RAMAN STUDIES OF THE NANOSTRUCTURE
OF SOL-GEL MATERIALS
by

Calvin James Doss

Dissertation submitted to the Faculty of
the Virginia Polytechnic Institute and State University
in partial fulfillment of the requirements for the degree
of
DOCTOR OF PHILOSOPHY
in

PHYSICS

APPROVED:
£

Richard Zallen, Chairman

a.l. A S R el

A. L. Ritter J. R. Heflin
WM/&\. el
T. C. Ward G. V. Gibbs
March, 1994

Blacksburg, Virginia



Lh
5655

V%sb
1G4

D6

cC.t



RAMAN STUDIES OF THE NANOSTRUCTURE
OF SOL-GEL MATERIALS

by
Calvin James Doss
(Abstract)

Four sol-gel systems (alumina, aluminum hydroxide, zirconia, and
magnesia) were investigated, primarily by laser spectroscopy, on several series of
materials prepared by systematically varying the synthesis procedures. Key
material phases analyzed were: (1) nanocrystalline boehmite [AIO(OH)];
(2) bayerite, nordstrandite, and gibbsite [AI(OH)3 polymorphs]; (3) amorphous
zirconia [a-Z1rO7]; and  (4) magnesite [MgCO3], hydromagnesite
[4MgCO3-Mg(OH)>-5H720], and magnesia [MgO]. Crystal nucleation and crystal
growth kinetics were studied in several cases, with x-ray experiments carried out
to calibrate the Raman-scattering technique I developed for monitoring crystallite
size.

Nanocrystalline boehmite, y-AlIO(OH), was found to be the principal
component in the sol-gel alumina system. Materials were prepared by the hot-
water hydrolysis/condensation of AI(OC4Hg)3, the Yoldas process, as a function
of process variables such as the time spent in the sol phase. Small but systematic
changes, as a function of sol aging time, were discovered in the lineshape and
position of the dominant boehmite Raman band observed in the alumina hydrogels.
These spectral changes were interpreted in terms of nanocrystallinity-induced
finite-size effects associated with the slow growth of AIO(OH) nanocrystals in the
sol. X-ray diffraction experiments were used to determine nanocrystal sizes (as
small as 3 nm for gels prepared from fresh sols) and to estimate growth kinetics
from the Raman-lineshape results. These results appear to be among the first

available for crystallite growth kinetics (ripening) in the near-atomic-scale



nanocrystal regime. The Raman peak-position shift is proportional to L"%, where
L is the average nanocrystal size and o is a Raman-versus-size scaling exponent.
For AIO(OH), I determined o to be 1.0, close to the scaling-exponent values
reported for graphite and BN and different from the values (about 1.5) that
describe the reported behavior of Si, Ge, and GaAs.

The trihydroxide polymorph system is closely related to the sol-gel
alumina system. The processing temperature and the method of hydrolysis were
varied, in order to determine their effect on the trihydroxide phase mix. The
trihydroxide phase mix does not change with time; it depends only on the initial
hydrolysis conditions. Bayerite is the primary phase present for materials
processed at 25 C, while nordstrandite is the primary phase present for materials
processed at 60 C. It is shown that the trihydroxide crystal nucleation kinetics are
responsible for the AI(OH)3 phase mix. Hydroxide/oxyhydroxide phase-mix
kinetics were also studied; this ratio increases with time. The associated rate
constant decreases with increasing temperature.

Sol-gel zirconia was prepared by using atmospheric water to hydrolyze a
mixture of zirconium propoxide, acetic acid, and n-propanol. This produces a
clear gel. Hydrogen peroxide was found to chemically react with the gels. Clean
Raman spectra reveal a broad-band structure (the full width at half maximum is
150 cm™ 1) centered at about 460 cm™1. This band is interpreted as the signature
of an amorphous phase of zirconia.

Raman and luminescent spectra (both obtained on the Raman spectrometer)
were used to monitor the conversion of magnesium-carbonate-based materials to
magnesium oxide, as a function of temperature. This new phase-determination
technique utilizes the krypton 674.1 nm laser line so that the carbonate symmetric-
stretch band and the MgO:Crt++ luminescence band are readily observable on the

same spectrum.
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CHAPTER ONE

INTRODUCTION

1.1 Introductory Remarks

Sol-gel technology is a method or process for making ultrafine-particle
(nanometer to micron diameter) metal oxides (ceramics), in solution (sol) or
gelatinous (gel) form. Primary concerns in this process are the control of the size,
chemical, and structural composition of the ultrafine particles. In this dissertation,
I have researched ways of characterizing sol-gel materials, primarily by Raman
scattering, that address some of these concerns.

The processes used to make sol-gel materials are very complicated, and sol-
gel solids comprise a very large class of ceramic materials. Classical sol-gel
precursors, and the ones used in this dissertation, are liquids called metal
alkoxides,] water, and sometimes additives such as acid. The transition from
liquid precursors to particles in solution must traverse several important size and
kinetic domains, for which a clear understanding is necessary for reproducibility.
Besides the hope for novel and better materials, sol-gel technology strives for
reproducibility, and this is the driving force behind much of the scientific
investigation into these materials.

Sol-gel materials are scientifically interesting in their own right. Besides
the unique structures that can be made with these materials, like xerogels and
aerogels that have very high surface area densities and porosities,2 the ultrafine
particles can have unique properties simply by virtue of the sizes of the particles

themselves.3 Structural features, crystalline or amorphous,4 are also of scientific



interest, as they give considerable insight into the earliest structural units in the
processing of these materials.

Raman scattering was the primary analytical technique used here for
studying the sol-gel materials. Advantages for its use are that it can characterize or
identify molecular, amorphous, and crystalline materials, it can differentiate
between crystal phases, and it also can reveal finite-size (nanocrystalline) effects.
Also, the presence of water in these systems limits the capability of infrared
techniques. Unfortunately, many of the Raman spectral features are not readily
assigned without a complex calculation of vibrational modes and frequencies, in
molecules or crystals. The key to successfully characterizing these complex
materials is a systematic study. In this dissertation, time, temperature, acid type,
and acid concentration, were systematically varied in order to understand their
effects on the system, as well as the system itself.

The sol-gel materials studied in this dissertation are oxides (and, in some
cases, hydroxides, peroxides, acetates, and carbonates) of aluminum, zirconium,
and magnesium. The specific sol-gel procedures used to synthesize each of these
three systems are described in detail in chapter two, with overall aspects briefly
repeated in the later chapters on the individual systems (so that these chapters are
reasonably self-contained).

1.2 Sol-Gel Chemistry

The sol-gel process involves two fundamental reactions, hydrolysis and
condensation. The kinetics of these two reactions, and the molecular structures
they produce, are the largest factors determining the nature of the final particulate
solids. Therefore much of sol-gel technology and science either alters (in order to

produce new or better materials), or seeks to understand, these two processes.



The hydrolysis and condensation reactions are schematically shown in
Figure 1.1. The letters M and R stand for a metal cation (Al, Si, Zr, ...) and an
alkyl group (methyl, ethyl, propyl, ...), respectively. The letters O and H represent
oxygen and hydrogen, and the short lines indicate chemical bonds. The O-R
combination is an alkoxy group, and the M(OR)4 molecule is referred to as an
alkoxide. The choice of fourfold coordination number here is arbitrary; the actual
coordination depends on the metal. The hydrolysis reaction, in the upper half of
the figure, proceeds by a nucleophilic addition-substitution reaction, in which
alkoxy groups are replaced by hydroxide units supplied by the water. Alcohol is a
byproduct of this reaction. The condensation reaction, shown in the lower half of
the figure, occurs when two hydrolyzed units react to form an oxygen bridge.

The hydrolysis and condensation reactions are not necessarily sequential.
That is, the condensation reaction may proceed without complete hydrolysis (all
alkoxy groups replaced by hydroxyl groups). While a water-rich solution may
follow the complete hydrolysis scheme outlined in Fig. 1.1, in a water-poor
solution, condensation reactions may have to occur before further hydrolysis can
take place. This is because the water may be completely consumed by the
hydrolysis reaction, but it can then be re-supplied as a byproduct of the
condensation reaction.

The rates of the hydrolysis and condensation reactions are not fixed. These
rates can strongly depend on factors such as the alkoxy group, the degree of
hydrolysis, the water:alkoxide ratio, and the presence of various additives and
catalysts (especially those that can alter the pH). Also, the condensation reaction

may proceed by additional mechanisms. For example, an unhydrolyzed molecule



with alkoxy groups may react with a completely hydrolyzed molecule with
hydroxyl groups to form an oxygen bridge and alcohol.

The condensation process begins with monomers to form dimers. As it
progresses, dimers may condense with monomers, other dimers, trimers, .... The
product of the hydrolysis and condensation reactions are highly dispersed particles
in solution, referred to as a colloidal suspension or a sol. Therefore, at some point,
the net condensation of the system must stop, or else particle growth will reach a
stage where a precipitate will form. Particles in solution are not as stable as a
precipitate, because of their additional solid-liquid interfacial surface energy .
Therefore, in order to prevent precipitation, a potential barrier must be set up
between the particles.

Acid "peptization”, or acid addition, is a means of producing a potential
barrier between the colloidal particles. In this process, the particles are charged so
that they repel each other. The charge can also bring about some additional
surface passivation beyond the electrostatic effect.

Gelation occurs when the potential barrier between the particles is
overcome. Depending on the system, several techniques may be used to
accomplish this. Gelation may be induced by solvent boiloff (which increases the
volume fraction occupied by the particles), changes in temperature and/or pH, or
by the addition of an additive. If the potential barrier is not too large, gelation may

proceed slowly over time.

1.3  Ostwald Ripening

Ostwald ripening, also referred to as coalescence, coarsening, or, simply,
ripenjng,5s6 is an aging phenomenon whereby larger particles grow at the expense

of smaller particles. It occurs in systems that are composed of particles with



diameters less than about 10 nm. The driving force behind Ostwald ripening is the
large surface energy of these systems, caused by their large surface area, that can
be in the 500m?.g™" range.” Another way of looking at this phenomenon is to
recognize that smaller particles have a higher solubility than larger particles. This
produces a solute concentration gradient and therefore a transport of material from
smaller particles to larger ones. The rate of solute transport is usually either
diffusion or surface limited.

The Ostwald-Freundlich equation is given by

S=Swexp(%"—J (1.1)

g
where S_ is the solubility (concentration), at the surface, of a particle of infinite
radius (i.e. a flat plate), v, is the solid-liquid surface energy density, V, is the
molar volume of the solid phase, R, is the ideal gas constant, T is the temperature,
and r is the radius of curvature of the object at the point of interest. This equation
is not only applicable for solid particles with radius r, whose radius of curvature is
r, but it also applies to holes of depressions that correspond to a negative radius
of curvature, i.e. r=-|r|. Figure 1.2, which is a graphical representation of the
Ostwald-Freundlich equation for the silica system, shows how the solubility, S,
decreases as the particle size increases. This equation applies to equilibrium
systems; for non-equilibrium systems, S is interpreted as the concentration of the
solute at the surface of the particle.
1.4 Raman Scattering: The Finite-Size Effect

Raman scattering is an inelastic light-scattering process. Here we are
concerned with the inelastic scattering of incident laser light by phonons

(vibrations of the crystal lattice). In an infinite crystal, phonons are plane waves.



In a real crystal, the phonons are confined to a finite region of space, so that the
standard plane-wave assumption becomes an approximation. For crystal
dimensions down to 10-7 m (100 nm), this approximation remains a superb one;
deviations from its predictions are difficult to discern. In the work described in
this dissertation, we encounter crystal sizes well below 100 nm, down to
dimensions as small as 3 nm (for AIO(OH), described in chapter three). For these
"nanocrystal” dimensions, deviations from the infinite-crystal plane-wave-
approximation predictions become quite significant. (A "nanocrystal" is a
crystallite having dimensions of a few nanometers.) For example, as discussed
below, the g =0 optical selection rule breaks down in nanocrystals. For Raman
scattering, these "finite-size effects" (also known as "phonon-confinement effects")
are well treated by a theoretical model developed by Richter, Wang, and Ley.8 In
their theory, each nanocrystal (which typically contains a few thousand unit cells)
is assumed to be identical in structure with a piece of the infinite crystal. The
phonon dispersion curve is assumed to be the same as in the infinite crystal. The
finite size of the nanocrystal is introduced by an envelope function modifying the
phonon wavefunction.

In the theory of the finite-size effect proposed by Richter et. al., the phonon

wavefunction is modified in the following way. Let y_ (qn,r) be the
wavefunction of the infinite crystal (i.e., a plane wave), with wavevector g, and

position . Then the phonon wavefunction of a nanocrystal is written as

v,(g,.,r)=Clr.r.Dv.(g,.7), (1.2)
'/r) (1.3)

where C(ra':,:l) o< exp(—zlr -7



is a Gaussian confinement function, centered at r, and with a width (two times the

standard deviation of the Gaussian) of / . In the model, / and r, correspond to the

diameter and center of the nanocrystal respectively.

Let ¢, (q,qo) be the Fourier transform of w"(qo,r), i.e., the momentum

space representation of the phonon, Y n(qo, r). This gives

2
0,(a.q,) < 1-exp(-1*lg—q,[ /8). (1.4)
which is a Gaussian, centered at g, and with a width of 4/1. Therefore, the smaller

is the crystal size in real space, the larger is the spread of the phonon wavefunction
In momentum space.

Equations (1.3) and (1.4), taken together, can be seen to constitute a
statement of the Heisenberg uncertainty principle in the following way.
Equation (1.3) gives Ax=l/«/§ , and eqn.(1.4) gives Ap=h\/§/l (since
Ap = hAq, and Ag =~/2/1). Therefore,

AxAp (Heisenberg uncertainty relation for Gaussians,
g

_ L m2
8

B | Sk

the optimum wavefunction shape)

The most important relationship that we need to recognize is that

Aqx%, (1.5)

where [ is the crystal size. This result, and its effect on the Raman spectrum, is a
consequence of the Heisenberg uncertainty principle.

Figure 1.3 is a schematic of how eqn. (1.5) effects the Raman spectrum. In
the righthand side of the figure is a phonon dispersion curve, which plots phonon
frequency (energy) versus wavevector (crystal momentum). The solid black dots

represent specific phonon modes of the bulk crystal. In a bulk crystal, only



phonon modes at ¢ =0 are Raman allowed because of the wavevector selection
rule (which is a consequence of crystal momentum conservation). The Raman
signal of the bulk crystal is shown on the graph at the lefthand side of the figure.
On this graph, the Raman signal is plotted horizontally, increasing to the left, and
frequency is plotted vertically, increasing towards the top of the page. The Raman
signal shows up as a sharp peak because only one mode (the mode at zone center),
and hence only one frequency, is allowed to interact with the incident laser light,
as a consequence of the wavevector selection rule.

The wavevector selection rule for a nanocrystal is relaxed, in the following
way. In a bulk crystal, the horizontal width (in wavevector) of each black dot (on

the righthand side of Fig. 1.3) is infinitesimally small. In a nanocrystal, each black

dot acquires a width which, according to eqn.(1.5), is proportional to %

Therefore, phonon modes not g =0 (the center of the Brillouin zone) have zone-

. . 1
center character. The result is that modes that are within Aq=; of the zone

center become Raman active.

The phonon dispersion curve in Fig. 1.3 shows the range (0 < g < Ag) of
Raman-active modes for a nanocrystal of size /. These modes span a range of
frequencies. All of these frequencies show up in the Raman spectrum, producing
the asymmetrically broadened Raman band at the left side of the figure. The broad
band exhibited by the nanocrystal is also downshifted from the sharp line exhibited
by the bulk crystal, as a consequence of the downward curvature of the phonon
dispersion curve, and the increasing density of phonon modes with wavevector in

three dimensional systems.



The frequency dependence of the Raman scattering intensity for
nanocrystals, as given by this theory, is obtained by integrating over wavevector

space:

—a’P 4
exs q%)[m_m(q)]fi[ro/aqz | o

Here I’ is the full-width-at-half-maximum (FWHM) of the bulk crystal Raman
band, and ®(g) is the phonon dispersion relation. In a bulk crystal, the
exponential is replaced by &(g).

By examining the Raman band lineshape parameters (peak position, full-
width-at-half-maximum, and asymmetry), the nanocrystal size may be determined
with the use of egn. (1.6). Unfortunately, the phonon dispersion curve, ®(g),is
unknown for most crystals. The phonon dispersion curve is known for the well-
understood semiconductor crystals Si, Ge, and GaAs, and for these materials, the
theory agrees very well with the experimental results.9,10,11
1.5 Dissertation Outline

Chapter two is detail oriented. Here specifics of the materials synthesis
procedures are covered. In addition, aspects of the Raman spectroscopy are
clarified. This chapter is not a prerequisite for reading the rest of the chapters in
the dissertation. It is primarily intended to be helpful to researchers desiring to
reproduce some of these results.

Chapter three presents the results of a systematic Raman scattering and x-
ray diffraction investigation of sol-gel alumina, for a wide range of synthesis
conditions. Nanocrystalline boehmite, y-Al1O(OH), is the principal component of

these materials. Clear finite-size effects have been observed, and these have been
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used to establish a method of monitoring the nanocrystal growth kinetics in the sol
phase. The results contained in this chapter have been published as an article in
the Physical Review.12

Chapter four shows the effects of altering the synthesis procedures of
chapter three to a regime in which gels do not form. Three distinct aluminum
hydoxide, Al(OH)3, phases are formed when an acid peptization step is eliminated
and the processing temperature is lowered. Structure and kinetics of the aluminum
hydroxide phases are analyzed.

Chapter five contains the results on two separate sol-gel materials systems.
In the first system, an amorphous form of zirconia (ZrOj) is produced and
characterized. In the second system, the conversion of magnesite and
hydromagnesite to magnesia (MgO) is monitored as a function of temperature; this
is done by using Raman and luminescent signatures of these materials.

Chapter six briefly summarizes the results and provides suggestions for

further study.
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hydrolysis
R H
0 0
RO-M—OR + 4H,0 —» HO—IYI-OH + 4ROH
O O
R H
condensation
H H H H
Q Q ¢ 9
HO—IYI—OH + HO-I\III—OH —> HO-M—O—M—OH + H,O
O 0 O O
H H H H
Fig. 1.1: The chemistry of sol-gel materials synthesis consists of two fundamental

reactions, hydrolysis and condensation. Here, M, O, and R represent a metal
atom (Si, Al, Zr, ...), an oxygen atom, and an alkyl group (methyl, ethyl,
propyl, ... group), respectively. The M(OR)4 unit shown at the top of the figure
is a metal alkoxide molecule. Hydrolysis of metal alkoxides produce metal
hydroxides. Condensation of the metal hydroxides produce metal hydroxide
oligomers (here shown as the product of the condensation reaction), and
eventually metal oxides.
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INCREASING INCREASING
NEGATIVE CURVATURE | POSITIVE CURVATURE

Si0, SOLUBILITY, PPM

—f—

200 ——
I i | I
-10 -5 0 5 10

2 X RADIUS OF CURVATURE -NANOMETERS

Fig. 1.2: The solubility of silica particles/depressions as a function of their radius of
curvature. Particles and projections on surfaces have positive curvature.
Surface depressions have negative curvature. From R. K. Tler.13
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) vV  (frequency)

bulk crystal A )
........ - - < = L I

nanocrystal R

{ = crystal size

Fig. 1.3:

— (
Raman momentum
signal wave vector

Schematic of how phonon confinement effects the Raman spectrum. The
righthand side of the figure is a phonon dispersion curve. The solid black dots
represent specific phonon modes of the bulk crystal. The Raman signal of the
bulk crystal is shown at the left. Here, the Raman signal is plotted horizontally,
increasing to the left, and frequency is plotted vertically, increasing towards the
top of the page. In a bulk crystal, the horizontal width (in wavevector) of each
black dot is infinitesimally small. In a nanocrystal, each black dot acquires a
width which, according to eqn. (1.5), is proportional to 1/!. Therefore, phonon
modes not g =0 (the center of the Brillouin zone) have zone-center character.

The result is that modes that are within Ag=1/! of the zone center become
Raman active, which leads to the nanocrystal Raman spectrum shown.
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CHAPTER TWO

EXPERIMENTAL: MATERIALS AND METHODS

2.1 Introduction

The details of the materials synthesis and the methods of analysis are
discussed in this chapter. It is not necessary to read this chapter in order to
understand the following chapters. However, this chapter should prove helpful to
anyone interested in reproducing any of these experiments, or anyone attempting
to carry out similar experiments. Section 2.2 details the process for making "sol-
gel alumina”, and the related materials that will be analyzed in chapter 3.
Section 2.3 details the process for synthesizing the materials of chapter 4; these are
referred to as the "Al(OH)3 materials”, since various AI(OH)3 crystalline
polymorphs are produced in this process. Section 2.4 describes the synthesis
procedure for making the "sol-gel zirconia" materials of chapter 5; and section 2.5
describes the magnesium carbonate materials, also of chapter5. Finally,
section 2.6 discusses some of the experimental methods used to obtain the Raman
spectra of the synthesized materials.
2.2 Synthesis of Sol-Gel Alumina and Related Materials

The Yoldas process for making clear alumina gels, as indicated in Fig. 2.1,

consists of three main steps:

(1) hydrolysis and condensation of an aluminum alkoxide to form an
AlO(OR) precipitate;
(ii) re-suspension and dissolution of the precipitate by acid peptization to

form a clear, colloidal, sol;
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(ii1) concentration of the sol by solvent boiloff, resulting in the formation
of a gel.
Specific details follow:

(1)  Aluminum secondary butoxide (ASB), Al(OC4Hg)3 was doubly distilled
and stored in an inert-atmosphere chamber. ASB is a clear viscous liquid at room
temperature, although undistilled commercial sources usually have a yellow tint,
which is a sign of impurities. A portion of the ASB (typically 25 g, or about
0.1 mole) was heated, to reduce its viscosity, and drawn into a syringe via a
12 gauge needle. Water (typically 200 ml, or about 11 moles) was added to the
reaction vessel and maintained at 80 C, the initial hydrolysis temperature. The
H»>O:ASB molar ratio was kept at 110:1. A temperature controller was used to
sustain the appropriate processing temperature in all phases of the materials
making process, to within about + 2 C.

(2) A continuous stream of ASB was added, via the 12 gauge syringe, to the
80 C water, under vigorous stirring conditions. This step induces immediate
hydrolysis and condensation reactions, and yields an AIO(OH) precipitate in the
water. From now on I will refer to the contents of the reaction vessel as the sol.
This completes step (i) of the Yoldas process.

(3) Immediately following step 2, the temperature controller was set to 95 C,
and was not changed from this setting for the remainder of the materials-making
process. The initial hydrolysis and condensation reactions raised the sol
temperature a few degrees due to their exothermic nature. An initial hydrolysis
temperature of 80 C, versus 95 C, was used because the boiling was too violent
with an initial water temperature of 95 C (Yoldas typically used initial water

temperatures of 75 C). It took about 20 minutes for the sol to reach 95 C; this was



17

partially due to the fact that the sol boiled off secondary butanol (a by-product of
the hydrolysis reaction) as the temperature was increased. The reaction vessel was
open to the atmosphere during this time.

(4) Twenty minutes after the initial hydrolysis and condensation step, a
0.1 normal inorganic acid (HCI or HNO73) was added to the reaction vessel, with
two different molar ratios [acid:ASB molar ratios (R) of 7:100 or 14:100, which
will be referred to as by R=0.07 or R=0.14 respectively]. Peptization serves to
disperse the AIO(OH) precipitate and send it into solution in the form of a clear,
stable, colloidal, sol. The rate at which the sol is peptized or dispersed depends
upon the acid:ASB molar ratio R, although many other factors may also be
important. Generally, the higher the acid concentration, the faster the peptization
or dispersion of the precipitate. The peptization or dispersion process can take
several hours or several days. The acid-addition peptization step was carried out
20 minutes after the initial hydrolysis step; this particular timing (which was not
varied) stems from Yoldas' early work on this system. He observed that the later
sols peptized or dispersed faster if peptization occurred twenty minutes after the
initial hydrolysis, versus immediate peptization. Step (ii) of the Yoldas process is
now complete, with the understanding that the sols are not completely peptized, or
dispersed into a clear colloidal sol, until later processing times.

(5) Immediately following the peptization step, the reaction vessel was sealed
(except for a small hole made by a syringe needle) to prevent water evaporation.
The sol remains in this state (stirring, sealed, 95 C) for the rest of the materials
making process.

(6) At selected time intervals, a sample of the sol was removed from the

reaction vessel. This sample was then boiled (for about 10 minutes) in a small
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open beaker to remove excess water and concentrate the sol. Upon sufficient
removal of water, about 50% of the initial solution, the sol becomes quite viscous
and nears the gel point. The viscous sol was then transferred to a 1 dram glass vial
and sealed to prevent further solvent removal. The viscous sol was then allowed to
cool to room temperature, where gelation took place. The time it took, for the sol
to gel, depended largely on how much solvent had been removed in the initial
concentration step. In most cases it took place in less than a minute
(experimentally the gel point is difficult to define). Cooling the viscous sol
appears to increase the rate of gelation. The final products are the room-
temperature gels. About six gel samples are produced from each reaction vessel.
This completes step (iii) in the Yoldas procedure. These gels are also referred to
as hydrogels, because they are approximately 90% water by weight. The early
gels (gels made from sols that were processed in the sol phase for only a few
hours) are cloudy; later gels become progressively clearer (with increasing time
spent in the sol phase). At room temperature, cloudy gels remain cloudy, i.e.,
peptization stops. Furthermore, microcrystalline boehmite (the dominant solid
phase) ceases its crystallite growth. Gel structure thus remains stable at room
temperature. The gels will be referred to by the acid type and concentration used
in peptization and, especially, by the length of time spent in the earlier sol phase
[e.g., HNO3, R=.07, 24 hours, hydrogel].

The procedure for making the unpeptized boehmite precipitates is similar to
the procedure for making the hydrogels, with the differences indicated below
(according to the step-by-step numbering system used for the hydrogels). The first
three steps are the same.

(4) The sol was never peptized. Therefore the sols remain as aqueous














































































































































































































































































