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Monodisperse colloidal silica spheres with radii in the range 10-500 nm were prepared by hydrolysis and condensation of
tetraethoxysilane (TES) in a mixture of water, ammonia and a lower alcohol at several temperatures. It was attempted to
establish a relation between the morphology and the chemical microstructure of the particle. Particle morphologies were
examined with transmission electron microscopy and static and dynamic light scattering. The microstructure of the spheres
was studied with quantitative direct excitation #°Si nuclear magnetic resonance (NMR) spectroscopy and a combination of
qualitative cross-polarization '3C NMR and elemental analysis. A comparison was made between these particles and
particles prepared from TES in an ammonia /water in cyclohexane microemulsion and also with Ludox © silica particles. The
siloxane microstructure was found to show almost no variation as a function of concentration of reagents, catalyst, co-solvent
and temperature. Around 65% of the silicon nuclei was bonded through siloxane bonds with four other silicons,
approximately 30% was bondéd with three other silicons and a few percent with only two. It was shown that under most
experimental conditions several percent of the ethoxy groups never leave the TES molecule and end up inside the silica. The
Ludox particles were found to consist of a more condensed silicon structure as compared with particles synthesized in
alcohol, ammonia, water mixtures, whereas the spheres prepared in the microemulsion were less condensed and contained
more alkoxy groups. The differences in particle morphologies — ranging from irregularly shaped rough particles to perfect,
smooth spheres — are not caused by differences in siloxane and ethoxy microstructure. It is proposed instead, that a smooth
and spherical particle shape is the result of the growth by monomers or small oligomers, and that a rough, irregular shape is
the result of growth by larger silicon structures.

1. Introduction surface roughness) and chemical structure and
composition of the particle are important factors
in these scattering experiments: light scattering is
a result of the difference in refractive index of
the particle and the solvent, X-ray scattering re-
sults from differences in electron density and
neutron scattering results from differences in ele-
mental density.

Another important factor that one wishes to

Application of monodisperse silica spheres is
of interest in many fields, including ceramics,
glass preparation, catalysis, chromatography and
colloids. Our interest in these particles stems
from their use in physico-chemical studies of col-
loidal model systems. In many of these studies,
use is being made of scattering techniques, such

as light scattering, X-ray scattering and neutron
scattering. The particle morphology (shape and
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control in studies of the properties of concen-
trated colloidal suspensions is the particle—par-
ticle interaction and the type of solvent in which
the particles can be dispersed. For instance, the
coverage of the hydrophilic silica spheres with a
covalently attached layer of n-octadecanol (stearyl
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alcohol) makes it possible to disperse the parti-
cles in apolar solvents such as cyclohexane [1,2].
Silane coupling agents provide new ways to mod-
ify the distance at which two particles start to
interact [3].

A simple method to prepare monodisperse
silica spheres, with radii ranging from 10 nm to a
few wm, was reported by Stéber, Fink and Bohn
(hereafter referred to as the Stober method [4]).
In their method, silica particles are formed
through hydrolysis and condensation of a silicon
alkoxide (tetrathoxysilane, TES, in this paper) in
a mixture of water, ammonia and a lower alcohol
(mostly ethanol, but in this paper methanol and
propanol are used as well). The alcohol acts as a
cosolvent for TES, which itself does not dissolve
in water; the ammonia catalyzes both hydrolysis
and condensation and provides the silica particles
with a negative, stabilizing charge. Many people
have prepared silica following Stéber’s method
and several studies have been performed to iden-

tify the factors that determine the final size and:

polydispersity of the particles [1,4-6]. However,
these studies have produced only empirical rela-
tions.

It is only recently that several groups have
tried to resolve the mechanisms behind particle
formation and growth [7-12]. A generally ac-
cepted scheme has not yet emerged. To illustrate
some of the apparent differences: Matsoukas and
Gulari model the whole particle formation and
growth process through a set of kinetic equations
[9,10]. Nucleation is described as the condensa-
tion of two monomers. Subsequent growth is
modeled as a monomer addition in which the
active monomers are released through a rate lim-
iting hydrolysis step. On the other hand, Bogush
and Zukoski [7,8] model particle formation and
growth as a controlled aggregation of small sub-
particles that are continuously being formed
throughout the entire process. At the beginning,
all the particles form aggregates; this continues
until the charge of the aggregates becomes so
high that collisions between the larger ones can-
not take place any more. These stable particles
(aggregates) continue to grow and become
monodisperse by aggregation with smaller sub-
particles that are still being produced during the

growth. Bogush and Zukoski assume that not
hydrolysis, but the condensation reactions are
rate-limiting.

The main purpose of this work is to investigate
in detail the relation between the particle mi-
crostructure and the particle morphology and to
see to what extent the chemical microstructure is
changed by the factors that influence the Stober
process. The kinetics and details of the growth
mechanism are described elsewhere [12]. Factors
that are of importance to the final particle size,
polydispersity, shape and surface roughness are
the temperature and the concentrations of all the
substances in the reaction medium. Stéber et al.
remarked that ammonia influenced the morphol-
ogy of the particles [4]. Others also reported on a
granular rough surface and less spherical shape
for smaller particles as compared with larger par-
ticles (= 70 nm) [3,5,13,14]. 1t is also known from
elemental analysis that silica particles prepared
with StGéber’s method still contain carbon and
have a lower density and refractive index than
amorphous silica [1,15]. The final sizes of the
particles investigated by us cover the entire col-
loidal range and the particles are prepared with
concentrations of reactants and solvents that are
typically used in the preparation of dispersions of
model colloids [1,4,6].

Particle radii were determined by static and
dynamic light scattering, whereas additional in-
formation on the morphology was obtained with
transmission electron microscopy. C and *Si
solid-state nuclear magnetic resonance (NMR)
have provided quantitative information on the
microstructure of pure silica and composite struc-
tures [16—22]. Only particles at the end of the
reactions were characterized.

In order to bring the results into perspective, a
comparison is made with a commercial colloidal
silica, Ludox®, made by an inorganic route [23],
and with a system prepared in a water in oil
microemulsion [24,25]. The synthesis of silica par-
ticles in a microemulsion is a recent development
and is reproduced here because of the resem-
blance to the Stober method. The ammonia/
water in cyclohexane microemulsion is formed
with a non-ionic surfactant and TES is dissolved
in the cyclohexane. With this system, small (< 20
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nm radius) particles can be prepared with a stan-
dard deviation in size of only a few percent.

In the next section, the chemistry of the base-
catalyzed Stéber method is described and mecha-
nistic details are given that might explain differ-
ences in the chemical structure of the particles.
Also a brief background necessary to evaluate the
NMR results is presented.

2. Theoretical background
2.1. Possible reactions

Alkoxysilanes in a mixture of water, ammonia,
and an alcohol may undergo many different reac-
tions. In short, these reactions can be repre-
sented as follows (other reactions not represented
by egs. (1) and (2) are assumed not to take place
and only base-catalysis is considered in the fol-
lowing):

|
—?i—OR +HOR'

|
PR —?%—OR’+HOR, (1)

| |
—?i—OR + HO—?i—

|
fr— —?I_O—?l_ + HOR. (2)

R and R’ stand for a hydrogen atom or an alkyl
group (here methyl, ethyl or propyl). The oxygen
atoms bonded to silicon that are not depicted are
part of a silanol group, an alkoxy group or a
siloxane bond with another silicon atom.

The reactions given in eq. (1) constitute ester
exchange (eg., the exchange between an ethoxy
and propoxy group), hydrolysis and their rever-
sals. It is generally believed that in the base-cata-
lyzed case these reactions proceed through a nu-
cleophilic attack on the silicon atom, resulting in
a pentacoordinate transition state (Syn2 mecha-

nism [26-29)). Since no reaction or growth kinet-
ics are investigated in the present paper, the
effect of several reaction conditions will be de-
scribed only qualitatively. Quantitative results can
be found in the literature {11,28,29].

In hydrolysis, OH™ is the acting nucleophile:
an increase in the concentration of this catalyst
will increase the reaction rate. Thus, the rate will
be increased by increasing the concentration of
NH; and/or H,O. Faster rates can also be ob-
tained at higher temperatures. The role of the
co-solvent is complex [11]. The nature of the
groups bonded to the central silicon atom and of
the leaving group also play their role in the
resulting reaction rate. An increase of the posi-
tive charge on the silicon atom through electron
withdrawing groups will facilitate the attack of
the nucleophile. Therefore, the subsequent hy-
drolysis. of the four alkoxy groups from a te-
traalkoxysilane proceeds faster the more alkoxy
groups are already removed. This increase in rate
is caused by the increasing positive charge on the
silicon atom and the decreasing steric hindrance
of the alkoxy groups.

The leaving group has to take with it the
negative charge of the transition state. It is there-
fore not surprising that the rate is increased if the
leaving group has a better mechanism to accom-
modate this charge. A decrease in pK, of the
leaving groups results in an increase in reaction
rate [26,27].

The condensation reactions (2) also take place
through a base-catalyzed nucleophilic attack, re-
sulting in a pentavalent transition complex.
Therefore, the influence on the reaction rate of
[H,O], [NH,] and the alcohol used is almost the
same as for the hydrolysis [23,26,27]. The abso-
lute rate of siloxane bond formation, however, is
generally much higher than that of hydrolysis
reactions of the alkoxide [30]. Possible reasons
are: most silanol groups deprotonate easier than
water, and tetrahydroxysilane bears a more posi-
tive charge on its silicon atom than the te-
traalkoxide and possesses a better leaving group.

The attacking nucleophile for the condensa-
tion reactions is a deprotonated silanol group.
The acidity of a silanol group strongly increases if
the silicon atom to which it is bonded is linked
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through siloxane bonds with other silicon atoms.
Therefore, monomers react preferentially with
higher polymerized species [23]. This reaction
explains why only very high condensed species
and monomers, and almost no products in be-
tween these extremes, are detected during base-
catalyzed condensation of alkoxysilanes [30].

Under certain conditions, for instance high
[TES] and /or low water concentrations, the reac-
tion between partially hydrolyzed species must
also be considered. In this case, the condensation
and hydrolysis reactions can occur in one step:
after attack of a silanolate ion, the transition
state can subsequently lose an alkoxy group.
Alkoxy groups that end up on a highly condensed
unit are then much more difficult to hydrolyze
because of steric effects [27].

2.2 3C, 2°Si solid-state nuclear magnetic reso-
nance (NMR) spectroscopy

Solid-state NMR spectroscopy is a powerful
method to characterize the chemical structure of
substances that can be prepared from alkoxysi-
lanes [31]. In the solid state, the line width is
increased owing to dipole—dipole interactions and
the anisotropy of the chemical shift tensor.
Magic-angle spinning (MAS) and high-power de-
coupling make it possible to obtain high-resolu-
tion spectra. These techniques perform the aver-
aging of the dipolar interactions and chemical
shift anisotropy that is accomplished in a liquid
by the rapid motions of the molecules in solution
(with respect to the magnetic field).

By manipulation of the spins in the rotating
frame, the transfer of magnetization from 'H
nuclei to *C or ?°Si nuclei becomes possible [32].
This transfer of magnetization, mainly through
dipolar interactions, is called cross-polarization
(CP), and leads to an increased signal intensity.
Contrary to direct excitation of *Cu and ¥Si
nuclei, the necessary delay between acquisitions
is now determined by the relatively short spin—
lattice relaxation time, T,,, of the protons and
not by the long relaxation time, T, and T\g;, of
the 13C or #Si nuclei, which is a further advan-
tage of CP. Because dipole—dipole interactions
decay with the third power of the distance, only

those nuclei in the proximity of protons are de-
tected. For surface-coated silica with a core con-
sisting of pure SiO,, this would mean a selective
detection of only those nuclei close to the surface
where silanol groups and other proton-containing
species (water, ethoxy groups) are present.

Through siloxane bonds, a silicon atom can be
bonded to a maximum of four other silicon nu-
clei. The number of siloxane bonds is designated
by the number in the notation: Q*, Q> or Q>
The Q stands for quaternary, that is, having the
ability to form four siloxane bonds. This repre-
sentation originates from the old silicone polymer
chemistry [33]. It is easy to differentiate between
Q4 Q3 and Q? silicons, because the chemical
shifts lie approximately 10 ppm apart (Q* at
—110 ppm, Q* at —100 ppm, etc.). Unfortu-
nately, the differences in chemical shifts that are
caused by the exchange of a silanol group by an
ethoxy group are too small to be detected in a
solid-state 2°Si spectrum (see ref. [20] for a litera-
ture survey of the chemical shift values of Q
silicons).

Maciel and co-workers showed that surface Q
species of silica gels could be determined, quanti-
tatively, by ?°Si MAS-CP NMR [16-18]. To ob-
tain these quantitative results, however, it was
necessary to determine Ty _g; and T, for all the
different Q species.

As was stated above, CP is a selective method
to excite nuclei. Q* silicons far away from pro-
tons are not detected with CP. It was, therefore,
argued by Fyfe et al., not to use CP excitation but
direct pulse excitation of the #°Si nuclei to obtain
quantitative results on all the silicon nuclei [19].
The delay between two pulses is now determined
by the T,y of the different silicon nuclei and
these relaxation parameters have to be measured
first. Fyfe et al. further demonstrated with mate-
rials, similar to those described in the present
paper (not fully condensed silica gels), that MAS
alone was sufficient to remove the relatively small
dipolar interactions and chemical shift anisotropy.

In a recent paper on the use of 2Si MAS-NMR
to obtain quantitative information about the
siloxane structure of silica gels, Pfleiderer et al.
compared the results obtained by direct pulse
excitation and CP excitation [22]. They concluded
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that in most cases CP excitation can provide
reliable quantitative results, except for cases
where dependable relative intensities including
bulk Q* #Si are required.

As far as we know only Badley et al. [15]
reported quantitative 2°Si results for only one
batch of ‘Stéber’ silica particles.

Just as the #°Si chemical shift for a Q species is
altered very little by the exchange of a silanol
group with an ethoxy group, the *C chemical
shift of the carbon next to oxygen is also hardly
changed if an ethanol group becomes bonded as
an ethoxy group to a silicon atom [18]. In order to
still be able to tell if ethoxy groups detected with
CP 3C NMR were bonded to silicon or not,
particle synthesis was also performed in methanol
and n-propanol.

3. Materials and methods

Alcosols, i.e., silica particles as dispersed in
their reaction medium, are referred to in this
paper as A x, with x being a numeral. The A was
replaced by a P or a M if the alcohol used was
not ethanol but n-propanol or methanol respec-
tively. Silica spheres coated with stearyl alcohol
(n-octadecanol) are designated AxS.

Some of the results described here have been
presented elsewhere [3]; the same particle coding
will be used in the present paper. Also, some of
the silica particles studied in this work have been
used in earlier studies. To be able to recognize
the systems, some translation is necessary. A3S is
used in many investigations as SJ9 [34,35]. SM2,
known here as Al, is described by Penders [36].

3.1. Materials and particle synthesis

Methanol (Baker), ethanol (Merck), n-pro-
panol (Baker) and cyclohexane (Baker) were of
analytical reagent quality. Only for the large scale
(9 1) synthesis of system Al (see table 1), absolute
technical grade ethanol (Nedalco) was used. The
alcohols and tetrathoxysilane (Fluka, purum
grade) were freshly distilled before each synthe-
sis. Ammonium hydroxide (Merck, 25%) was of
analytical reagent quality and contained 14.0

Table 1
Reactant concentrations

System [TES] [H,0] [NH,] Solvent
™) (™M) o)
Al 0.155 0.855 0.318 ethanol
A2 0.0119 5.51 0.682 ethanol
A3 0.17 1.65 0.68 ethanol
A4 0.167 1.58 0.512 ethanol
A5 0.159 3.01 1.12 ethanol
Ab 0.160 2.65 0.986 ethanol
A9 D 0.169 2.58 0.960 ethanol
Al10 @ 0.148 5.31 1.97 ethanol
M1 0.161 2.50 0.928 methanol
P1 0.178 1.03 0.383 propanol

® Reaction temperature 25°C.
Y Reaction temperature 55°C.
© Reaction temperature 10°C, all other temperatures 20°C.

mol/l NH;, as indicated by titration. The non-
ionic surfactant Igepal CO-520® (Aldrich) - a
polydisperse preparation of polyoxyethylene
nonylphenyl ether with on average five oxyethy-
lene groups per molecule (NP-5) — was used as
received. The silica, Ludox® AS40, stabilized by
ammonia, was kindly provided by Du Pont.

Alcohols were synthesized according to the
method of Stober et al. [4] and the detailed
description given by van Helden et al. [1]. Reac-
tion temperature was 20°C, unless stated other-
wise. The alcosol synthesized at 55°C was heated
in a closed container to prevent the loss of am-
monia. Preheated TES was added by injection
through a septum.

Concentrations of reactants used are given in
table 1; in calculating the concentrations, volume
contraction was assumed to be absent. It should
be emphasized that mixtures of water, ammonia
and the lower alcohols show quite large volume
changes at mixing. These effects depend in a
non-linear, unknown way on the alcohol used and
the concentration of ammonia and water. For this
reason, the concentrations were calculated as-
suming additivity of all the liquid volumes at
20°C, using densities as given in ref. [37].

N-octadecanol coated particles were prepared
as described by van Helden et al. [1].

The silica spheres made from TES in a
water /ammonia in cyclohexane microemulsion
were prepared as described by Arriagada and
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Table 2
Radii according to transmission electron microscopy and static
and dynamic light scattering (SLS and DLS)

System TEM (o, %) SLS DLS

(nm) (nm) (nm)
Al 9.01 (20) 9 +2
A2 50.2 (150)
A3S 30.9 (13) 39.6+0.5 38.5+0.5
Ad 3+.2(13) 40.2+0.5 36.6+1.6
A5 62.4(11) 71.5+£04 721+1.2
A6 89.4 (6) 107.2+0.3 108.1+0.7
A9 752 % (21)
Al10 481 506 +4
M1 18.2 (16) 26.1+0.9 30 +£2
P1 24.2(12) 33.1+05 351413
Ludox 11.1 (20) 17.5+0.3 20.8+0.5
wE1 23.5(3.5)

2 Also visible were open, irregular flocculates ( = 100 nm) of
= 10 nm irregular particles.

Osseo-Asare [25] with [H,0]/[NP-5] = 1.9 (their
‘R’ value). In 800 ml cyclohexane, 41.0 ml NP-5
was dissolved under slow stirring. Subsequently,
4.85 ml ammonia and 30 min later 5.00 ml TES
were added. During the whole reaction time of 7
days, the reaction mixture was slowly stirred at
20°C. This silica system is further referred to as
wElL

3.2. Light scattering

Light scattering measurements were made at
25.0 + 0.1°C wusing very dilute dispersions in
ethanol.

Static light scattering (SLS) was performed
with a Fica-50 photometer using vertically polar-
ized incident and detected light (A = 436 and 546
nm). A correction was made for scattering of the
solvent. Mean intensities as a function of the
scattering angle were obtained in the range 20° <
# < 150°. An optical radius (table 2) was obtained
from an analysis of the intraparticle interference
in the Rayleigh—Gans—Debye approximation as
described in refs. [1,38]. The particles of A10
were analyzed using Mie scattering theory [39].
No irregularities at low scattering angles were
observed, indicating dust free, non-clustered sols.

Dynamic light scattering (DLS) results were
obtained using an argon ion laser (Spectra Physics
Series 2000). Auto correlation functions were
measured with a Malvern Multibit K7025 128
points correlator. Diffusion coefficients were ob-
tained from a second order cumulant fit [40]
using auto correlation functions obtained from six
scattering angles between 35 and 145°. Except for
dispersion Al, the normalized second cumulant
yielded values < 0.05; the value for Al was
~(.12. A hydrodynamic radius (table 2) was cal-
culated using the Stokes—Einstein relation:

- k';T (3)
° 6mwnR,’

where kg is Boltzmann’s constant, 7" is the abso-
lute temperature, n is the solvent viscosity and
R, is the hydrodynamic radius. -

More general information about SLS and DLS
can be found in refs. [39,41].

3.3. Electron microscopy

Transmission electron micrographs were made
by dipping copper 400 mesh carrier grids in a
dilute dispersion. The grids were covered with
carbon coated Formvar films and the pho-
tographs were made of particles retained on the
film. Philips EM301 and Philips CM10 transmis-
sion electron microscopes were used, with the
magnification calibrated with a diffraction grat-
ing.

Particle radii of 200-2000 particles were mea-
sured using an interactive image analysis system
(IBAS). Assuming a spherical shape, the surface
area of the particles was used to determine a
number averaged particle radius, {R), and the
relative standard deviation, o, as defined in

(R%) —(R)*

2__ - 0
o (RY . (4

3.4. NMR spectroscopy

High-resolution solid-state NMR spectra were
measured at room temperature on a Bruker AM
500 spectrometer (silicon frequency 99.4 MHz,
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carbon 125.7 MHz) equipped with a Bruker
solid-state accessory. Spectra were obtained using
a broadband probehead with a 7 mm double air
bearing magic-angle spinning assembly. Spinning
speeds ~ 4000 Hz were employed. The 90° pulse
lengths for the nuclei *C, #°Si and 'H were ~ 5.5
ws. Cross-polarization (CP) contact times lay be-
tween 0.5 and 4 ms for carbon and 0.5 and 6 ms
for silicon; phase cycling and spin temperature
alternation were used to minimize artifacts. The
delay time between pulses in the CP experiments

was 4 s. The number of accumulated FIDs for CP -

spectra ranged between 200 and 4000, depending
on the system being investigated.

Adamantane and the trimethylsilyl ester of
double four-ring octameric silicate, QgM;g, were
used to optimize experimental parameters and as
external secondary chemical shift reference rela-
tive to tetramethylsilane for *C and *°Si respec-
tively. Chemical shift values are given in parts per
million.

Some of the samples used for NMR were
freeze-dried to prevent any reaction during the
drying process; others were dried under nitrogen
at 90°C for 24 h. P1, A6 and uEl were also
washed three times with deionized water after
centrifugation of the dispersion. The washings
were used to determine if the alkoxy groups that
were detected were only present on the particle
surface. Typically, the spinner was filled with 300
mg silica.

A determination of silicon relaxation times,
T\s, with direct excitation was not considered
practical after a first estimation of these values.
Instead, CP excitation was chosen according to
the method described by Torchia [42] using con-
tact times of 4 ms. ,

Based on the longest T,g; values, a delay time
of 300 s between successive direct 2°Si excitations
was chosen for the quantitative determinations of
the siloxane structure. Typically, 250 FIDs were
accumulated.

Deconvolution of the spectra was performed
by adjusting the height, width and frequency of
Gaussian lineshapes to obtain the best visual fit.
This was done manually using the Bruker pro-
gram Glinfit or automatically using NMR, again
using Gaussian lineshapes.

Table 3
Elemental analysis (weight percentages) ® and particle den-
sity, p

System C(%) H (%) p (g/mb
Al 1.11+0.02 0.99 +0.08

A2 0.59+0.01 0.850.02

A38D 9.7 2.7

Ad 1.99
AS 5.07+0.12 1.66+0.07 1.98
A6 3.95+0.04 1.55+0.08 2.03
A6 9 3.54+0.03 1.4540.08

P1 3.84+0.02 1.55+0.04

P19 0.27+0.04 1.34+40.10

Al0 2.03
Ludox 2209

3 Errors indicate differences in duplicate results.

 Silicon percentage 39.0% [34,35].

9 Samples were washed for three hours with water before
drying.

9 Ref. [23].

3.5. Elemental analysis and particle density

Elemental analysis was carried out by Elemen-
tal Microanalysis Limited (Devon, UK). Prior to
sending, the samples were dried during 24 h at
100°C under nitrogen. Before the measurements
were made they were dried again for 3 h under
the same conditions.

Particle densities were determined by drying a
known volume of a concentrated dispersion in
ethanol under dry nitrogen at 100°C for 24 h and
weighing the residue. The densities of A4, A5, A6
and A10 were measured (see table 3).

4. Results
4.1. Particle size and morphology

All the alcohols with a relatively small stan-
dard deviation were investigated with SLS and
DLS; the determined radii are given in table 2.
No indication of clustering was found. However,
after a few weeks, the methanosol flocculated.
The other systems remained stable. For the al-
cosol A10, it was important to reduce the concen-
tration of ammonia four times directly after the
synthesis by dilution with ethanol, to obtain a sol
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stable for a long time (see also ref. [12]). A10 was system was very difficult because of the rapid
the only system where the Mie scattering theory decrease in intensity with scattering angle.
had to be used to analyze the SLS. DLS on this Number-averaged, mean radii and relative

(e)

25 nn

» e :

e oo nm ‘ i

100 nm 4

Fig. 1. Transmission electron micrographs. (a) Al (R)=9.01 nm (209), supercritically dried. (b) Ludox (R =11.1 nm (20%).
(© A2 (R)=50.2 nm (150%). (d) pE1 {R)=23.5 nm (35%). (¢) A4 (R) =312 nm (13%), supercritically dried. (f) A6
(R) = 89.4 nm (7%).
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standard deviations as determined with transmis-
sion electron microscopy are given in table 2.
Typical particle morphologies are shown in fig. 1.
The rough surface and not perfect spherical form
as found in figs. 1a (A1) and (e) (A4) was also
seen for the systems A3S, M1 and P1. The Ludox®
particles (fig. 1(b)) are already more spherical

and less rough, but are still irregular compared
with the smooth, perfectly spherical particles
shown in figs. 1(c) (A2) and (d) (wE1). (The
seemingly hexagonal shape of the particles in fig.
1(d) is an optical illusion caused by the regular
packing and disappears if one only focuses on
single particles.) Besides its perfect shape, the

25.1
59,7
(a) 1 (b) 4
17.0
i 2 2 1 2
OCH5CH, -OCH,CHg
3 4 5
-OCH,CH,CHj4
66.5 96
3 5
594 174
1 2
T T T T T T
100 50 0 100 50 0
ppm ppm
(c)
i 2
-OCH,CHs
o 159
s 612 2
1
AN '
100 0

pom

Fig. 2. 3C CP-MAS NMR specira of alkoxy groups in silica, mixing time 1 ms. (a) Al, 1000 accumulations. (b) P1, 500
accumulations. (¢) M1, 3000 accumulations.
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particles prepared in the microemulsion are also
extremely monodisperse considering their size.
For the ‘normal’ Stéber process with TES con-
centrations around 0.17M, these types of perfect
sphere are only formed if the final particle radius
is larger than = 70 nm (see fig. 1(f) (A6) and ref.
[2D. A monodispersity comparable to that of uE1
is only reached for particles with radii larger than
= 150 nm.

4.2. NMR spectroscopy

4.2.1. BC spectra

13C CP-MAS NMR showed the presence of
ethoxy groups in all the silica particles prepared
in ethanol (fig. 2(a)). The carbon of the methyl
group was found close to 17 ppm and the carbon
bonded to oxygen had a chemical shift around 59
ppm. It is possible that the CP parameters differ

1 2 3 4A/mi5 16 17 18
O-CHaCH,CHo{CHa)11CHoCH,CHg

for different samples. However, there is qualita-
tive agreement between the intensities of the CP
13C carbons (relative to the noise level) deter-
mined with contact times of 4 ms and the elemen-
tal analysis results given in table 3. This indicates
that the CP efficiency does not differ too much
between different samples with mixing times of 4
ms.

To determine to what extent the ethoxy groups
~~.:1d be removed by hydrolysis, some samples
-.ere washed several times with water. Again the
the elemental analysis results were in agreement
with the disappearance of the carbon signal after
the water washing of P1 and the small change of
the signal of A6 after the same treatment (see
table 3 and the experimental section on NMR).
The presence of ethoxy groups in the spectra of
A3S and pEl is also eminent through the pres-
ence of the methyl group carbons at 17 ppm (figs.

19 20
0-CHoCHs 17.1
302 20
(a) 4t/m15 OEDH (2:H j\
- 2
22 N
HaC(CHy)g O-CHyCHp (O-CHCHa)3-CHoCH,OH
60.4
5 (b)
17.3
2
60.4
1
325
16 70.7,
63.9 o1 nge
1 3 114.6
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Fig. 3. CP-MAS '3C spectra and shift assignments of silica samples. (a) A3S octadecanol coated (contact time 1 ms, number of
scans 8000). (b) xE1 (contact time 1 ms, number of scans 13 000).
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3(a), (b)). These carbon signals can only be caused
by ethoxy groups. As expected, fig. 3 also contains
the signals of octadecyl groups and, despite the
washing procedure, the polyoxyethylene nonyl-
phenyl ether. The peak assignments of these sub-
stances were made with literature values (e.g. ref.
[21].

The chemical shifts of a carbon attached to an
—~OH group or an —OSi moiety are very close
together [17]. Therefore, it is difficult to distin-
guish between ethoxy groups chemically bound
and ethanol molecules bonded through hydrogen
bonds with silanol groups. Further, since the par-
ticles have been prepared in the solvent ethanol,
re-esterification of silanol cannot be excluded
either.

In order to determine the origin of the ob-
served ethoxy groups, the following experiments
were undertaken. Instead of synthesizing silica
particle in the solvent ethanol, in which the ex-
change of an ethoxy group from a TES molecule
with a solvent molecule (also an ethoxy group)
cannot be proven, particles were also synthesized

-101.1

-109.1

T T T T
0 -40 -80 -120 -160
ppm

in methanol and n-propanol. Now the exchange
between an ethoxy group and a methoxy or
propoxy group could be observed without difficul-
ties. All alkoxy groups are present in the spectra
in figs. 2(b) and 2(c): ethoxy groups from TES
and methoxy and propoxy groups from the sol-
vent.

4.2.2. 2Si spectra

Excitation by cross-polarization was not used
for a quantitative analysis, because the CP pa-
rameters differed substantially for different sam-
ples and because some of the Q* nuclei could not
be detected by this method. These reasons are
illustrated by the CP spectra of Ludox and Al in
fig. 4; the spectra were obtained with the same
contact time of 4 ms. The variations in the CP
behaviour is discussed more fully in section 5.2.2.

Therefore, the relaxation times of the silicon
nuclei had to be estimated in order to use direct
excitation to obtain the quantitative 2°Si spectra.
High-power proton decoupling was not necessary
to obtain these spectra. Even at the high mag-

-101.2 -110.2
{b) o* o
f
- T T T
0 -50 ppm -150

Fig. 4. CP-MAS Si spectra of silica samples. (a) Ludox (contact time 4 ms, number of scans 2000). (b) Al (contact time 4 ms,
2700 scans).
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Fig. 5. Quantitative direct excitation 2°Si spectra together with Gaussian lines. (a) nE1 (delay between pulses 300 s, 224 scans):
1, =94 ppm (Q?); 2, —102 ppm (Q?); 3, —110 ppm (Q%). (b) A10 (delay between pulses 300 s, 190 scans): 1, —93 ppm (Q?);
2, —102 ppm (Q%); 3, — 111 ppm (Q*).
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netic field used, the relatively small chemical shift
anisotropy and dipolar coupling with protons
could be removed completely by MAS alone. This
was also reported by Fyfe et al. for not-fully-hy-
drolyzed silica gels (see the spectra in ref. [19]).

For practical reasons the spin-—lattice relax-
ation times of the different silicon atoms were
determined using CP excitation. It is clear that a
spin—lattice relaxation time obtained in this way
is only an indication. For instance, quaternary
silicon atoms with no, one or two silanol silicons
as direct neighbours will not only have different
CP parameters, but will also have different relax-
ation paths and will thus have differing T,g; val-
ues. These differences were, indeed, observed
experimentally: spin-lattice relaxation times for
Al determined with a contact time of 1 ms were
<30 s, while contact times of 4 ms indicated
much longer spin—relaxation times. The curves of
the logarithm of the integrated intensity vs. time
were convex, implying a range of relaxation times.
An estimate of the longest relaxation times gave,
for Q3 and Q% 55 and 85 s, respectively. The
fraction of Q* silicons having much longer Tg;
values is probably small, because no differences
were observed in spectra obtained with pulse
delays of 300 and 400 s.

The quantitative direct excitation results ob-
tained with delay times of 300 s are presented in
table 4. Two examples are shown in fig. 5.

Table 4

Relative intensities of silicon environments

System Q* Q3 Q?
Al 73 26 1.7
A2 69 32 —
A3S 65 31 4.1
A5 64 31 55
Ab 66 30 42
A9 67 33 -
A10 71 27 1.7
M1 64 30 6.5
P1 66 28 5.6
P1® 67 27 6.0
Ludox 85 15 -
pE1 55 41 33

) Fstimated errors for Q% and Q3: +2; for the other species
+1.
b) After washing procedure with water.

4.3. Elemental analysis and particle density

The elemental analysis data are presented in
table 3 and the drying/weighing procedure as
described in the experimental section resulted in
densities that are given in table 3.

5. Discussion
5.1. Particle size and morphology

The experimental radii determined with SLS
and DLS are, for most particles, similar. Differ-
ences in the radii found with SLS and DLS can
be caused by differences in the underlying physi-
cal processes used to determine the radius, or by
polydispersity.

A hydrodynamic radius as determined from
the diffusion coefficient with the Stokes—Einstein
relation (eq. (3)) of an exactly monodisperse sys-
tem is expected to be somewhat larger than the
optical radius that results from intraparticle in-
terferences, because the solvent molecules,
dragged along with the particle surface, can in-
crease the radius somewhat.

Because the two radii as determined with light
scattering depend on different particle proper-
ties, the mean radii that are determined for a
polydisperse system are not equal. The different
moments of the particle size distribution function
that are measured with SLS and DLS can be
found in refs. [40,43]. The result is that the mean
radius as determined with SLS is larger than that
determined with DLS. However, for polydispersi-
ties close to 10% (eq. (4)) the calculated theoreti-
cal differences are only a few percent, as ob-
served in most cases (table 2).

The theoretical differences between the num-
ber averages obtained with TEM and the aver-
ages as obtained with light scattering are too
small to explain the experimental differences in
mean radii as obtained with these techniques
{1,40]. The shrinkage and/or deformation of the
particles was not caused by drying forces [2]. The
electron beam intensity may be the cause of the
shrinkage. The same explanation has been put
forward many times and is, in view of the relative
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low density of this type of silica, not unreason-
able.

5.2. NMR spectroscopy

5.2.1. BC spectra and origin of carbon content

Carbon spectra are not suited to distinguish
between ‘free’ or bonded alkoxy groups in the
silica particles, because of small chemical shift
differences. However, with e¢lemental analysis
alone, important information is not obtained:
clear examples are the presence of ethoxy groups
in the stearyl coated particles A3S and the
pressence of the non-ionic surfactant after wash-
ings of wEl.

One other example is the presence of ethoxy
inside the silica spheres synthesized in methanol
or propanol (fig. 2). Synthesized in different sol-
vents, the ethoxy groups can only be explained by
assuming that these groups were bonded to par-
tially hydrolyzed TES molecules. Re-esterifica-
tion with already hydrolyzed ethanol is unlikely,
because of the very low concentration of ethanol
in the solvents methanol and propanol. Taken
together with the the quantitative elemental anal-
ysis data, this analysis implies that several percent
of the ethoxy groups never left the TES molecules.
Further, it can be concluded from the absence of
a relation between the carbon content and the
particle radius and the results for the washing of
A6, that most of the ethoxy groups found in the
larger silica spheres are buried inside the particle
and cannot be reached from the outside by the
hydrolyzing water molecules. The presence of
methoxy and propoxy groups (see figs. 2(b), (c))
indicates that it is likely that some re-esterifica-
tion and /or ester exchange with the solvent also
take place.

5.2.2. %°Si spectra and siloxane structure

It has been reported in the literature that the
different Q silicon atoms have different CP pa-
rameters, T, and Tyg [16,21,22]. Ty _g; is due
to the rate of transfer of magnetization from 'H
nuclei by dipolar interactions to **Si and T,y is
the relaxation time of the spin—locked protons in
the rotating frame. The range in CP parameters
is caused, mainly, by differences in the dipolar

interaction with protons. Clearly, the dipole—di-
pole interactions between protons and silicon nu-
clei are stronger for Q? silicons than for Q%
silicons. The inefficient CP of Q* is illustrated in

fig. 4(a). Although the number of Q* nuclei in

the Ludox particles is much larger than the num-
ber of Q% and Q® nuclei (sec table 4), the peak
intensity of Q° is higher than that of Q* in the
CP spectrum obtained with a contact time of 4 ms
(fig. 4(a)). The differences in the CP behaviour of
the different Q silicon nuclei suggest that there
could be differences in CP parameters for a Q~*
species belonging to different silica samples. An
example can be found in the CP spectrum of Al
that was also obtained with a CP contact time of
4 ms (fig. 4(b)). Although the number of Q*
silicons in this sample is smaller than in the
Ludox silica (table 4), the intensity of the Q*
peak is about equal to that of Q3. Thus, Q*
silicons in the system Al are much easier to
excite by CP than the Q* silicons in the Ludox
silica. Almost certainly this is due to the local
proton density which is higher in Al than in the
Ludox silica. Further, these results make it likely
that even in one sample such as Al T,y and
Tys; will differ for different Q* silicon atoms as
has been reported by Pfleiderer et al. [22]; a Q*
atom bonded to Q? silicon atom will be easier to

-cross-polarize than a Q* surrounded by four other

fully condensed Q* silicon nuclei.

Given these results, we conclude that quantita-
tive measurements using CP can only be ob-
tained if, for every sample, all the relaxation and
polarization parameters are known. Even then,
Q* may be underestimated, because some con-
densed silicon nuclei might not give a CP signal.
Therefore, direct excitations were used to obtain
quantitative reliable results on the relative inten-
sities of the different Q-species.

All the observed differences in CP and relax-
ation parameters, even for the same Q* silicons,
indicate that these silica samples are inhomoge-
neous with respect to length scales and timescales
that are of importance to solid-state NMR. These
inhomogeneities are probably caused by differ-
ences in local proton densities, as mentioned
above (number of silanol groups, ethoxy groups
and water content), and differences in all dy-
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namic processes (proton exchange, mobilities of
ethoxy groups, physically adsorbed water and
siloxane structures).

In the following sections, the differences in the
siloxane structures of Ludox silica, ‘Stdber’ silica
and the silica particles prepared in the mi-
croemulsion are discussed (see the examples in
fig. 5).

From table 4 it follows that only the Ludox
silica can be considered a fully condensed SiO,
structure, with (Q? and) Q> moieties predomi-
nantly at particle surfaces. The surface and vol-
ume of the spheres can be calculated easily from
the radius obtained by TEM (11 nm or light
scattering, 19 nm). Assuming 4.5 OH groups per

m? [23], the expected number of silanol groups
as a percentage of the number of silicon atoms
per particle can be determined. The number of
silicon atoms in a sphere can be obtained from
the density (2.2 g/ml [23]) and the molecular
weight, which is, taking the 15% Q? into account,
61.43 g/mol. These calculations result in 5.7%
silanol groups using the TEM radius or 3.3%
using the light scattering radius. These values are
small compared with the experimental number of
15% obtained by NMR (table 4). Surface rough-
ness, observed by TEM, will significantly increase
the measured surface area. Finally, some silanol
groups inside the particles cannot be excluded,
even for these condensed structures.

From the calculations for the Ludox silica par-
ticles and the results of tables 2 and 4, it is clear
that the high Q> and Q? content of the ‘Stdber’
particles cannot be explained only by silanol
groups on the surface of the spheres. The small-
ness of the changes in the siloxane structures of
these silica systems is remarkable, despite appar-
ent differences in radius, carbon content (table 3)
and reaction temperature during the synthesis.
Even the heating for several hours at 200°C dur-
ing coating with octadecanol did not change the
siloxane structure of A3S significantly.

To our knowledge, there is only one study in
which a quantitative Si NMR result of ‘Stéber’
silica has been reported [15]. In this study on the
coating of silica particles, Badley et al. measured
only the Q intensities of one silica system. The
radius of the particle measured by TEM was 29

nm and the quantitative results found were: 4%
+1% Q2 38% +2% Q* and 58% +2% Q*.
These intensities were obtained with direct exci-
tation and a pulse delay of 150 s. The reported
values of Ty ranged from 30 to 40 s. Probably,
the low Q* content as compared with the values
obtained in this work is caused by an underesti-
mation of the relaxation times of some of the Q*
silicons.

Surprisingly, the siloxane structure of the silica
prepared in the microemulsion is significantly less
condensed than all the other silica particles stud-
ied. The number of Q® and Q? nuclei is almost as
large as the number of Q* silicons. Explanations
for the hindered condensation of TES in this
system clearly need further study.

5.3. Particle composition and density

The results of elemental analysis as given in
table 3 can be used together with the relative
intensities of Q species to calculate the number
of alkoxy groups per silicon. The NMR result on
the siloxane structure are needed, because, ex-
cept for A3S, no elemental analysis was done for
silicon and oxygen. The fraction in the elements
silicon and oxygen 1 g of silica is obtained by
subtracting from 1 g the weight of hydrogen and
carbon as given in table 3. For pure silica (SiO,),
this quantity can be converted to n moles of
silica, using the molecular weight 60.08 g/cm®.
However the silicas studied do not consist of pure
nSiO,, but of nSiO,. The x can be calculated
using the relative Q intensities from table 4. For
example, if a silica contains only Q? silicon nu-
clei, the x would be 3, because in this siloxane
structure there are three oxygen atoms for every
silicon atom. In this way, the number of moles
TES that were incorporated in 1 g of (dried) silica
can be calculated and compared with the number
of ethoxy groups calculated from the carbon per-
centage. The number of ethoxy groups as com-
pared with the number of silicon atoms ranges
from a few to 14% for sample AS.

No elemental analysis was performed on the
silica wE1 because it was contaminated by the
non-ionic surfactant (see fig. 3(b)). Thus, no
quantitative percentage of ethoxy groups could be
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calculated. The quite strong CP C signals of the
ethoxy groups imply, however, that a substantial
amount of OC,H; must be present inside the
particles.

A check for consistency of the data can be
made by usiftg the nSiO, structure and carbon
data to calculate the weight percentage of hydro-
gen (table 3). In this calculation, it is assumed
that all ethoxy groups are bonded with a silicon
atom and are not present as ethanol (see the *C
NMR results). In all cases a reasonable agree-
ment is found; mostly an amount of only 0.1 or
0.2% is not accounted for. This means that it is
not clear if the above-mentioned assumption
about the bonding of the ethoxy groups is correct;
however, it can be concluded that not much phys-
ically adsorbed water is present.

For the sample A3S, the amount of silicon was
also determined: 39.0% (elemental analysis de-
scribed in refs. [34,35]). Subtracting C and H and
using the siloxane structures from NMR as be-

fore, one obtains 38.9% Si. This agreement im--

plies that physically absorbed water is absent in
this particle. This result is not strange considering
the reaction temperature of 200°C necessary for
the three hours during esterification. Jansen and
co-workers [34,35] reported that A3S contained
5% water; this value was calculated assuming a
pure SiO, siloxane structure. Because of the
NMR results, it is clear that the OH groups are
not present as physical bonded water, but as
chemically bonded silanol groups.

The combined results of carbon NMR and
elemental analysis make it very probable that, for
most reaction conditions, at least several percent
of the ethoxy groups never leave the TES
molecules. This finding is in agreement with ki-
netic studies in which it is shown that hydrolysis
is the rate limiting step [9,10,12].

The densities obtained in this work (between
1.98 and 2.03 g/cm® (table 3) are in good agree-
ment with the values obtained by Badley et al.
(their densities were between 2.06 g/cm? for a
particle with a 30 nm radius and 2.02 g/cm? for a
particle with radius 325 nm [15)), and Bogush et
al. (2.04 to 2.10 g/cm?® [6]). The disappearance of
the alkoxy groups of P1 after washing with water
(see the 3C results) indicates a (micro) porosity

also proposed by van Helden et al. [1]. Together
with the siloxane structure, this porosity explains
the low density of ‘Stéber’ silica compared with
amorphous bulk silica and Ludox silica (2.2 g /cm®
[23]). For the larger particle, A6, the porosity is
not sufficient to hydrolyze most of the ethoxy
groups in the interior of the particle.

5.4. Particle growth mechanism

The dependence of the final particle radius on
reaction conditions follows the same general
trends described before [1,5,6]: the particle radius
increases with increasing concentration of water
and ammonia for relative low concentrations of
these reactants. Explanations for these depen-
dencies are provided in a paper in which the
dynamics and mechanism of particle formation
and growth are discussed [12]. Larger particles
are also formed at lower temperatures. The im-
provement in particle shape and surface rough-
ness with increasing radius is clearly visible (fig. 1
and ref. [13]).

Small particles synthesized at high water and
low TES concentrations A2 (fig. 1(c)) and the
even smaller particles obtained in a microemul-
sion, uE1 (fig. 1(d)) do not follow the trends in
final particle shape and radius. Although being
small, these particles have a smooth, spherical
shape compared with particles synthesized from
TES concentrations close to 0.17M according to
Stober. We expect to see effects on the particle
morphology if the chemical silica structure of the
particles is less regular because of silanol groups
and ethoxy groups inside the spheres. However,
the chemical microstructure as determined with
NMR and elemental analysis indicate that, for
these particles, morphology is not a function of
chemical structures that are the building units of
these particles: the low ethoxy content of A2 is as
expected (see section 2), given the high water and
low TES concentration used. A condensed struc-
ture such as the Ludox silica, however, did not
result from this low carbon content., Thus, the
spherical shape is not a direct result of a highly
condensed siloxane structure. This is indicated by
the very low Q* to Q3 ratio of wE1 as well. For
this system, the spherical shape is also accompa-
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nied by a high content of ethoxy groups, which
again indicates that the chemical microstructure
does not affect particle morphology.

Since the different particle morphologies do
not correlate with the chemical structure of the
particles, we propose, instead, that the observed
differences in particle form and surface rough-
ness are caused by a difference in the molecular
weight of the building silicon moieties reacting
with the growing particle. This conclusion is also
confirmed by kinetic measurements [12]. Early in
the reaction, the condensing units causing the
particle to grow consist of larger silica structures
(=nm or larger). For the conditions at which
smaller final particles are formed - for TES
concentrations around 0.17M (see table 1) — the
growth by larger structures continues throughout
most of the reaction period. This type of growth
results in irregularly shaped particles with rough
surfaces. For the particles formed in higher water
and ammonia concentrations, we propose that
the later stages in the growth are by the conden-
sation of monomers or small oligomers on the
surface. In this way a smooth, spherical particle
shape is achieved. The siloxane microstructure of
both the regular and irregular shaped particles is
determined by the condensation mechanism of
reacting TES or (partially) hydrolyzed TES
molecules with the particle surface and/or sub-
structures.

Also, with the particles produced at low TES
concentrations such as A2 and very probably also
in the case of wEl, a monomer addition is re-
sponsible for the morphology. Aggregation of
subparticles for the growth of wE1 as proposed
in ref. [23] is unlikely in view of the particle form
which is smooth and spherical even early in the
reaction. However, conclusions about the mecha-
nism of particle growth in a microemulsion are
speculative; the non-ionic surfactant polyoxyethy-
lene nonylphenyl may end up inside the particles.
The shape and very low polydispersity certainly
warrant a more systematic study of these mecha-
nisms.

The conclusions about the difference in size of
the structures that condense on a particle surface
are confirmed by recent cryogenic transmission
electron microscopy results of Bailey and Mecart-

ney [14]. They looked at vitrified reaction mix-
tures early in the reaction. In propanol as solvent,
they first observed low density, polymer-like
structures of 26 nm. These structures seemed to
collapse into high density particles with an aver-
age size of 20 nm having. a rough texture. No
small, high density subparticles were seen during
the growth to a final size of 200 nm. They also
propose a growth at later stages in the reaction
mainly through the addition of monomers and /or
very small low density substructures that are not
visible with TEM.

6. Conclusions

The experimental results make it quite clear
that quantitatively reliable results about all the Q
species, including Q*, can only be obtained with
direct excitation of the silicon nuclei. For quanti-
tative CP, it would be necessary to determine
fully the spin dynamics for each sample, and,
even then, some Q* species would possibly not be
detected. However, it is still important to deter-
mine the spin-lattice relaxation times of samples
containing the most Q*. If CP excitation is used
in the determination of 7'g;, the silicons with the
longest relaxation times might not be excited
resulting in an underestimation of the relaxation
times. The necessity to be careful even if using
direct excitation is illustrated by the results ob-
tained by Badley et al. [15].

Contrary to Ludox silica particles, ‘Stober’ sil-
ica particles are not fully condensed and contain
around 60% Q*, 30% Q3 and several percent Q2.
The differences in the siloxane structure that
were found in this study were small for particles
prepared following the method of Stober. The
radii and shape and surface roughness of the
particles varied significantly.

Several percent of the ethoxy groups of the
TES monomers are never hydrolyzed and end up
inside the particles. Particles synthesized in higher
water concentrations or the smaller particles af-
ter washing with water contain less ethoxy groups.
These findings are not accompanied with a sub-
stantial increase in Q*.
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