48

SPINNABILITY OF SILICA SOLS
Structural and rheological criteria

C.J. BRINKER and R.A. ASSINK

Journal of Non-Crystalline Solids 111 (1989) 48-54
North-Holland, Amsterdam

Sandia National Laboratories, Albuquerque, NM 87185 5800, USA

Received 16 February 1989
Revised manuscript received 8 May 1989

2%Si NMR spectroscopy of concentrated silicate sols, prepared by acid-catalyzed hydrolysis of TEOS in ethanol with
H,0/Si ratios, r =1.5 or 1.7, followed by alcohol evaporation, shows that the polysilicate species responsible for spinnability
are not simple rigid-rod, ladder polymers or linear polymers. Instead a distribution of silicate species is observed consistent
with the products of a statistical (random) growth process. The primary criterion for spinnability is high viscosity without
premature gelation. This is accomplished under acid-catalyzed conditions with low values of r.

1. Introduction

A fluid is spinnable if it is capable of assuming
large irreversible deformations when subjected to
uniaxial stress, a measure of spinnability being the
maximum attainable elongation [1]. Experimental
data show that spinnability is exhibited by materi-
als differing greatly in structure and composition.
Long fluid threads can be obtained from mineral
oils, soap solutions, and honey as well as from
polymer melts and inorganic sols. The maximum
length of the fluid thread, x*, depends on the
material involved and the processing conditions.
Generally for low viscosities, 7, and low elonga-
tional velocities, V, x* increases with the product,
nV, while a decrease in x* is observed at very
high values of 5V [1]. Two mechanisms are pro-
posed to account for the breakage of fluid threads,
cohesive failure and capillary wave instability
(droplet formation). The former mechanism is
most important at high 75V, conditions where
viscoelastic fluids behave elastically. Capillary
wave instability is most important at low viscosity,
and is exacerbated by high surface tensions [1].

Several groups have investigated the rheological
behavior of silicate sols prepared from tetraeth-
ylorthosilicate (TEOS) in order to establish the
criteria for spinnability. Sacks and Sheu [2] ob-
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served that for acid-catalyzed systems prepared
with H,0/Si ratios, r = 1 or 2, the best spinnabil-
ity occurred in viscous systems (7 > 100 mPa-s)
that were highly shear thinning but not thixo-
tropic. Sakka et al. [3-6] evaluated acid- and
base-catalyzed systems prepared with r values
ranging from 1 to 20 by determining the con-
centration dependence of the reduced viscosity,

N/ C:

T’sp/C: kl/p (1)
or
nsp/c= [T’] + k2[n]2C’ (2)

where 7, is the specific viscosity, C is concentra-
tion, k; and k, are constants, and p is density,
and the molecular weight dependence of the in-
trinsic viscosity, [1]:

[77] =k3M:s (3)

where M, is the number average molecular weight,
k3 is a constant that depends on the polymer,
solvent, and temperature, and « is an exponent
that ranges from O to 2 depending on polymer
structure.

Equation (1), which shows no concentration
dependence of the reduced viscosity, pertains to
systems composed of discrete, non-interacting
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polymers or particles [7]. Equation (2) pertains to
extended, chain-like or linear polymers that ex-
hibit a concentration dependence of 7,,/C [8].
Sakka and Kamiya [3] observed that, for an acid-
catalyzed system prepared with r=1, aging in
open containers caused a progressively greater de-
pendence of n,,/C on C and eventually resulted
in spinnability. This suggests that, for these condi-
tions, solvent evaporation accompanied by con-
tinued hydrolysis and condensation causes a grad-
ual progression of the silicate structure from small
non-interacting species to extended, weakly-
branched polymers responsible for spinnability.
Base-catalyzed conditions as well as acid-cata-
lyzed conditions with =20 exhibited no con-
centration dependence of n,,/C and no evidence
of spinnability [3].

It is postulated that the value of « in eq. (3)
depends on the polymer or particle structure: o =0
for rigid, spherical particles, a =0.5 to 1.0 for
flexible, chain-like or linear polymers, and « = 1.0
to 2.0 for non-flexible or rigid rod polymers [9].
For example, a = 0.5 for linear polydimethylsilo-
xane, a = (.21 to 0.28 for branched or crosslinked
polymethylsiloxane, and « =0.3 for spherical
polysilicates [8]. Sakka et al. observed that for
acid-catalyzed silicate systems prepared with r
values ranging from 1 to 20, « decreased with r
(see table 1). Spinnability was observed only for a
values above 0.5 corresponding to linear or per-
haps rigid rod polymers [10].

In a subsequent study Sakka et al. explored
fiber formation in silicate systems prepared from

Table 1
The exponents a’s for the alkoxide polymers and properties of
Si(OC,Hjs), solution

Solution H,0 « Type of polymer Spinnability
(r)
1 1.0 0.75 linear yes
2 20 0.64 linear yes
3 5.0 05 branched no
0.2 three-dimensional
4 200 0.34 three-dimensional no
spherical

methyltriethoxysilane (MTES) or dimethyldi-
ethoxysilane (DMES) [11]. They observed that the
hydrolysis of DMES resulted preferentially in the
formation of cyclic tetramers. Based on this ob-
servation it was suggested that rigid rod polymers,
such as ladder polymers, are necessary for spinna-
bility since linear polymers would tend to cyclize
[11]. Ladder polymers have also been associated
with the inflection in the viscosity versus time
behavior observed in spinnable systems hydro-
lyzed with r = 1.7, which is close to the theoretical
value required to form ladder polymers, viz 1.666.
Various linear or ladder-like structures proposed
by Kamiya et al. [12] to account for spinnability
are shown below:
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In an attempt to understand the relationship
between polymer structure and spinnability, we
have used °Si NMR to examine the local chem-
ical environment of Si in spinnable silicate sys-
tems. At least for the relatively high molecular
weight systems used for fiber formation, knowl-
edge of the average number of bridging and termi-
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nal groups surrounding the central silicon ' allows
us to distinguish between several of the structures
proposed to account for spinnability: linear poly-
mers (Q?), double chain ladder polymers (Q?)
and triple chain ladder polymers (Q*: Q%=2:1).

2. Experimental
2.1. Materials

Spinnable silicate sols were prepared by two
methods: (1) acid-catalyzed hydrolysis of TEOS in
ethanol under reflux (mole ratios of TEOS:
ethanol: H,O:HCl =1:3:1.5:0.0007) followed
by ethanol distillation at 85°C under Ar and
exposure to 100% RH water vapor at 80°C for
2-3 h, or (2) acid-catalyzed hydrolysis of TEOS in
ethanol (r=1.7) at 30°C followed by solvent
evaporation at 80°C in an uncovered vessel
according to the procedure of Sakka and co-
workers [5-7].

Although in the first procedure virtually all the
added alcohol and alcohol produced by hydrolysis
and condensation was removed by distillation un-
der Ar, spinnability > was not observed at the end
of the distillation process. Therefore some ad-
ditional hydrolysis appears necessary.

2.2. Instrumentation

The ?°Si NMR spectra were recorded at 39.6
MHz on a spectrometer described previously [13].
Broadband 'H decoupling was applied only dur-
ing acquisition in order to suppress the 'nuclear
Overhauser effect and the RIDE pulse sequence
[14] was used to reduce baseline roll. The pulse
delay time was 45 s. Quantitatively similar spectra
were obtained when chromium acetylacetonate, a
spin relaxation agent, was added to the solution.

Preliminary small-angle X-ray scattering data
were obtained on the spinnable system at full

' In Q" terminology, the n refers to the number of bridging
oxygens (0-4) surrounding the central silicon atom.

* Spinnability was evaluated qualitatively by determining
whether fibers could be drawn from the sol using a glass rod.

-80 -100 ~120 PPM
Fig. 1. Experimental and simulated 2°Si NMR spectra of the
H,0=S8i=1.5 spinnable sol-gel solution: (a) experimental,
1.0 Hz exponential line broadening; (b) experimental, 30 Hz
exponential line broadening; (c) computer simulation; (d) reso-
nance components of computer simulation.

concentration and after dilutions by factors of 10,
100, or 1000 with anhydrous ethanol.

3. Results and discussion
3.1. °Si NMR

The *Si NMR spectra of the spinnable sol—gel
solutions are shown in figs. 1(a) and 2(a). The
spectra exhibit resonances in four regions: Q!
species, —82 to —90 ppm; Q2 species, —91 to
—99 ppm; Q° species, —99 to —106 ppm; and
Q* species —106 to —112 ppm. The presence of
Q° species (monomers as TEOS or in a hydro-
lyzed state) at or downfield from — 82 ppm could
not be detected. The assignment of sol-gel sili-
cates into these regions has been discussed previ-
ously [16], and should be quite exact except for
the downfield shift of resonances of highly strained
species such as tricyclics. Significant quantities of
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Fig. 2. Experimental and simulated 2°Si NMR spectra of the

H,0 =Si=1.7 spinnable sol-gel solution: (a) experimental,

1.0 Hz exponential line broadening; (b) experimental, 30 Hz

exponential line broadening; (¢) computer simulation; (d) reso-
nance components of computer simulation.

such highly strained species are not expected to
form under the present reaction conditions [17].

The spectra could not be accurately integrated
into their resonance components directly because
of the amount of overlap between resonances,
particularly the Q* and Q* resonances. Therefore,
simulation of the spectra by the General Electric
1280 software was used to determine the relative
intensities of the resonances. The free induction
decay was multiplied by a 30 Hz exponential
function before Fourier transformation. The
broadened spectra, shown in figs. 1(b) and 2(b),
contain substantially fewer resonances which sim-
plifies the simulation procedure without affecting
the resultant areas of the various regions. Figures
1(c) and 2(c) show the simulated spectra while
figs. 1(d) and 2(d) show the component resonances
of the simulated spectra, for the two samples. The
component resonances contain 70% Lorenztian
and 30% Gaussian character. The simulation
parameters were varied by trial and error to give
the best visual fit of the experimental spectra. The
relative areas of the simulated Q" regions were
reproducible to within +1.0%.

The relative areas of each of the Q" regions
determined by the simulation procedure are shown

in the first column of table 2. The broad distri-
bution of silicon functionalities indicates that the
silicate polymers are not composed of any one of
the simple repeat units shown in, (4): linear poly-
mers (Q?) or ladder polymers (Q° or 20%:1Q%).
The presence of significant amounts of Q2 Q°,
and Q* species, and the many resonances evident
within each of these spectral regions (figs. 1(a) and
2(a)) indicate that the polymers are very complex
and highly branched.

The distributions shown in table 2 are remi-
niscent of the distributions seen for the equi-
librium structure of tetramethoxysilane (TMOS)
reacted with limited amounts of water [18]. These
experimental distributions could be predicted quite
accurately by a statistical reaction model [15] that
assumes that all the hydrolysis and condensation
rate constants depend only on the functional group
reactivity, not the local silicon environment. The
predictions of this model for r=1.5 and r=1.7
are shown in column 2 of table 2. The distri-
butions predicted by the statistical reaction model
differ qualitatively from the experimental distri-
butions in two respects. First, the distributions
predicted by the statistical reaction model are
biased to higher functionalities compared to the

Table 2
The experimental and theoretical function distributions for the
sol-gel silicon atom

Specia- Experimental Theoretical distribution

tion  distribution T 5T 62131 H,0=131
R=035
Q° 0.0 0.4 14 0.0
Q! 1.0 47 10.8 0.8
Q2 41.9 21.1 30.6 41.5
Q3 50.3 22 38.8 525
o 6.8 31.6 18.4 5.2
Standard deviation 75 49 0.6
H,0=17 H,0=147 H,0=147
R=035
Q° 0.0 0.0 0.5 0.0
ot 0.0 1.1 5.4 0.0
Q? 18.3 9.7 22.8 19.5
o3 69.0 36.9 422 670
o4 12.7 52.2 29.2 13.5
Standard deviation 11.5 12 0.6
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experimental distributions. Second, the distri-
bution of the Q" species predicted by the statis-
tical reaction model are broader than the experi-
mental distributions.

The bias to higher functionalities predicted by
the statistical reaction model is a consequence of
the incomplete reaction of the sol-gel system at
the time when the NMR spectra were recorded.
The moles of H,O per mole of silicon consumed
by condensation reactions can be calculated as
follows:

moles H,O = 10"+ 0%+ 30%+20*. (%)

From the experimentally determined Q" distri-
butions of the sol-gel silicons, the moles of H,O
per mole of silicon that were consumed by con-
densation reactions are calculated to be 1.31 and
1.47 for the two samples. The remaining moles of
H,O per mole of silicon (0.19 for the first sample
and 0.23 for the second plus any additional water
supplied by the subsequent exposure to water
vapor) were probably used to hydrolyze ethoxy
groups, but the resultant silanols had not yet
undergone condensation reactions. If the values of
1.31 and 1.47 moles of H,O per mole of silicon
are used in the statistical reaction model, the
distributions shown in column 3 of table 2 are
obtained. The calculated distributions now reflect
the same degree of overall condensation as the
sol—gel, but are still broader than the experimental
distribution.

A trend to a narrower distribution can be ex-
plained if the early reactions are faster than aver-
age and the late reactions are slower than average.
For example, suppose that the Q° to Q! reaction
is very fast and that the Q> to Q* reaction is very
slow. Then, the concentrations of both the 0° and
Q* species will be diminished. Column 4 of table
2 shows the distribution calculated by a model
which incorporates these ideas. The rate of the Q°
to Q' was set equal to 1 and the rate of each
successive reaction was then multiplied by a factor
R, where R is less than 1. Thus the relative rate of
Q' to Q% is R, the relative rate of Q2 to Q° is R?
and the relative rate of reaction of Q° to Q* is R°.
The value of R was then adjusted to minimize the
standard deviation between the theoretical and
experimental distributions. The best agreement

between theory and experimental for the samples
was obtained for R =0.35. The standard devia-
tions between the experimental distribution and
the various model distributions are also shown in
table 2. Obviously, the best prediction is generated
by the model incorporating R, whose fit is well
within the uncertainty of the experimentally de-
termined distribution. A decreasing rate of con-
densation of a silicon atom as its state of con-
densation increases is reasonable on the basis of
steric and inductive considerations [6]. Experi-
ments have also shown that the condensation rate
of dimeric species is much slower than the con-
densation rate of monomeric species in the TMOS
sol—-gel system [19].

Based on the above discussion, the sol-gel
polymer in its spinnable state is a combination of
silicon atoms forming linear segments, trifunc-
tional branching points, and tetrafunctional
branching points. It does not consist of simple,
high molecular weight linear polymers (Q?), dou-
ble-chain ladder polymers (Q3), or triple-chain
ladder polymers (Q%: Q* =2:1). Instead the dis-
tribution of silicon atoms among these various
functionalities can be explained by very simple
statistical arguments implying random, not
ordered, growth processes.

3.2. Rheology and scattering

In addition to the local chemical structure,
several other factors argue against the presence of
rigid rod polymers in spinnable silicate sols.
According to eq. (3), the exponent, a, is required
to be 1-2 for rigid polymers, yet the largest value
observed was 0.75. In order to give structural
significance to the value of a, eq. (3) may be
re-expressed in terms of a mass fractal dimension,
D [20]:

n~Ry/M, ~ kM3, (6)

where R, is the radius of gyration and k, is a
constant. Since the mass fractal dimension of a
rod is 1, eq. (6) predicts that for rigid-rod poly-
mers a=(3/1) —1=2. According to eq. (6), a =
0.75 corresponds to D =1.83, a value in between
that of a linear swollen polymer (self-avoiding
random walk), D =5/3, and either an ideal (ran-
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dom walk) linear polymer or swollen branched
polymer or reaction-limited cluster—cluster aggre-
gate, D =2 [21].

Although it is often possible to determine the
value of D from small-angle scattering according
to

I(K)~K? (7)

a preliminary SAXS investigation of the spinnable
system did not show a linear dependence of I on
K. Instead the slit-smeared slopes increased pro-
gressively from <1/3 to > 1 (corresponding ap-
proximately to D <1.33 to D > 2) over the range
K=0.01 to 1. These curvature effects are gener-
ally attributed to strong polydispersity disallowing
an interpretation of the slope according to eq. (7).
Even though a fractal dimension describing the
spinnable system has not been obtained, the pre-
liminary SAXS data do not support D=1, as
expected for rigid-rod polymers.

3.3. Criterion for spinnability

From the combined resuits summarized above,
we see that the criterion for spinnability is high
viscosity of the sol without premature gelation.
This criterion is achieved using acid catalysts and
low values of r (generally <2).

As discussed in the Introduction, for low elon-
gational velocities, V' (normally case for labora-
tory experiments), high viscosity is necessary to
stabilize the fiber from capillary wave instabilities
(droplet formation). Equations (2, 3, 6) indicate
that for any particular concentration or extent of
condensation (M,), less-highly branched “ex-
tended” structures, e.g., chains or randomly
branched polymers (D < 3), are more efficient
than compact structures, e.g, discrete particles (D
= 3), at increasing the viscosity. Extended struc-
tures interact at low concentrations and at low
extents of condensation which explains the con-
centration and molecular weight dependence of
the reduced and intrinsic viscosities, respectively.
Although rigid-rod polymers (D =1) confer the
greatest effect on the viscosity per unit concentra-
tion or molecular weight, our NMR results clearly
show that neither rod polymers nor linear poly-
mers are necessary for spinnability.

However, high viscosity alone is not a sufficient
condition for fiber formation. All gel forming
systems by definition attain high viscosities, but
most often the spinnable state is too short-lived to
be of any practical consequence. Acid catalysts
and low r values facilitate high viscosity without
premature gelation.

Acid catalysts generally lead to extended struc-
tures as opposed to compact structures by promo-
ting random (statistical) cluster—cluster growth
that proceeds more or less irreversibly, i.e., without
much rearrangement {22]. In addition sufficient
acid concentrations to yield an effective pH near 2
minimize the condensation rate. This allows the
viscosity to be increased by increasing the con-
centration (eq. 2) without causing immediate gela-
tion. Kozuka et al. [23] found that for an acid-
catalyzed TEOS system prepared with r = 2 spin-
nability was observed only when the viscosity was
increased by solvent removal in an open con-
tainer. In closed containers equivalent viscosities
can be achieved only be continued condensation
reactions leading to network formation and pre-
mature gelation.

Because ether (ROR) forming condensation re-
actions do not occur at low temperature, low
H,O/ Si ratios, r, effectively reduce the function-
ality of Si, thereby promoting the formation of
extended rather than compact structures. In ad-
dition, since OR terminated polymers do not re-
act, the viscosity can increase via solvent removal
as opposed to network formation leading to spin-
nability as described above.

An r value of 1 is theoretically sufficient to
produce infinite chains, while r values of 1.66 and
2 are theoretically sufficient to produce double
chain ladder polymers and fully condensed silica,
respectively. However, in this study (r=1.5 or
1.7) even reflux conditions followed by distillation
of ethanol at 85°C did not drive the reaction to
completion. Thus the system retains some uncon-
densed OH groups that may be important with
regard to spinnability. Clearly in our experiments
some hydrolysis of the terminal groups appears
necessary, since solvent removal alone at 85°C in
the absence of water vapor (r = 1.5) did not result
in spinnable systems, whereas spinnability was
observed after subsequent exposure of the sol to
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100% RH water vapor at 80°C (conditions under
which little further evaporation occurs). In all of
the referenced work cited in this paper spinnabil-
ity was achieved by aging the sols uncovered in
uncontrolled environments, so that some amount
of additional hydrolysis occurs during the con-
centration step. These hydrolyzed groups as well
as additional silanol groups formed during fiber
formation may be necessary to stabilize the drawn
fiber. Sacks and Sheu for example found that
although a sol prepared with r =1 was spinnable,
the drawn fibers were unstable toward droplet
formation [2].

4. Conclusions

2Si NMR of silicate sols prepared by acid-
catalyzed hydrolysis and condensation of TEOS
with r = 1.5 or 1.7 and fractal analysis of rheology
data reveal that polysilicate species comprising
spinnable sols are not simple rigid-rod ladder
polymers or strictly linear polymers. Instead we
observe a distribution of Q species consistent with
the product of a statistical (random) growth pro-
cess (suitably modified to take into account steric
and inductive effects) and a mass fractal dimen-
sion > 1 indicating that rigid rods are not present
on intermediate length scales (1-20 nm). The
primary criterion for spinnability is high viscosity
without premature gelation. This is accomplished
by acid-catalyzed conditions employing low values
of r, which produce extended rather than compact
structures consistent with the conclusions of Sakka
and coworkers based on rheological investigations.
In order to achieve stable fibers a second criterion
appears to be some additional condensation dur-
ing fiber formation. This topic will be addressed
in a future publication.

The technical assistance of D.A. Schneider and
C.S. Ashley is gratefully acknowledged.
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