 molecule (containing
227 O atoms) can stabilize a maximum number of 454
molecules of Si(OH)4. By considering that 60 ppm (6 μM) of
PEG 10000 stabilizes 177 ppm molybdate-reactive silica (370−
193 = 177 ppm or 2.94 mM silicic acid above the “control”
level) after 8 h, the molar ratio of Si:PEG is 490. This
corresponds to virtually 100% loading of the PEG 10000 with
Si(OH)4 molecules, while the PEG fully utilizes all of its O’s to
stabilize Si(OH)4 at that concentration. By repeating the
analysis for other PEGs at various concentrations, % loadings
can be obtained for each experiment (see Supporting
Information, Figures S-12−S-25). On the basis of this analysis,
Figure 8 shows the dependence of Si:O ratio on PEG 10000

concentration. The maximum value of the Si:O ratio should not
exceed the theoretical maximum of 2 in agreement with our
observations.
Finally, Figure 9 shows the dependence of molybdate-

reactive silica on PEG MW at constant PEG mass content in
solution (100 ppm). The implication is significant. Solutions
containing the same PEG mass (100 ppm) exhibit substantially

different stabilization activity, with the higher MWs being more
effective. This is a strong indication that structural features of
the PEG backbone, such as the number of repeating
−CH2CH2O− units connected in the same polymer chain,
are profoundly important. The results of Figure 8, importantly,
confirm that the increase of solution viscosity (if any) is not the
primary mechanism of Si(OH)4 stabilization. In the case of a
pure viscosity effect, the amount of molybdate-reactive silica
should not level off beyond MW 10000 because the viscosity
increases with the polymer chain length.

■ CONCLUSION
In summary, our present work provides the first evidence that
polycondensation of Si(OH)4 is substantially retarded by
uncharged macromolecules possessing ether moieties as
interaction sites. Monosilicic and disilicic acids stabilization is
profoundly dependent on PEG chain-length (and hence MW)
and concentration. SEM also provides evidence of PEGs
affecting silica particle morphology and aggregation. Finally, our
work may spark alternative ways to envision “Si” stabilization
(prior to biosilica formation) in diatoms and other organisms,
by invoking possible roles of uncharged moieties among the
rapidly growing family of biomacromolecules known to be
important for biosilica synthesis.35−44,114−118
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(34) Schröder, H. C.; Natalio, F.; Shukoor, I.; Tremel, W.;
Schloßmacher, U.; Wang, X.; Müller, W. E. G. J. Struct. Biol. 2007,
159, 325.
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