
117

SMALL-ANGLE NEUTRON SCATTERING AND 27AL NMR STUDIES ON THE
MICROSTRUCTURE AND COMPOSITION OF ALUMINA SOL-GELS
L. F. NAZAR, *D. G. NAPIER, *D. LAPHAM AND aE. EPPERSON
University of Waterloo, Department of Chemistry, Waterloo, Ontario, Canada

a Argonne National Laboratories, Materials Science Division

ABSTRACT

We have used small angle neutron scattering, static light scattering and 2 7A1 NMR
to examine the structure and composition of alumina sol-gels formed by the hydrolysis of
aluminum alkoxides. For LT sols at low acid concentrations, and HT gels over a wide range
of acid concentration, 27A1 solution NMR suggests, by the dearth of spectral resonances, that
high molecular weight species are being formed. Analysis of the small angle neutron
scattering data in the Porod regime indicates these sol-gels exhibit a power-law dependence
consistent with mass fractal dimensions ranging from 1.45 to 1.8. These fractal dimensions
are consistent with models based on diffusion limited cluster aggregation. The fractal
dimensions do not differ significantly between LT and HT sols at the same acid
concentration. However, for both temperature regimes, the fractal dimension increases with
increasing acid concentration, suggesting a progression to a more compact network. Static
light scattering measurements indicate the Guiner radii of the cluster aggregates vary from
600 to 2000A.

INTRODUCTION

Alumina sol-gel processing is thought to have an important future in fiber
manufacture, coatings, porous ceramic membranes, and in the formation of ceramic
precursors. In comparison to silica sol-gel processing by alkoxide hydrolysis, the analogous
alumina chemistry is notably different, but not as well understood. One of the major
differences is in the relative rate of hydrolysis, which is very fast in alumina, but
comparatively slow for silica. For silica sols at acid or neutral pH, this results in the
formation of polymeric fractal structures, which crosslink into a rigid gel structure [1]. For
alumina sols, on the other hand, the processes have not been elucidated, but appear to result
in "colloidal" sol-gels. Figure 1 briefly outlines some previous results which describe the
effects of various processing conditions on the composition of alumina sol-gels. The physical
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and chemical nature of the sol can be modified by changes in temperature, electrolyte
concentration and the addition of solvent in the initial stages of hydrolysis. In many cases,
these effects are not readily reversible.

At low acid concentrations (<0.4 H+/Al mole ratio), hydrolysis at room temperature
(LT) leads to the formation of hydrated-colloidal precipitates [2], which solution NMR
studies indicate contain very small amounts of well defined aluminum hydroxyoxide cluster
cations, with the remainder of the Al in solution being undetectable due to molecular weight
and/or quadrupole broadning [3]. The small cluster cations have the formulation
A1130 4 (OH) 94 (HIO)12 /+ ("Al1 3"). At higher acid levels (>0.4 H+/Al), these species
dominate in tie so?, together wit] Al(H20)673 (monomer) [3]. Aging these LT sols at 90°C
leads to the condensation of the All - clusters to form dimers (or trimers) [4].

Hydrolysis at 90°C (HT) leads to translucent sols whose viscosity increases rapidly
with increasing acid concentration. For both LT and HT sols, the total number of small,
mobile Alx0 cations (All, A12, All3, etc) increases as the acid concentration increases
[3,5]. x y

In this paper, we present our results of small-angle neutron scattering and light
scattering studies on some sols obtained over range of different processing conditions, in
which the pH and temperature were varied and solid-state NMR studies on the resulting gels.
These probes are ideally suited to determining sol composition and structure over a wide
range of length scales: 27AI NMR yields information on the local atomic enviroment (very
small length scales); SANS can provide information on the average structure of complex
colloid/polymer networks in the region of 10-500A (generally NMR-invisible); and light
scattering is an effective probe at longer length scales, in the vicinity of 500-2000A.
Complementary information about the microstructure of sol-gels hydrolyzed at both low and
high temperature has been obtained from a combination of the techniques.

EXPERIMENTAL

SANS and light scattering studies were performed on five sol-gel compositions
prepared from aluminum sec-butoxide: three sols hydrolyzed at 90"C with 100 moles
H20/Al at the following H+/Al molar ratios: 0.07 (HT007); 0.3 (HT03); 0.6 HT(06); and
two were hydrolyzed at room temperature at the latter two ratios, 0.3 (LT03) and 0.6 (LT06).
The Al sol concentration was approximately 0.5M. Samples for SANS were prepared using a
75% D2 0/25% H2 0 solution for hydrolysis, as this D/H ratio was experimentally found to
optimize the scattering intensity, while minimizing the incoherent scattering. The
experiments were performed using the SAD instrument at the Intense Pulsed Neutron Source
(IPNS) at Argonne National Laboratory. The data were collected in lmm quartz cells, and
are calibrated to absolute intensity. The Q range [Q=(4t/X) sin (0/2)] covered by the
instrument is 0.005 -0.35A- . The data in the high Q-range was supplemented by scattering
measurements carried out at the Chalk River Neutron Laboratories (CRNL).

Static light scattering (SLS) measurements were carried out on a Model 5000 Light
Scattering Monophotometer. The solutions were filtered with a 0.2g PTFE filter and capped
in quartz cells. For each sample, intensities were collected by running 1/4, 1/8, 1/12, 1/16,
and 1/24 dilutions at 10 different scattering angles.27A1 NMR solution and solid state magic-angle spinning (MAS) measurements were
carried out on a Bruker AM-500 spectrometer, operating at 130.12 MHz. NMR shifts are
reported relative to A1(H20) 63+, which was used as an external standard.

RESULTS AND DISCUSSION

Small angle neutron scattering and static light scattering

There are two regimes in the small-angle scattering curve that are used in determining
structure on the scale of colloid dimensions: the Guinier and Porod regions. The Q-range
that determines these regions is dependent on the size pf the aggregrates or particles. In the
Guinier region, which occurs at low Q where Q < Rg t (Rg = radius of gyration), the
scattering intensity is approximated by [6]:

I(Q) = m[1 - Q2Rg 2/3] + ... (1)
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R (or the Guinier radius) is related to the size of the particles in a dilute colloidal solution or
thi correlation length in systems where there are overlapping or interacting chains of
molecules, such as in this case.

The Porod regime occurs at larger Q, where R << Q <a"! (a is the primary subunit
length): this region can reveal informatign on the miciostructure of the alumina network. In
this region the approximation I(Q) cc Q-4 holds for compact (non-fractal) particles in the
limit of very large Q, although in general it can be shown that

I(Q) = AQ-n (2)

The power-law exponent, n, is related to the fractal dimension, D, of the particle [6,7]. For
mass fractals of dimension 1< D <3, D=n [61. The concept of fractal geometry has proven to
be a useful, and natural method of describing the average structure of many colloidal/sol-gel
systems. D has been calculated by theoretical modelling for various reaction schemes
involving particle or cluster aggregation mechanisms [7]. Hence, measurement of D, (from a
In-In plot of I(Q) vs Q) can reveal mass distribution within the particle. This, in turn, tells us
something about how the particle was formed, and how its subunits are interconnected.

Figure 2 shows the combined light scattering and neutron scattering data for a
representative sol, HT-06, as a Porod (ln-ln) plot. The SLS and SANS data were matched in
intensity by a shift factor so that a smooth curve was obtained. The scattering plot shows
behavior of the type expected for colloidcl aggregrates with a fractal structure. The SLS data
in the low Q, or Guinier region (Q < ), for sols at the highest dilutions (usually,1/24th)
gave excellent fits to equation (1), usin• an exponential approximation for Q-(R QJ2/3.
Since the particle size distribution is not monodisperse, the R values obtained Qpresent a
root-mean-square radius of gyration of the aggregates. There Las no detectable light
scattering from sol LT-06.

The data in the Porod region were fit to equation (2), to determine the power-law
dependence, D. In each sample, a constant power-law dependence is observed over a more
than a decade of the scattering vector, down to Q= 0.1. The slopes-for the individual samples
for which scattering was observed (HT sols, and LT-03) fell in the range of 1.4 to 1.8. This
is consistent with the presence of large aggregrates (600 - >2000A) with a mass fractal
structure which is maintained down to small length scales. The curves all deviate from a
straight line at small Q (Guiner region), and at large Q, (Q=0.1), where D begins to approach
the Porod limit of Q-1: this correlates to a subunit size of 10-20A. These data are
qualitatively quite similar to those obtained for alumina colloids generated by other methods
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(vide infra). The fractal dimension was found to be independent of the D O/H20 ratio, and
insensitive to a two-fold increase in Al concentration: hence, interference- rom multiple
scattering can be ruled out.

The results for all of the samples are summarized below in Table I.

TABLE I - Combined SLS and SANS data

= %1Z0 I-I+/AI Fractal Dim.0n ) Source Rg

HT 75 0.07 1.46 IPNS a
HT 75 0.3 1.53 IPNS 2000A
HT 75 0.6 1.79 IPNS 720A

HT 25 0.6 1.76 IPNS
HT 0 0.6 1.77 CRNL

LT 75 0.3 1.79 IPNS 00Ao
LT 75 0.6 - IPNS b

a Not measured
b Sol did not scatter light; the SANS scattering was also extremely weak (see text)

Several observations can be made from the data. Firstly, for the same acid
concentration, the HT sols have larger aggregate particles than the LT sols. This.is not
surprizing, given the physical appearance of the sols, and is also consistent with ( /Al NMR
data [3]. Secondly, in the LT-06 sols, the lack of SLS and the SANS data confirm that the
particles are very small. SANS scattering for this sol was extremely weak. A Guinier
plot gave a very poor fit to the data, and indicated that there is no simple radius of gyration to
be obtained from the data, except possibly at very small Q (a value of 80A or less was
obtained from a fit to four data points). This is consistent with 27A1 NMR data which
indicate that 70% of the sol contains non-interacting Al 13+7 clusters (R = 4A) and some
monomer, with the remaining 20-30% not being visible by solution NMI [3,5]. The latter
species are probably present as somewhat larger clusters, which may be giving rise to most
of the scattering in the SANS experiment. The SAS intensity is proportional to the square of
the particle volume, and hence in a polydisperse system, the smallest clusters (ie, Al 13)
contribute much less to the scattering.

The most interesting observations come from examination of the change in fractal
dimension, D. Comparison of D for the sols HT-007, HT-03 and HT-06 shows a progression
from 1.45 -> 1.53 -> 1.78. This implies formation of a more compact structure as the acid
concentration increases, especially as this trend is concurrent with a decrease in particle size.
(Note -the change of D with aggregate size is also apparent in comparing the R of HT-03
with LT-03, in which R decreases from 2000 to 600A, concomitant with a increase in D
from 1.53 -> 1.79). Thhdecrease in aggregate size, however, could also be due to an actual
decrease in the molecular weight by the loss of subunits. Without accurate measurement of
Mw (which was not possible here), it is difficult to distinguish between the two. However, as
previous studies have shown that the number of small, mobile species increases with
increasing acid concentration for both LT and HT sols[3], we conclude that both factors are
probably responsible.

The D = 1.77 +0.03 determined for the HT-06 and LT-03 sols agrees very well with
models based on diffusion limited cluster aggregation (DLCA) [7]. D values of 1.78 are
calculated for 3 dimensional aggregation of clusters with a small repulsive barrier, which
represents a relatively rapid aggregation process. The predicted value of D increases up to
2.04 in the case of large repulsive barriers. As mentioned above, fractal dimensions similar
to these, in the range of 1.4-2.0, have been rjcently observed for other alumina colloid
systems generated by reaction of AI(H20) 6 + with OH- at OH/Al ratios of 2.5. Early SAXS
studies on these colloids found a power-law dependence of 2, which the authors suggested
arose from non-fractal sheet-like platelets of pseudoboehmite [8]. Schaefer et al. also
observed the slope of -2.0 in their SAXS studies on 0.IM colloids, which on dilution,
decreased to -1.4. The fractal dimension of 2 was interpreted as a lattice animal structure
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Fractal Dimensions Based on Simulations
of Some Aggregation Models [11]

Model Fractal Dimension. D

Diffusion-Urnited Monomer-Cluster Aggregation 2.50

Diffusion-Uimitad Cluster Aggregation (2D) 1.42

Diffusion-ULmited Cluster Aggregation (3D) 1.75 -1.80
(rapid aggregation)

DLCA -Cluster Polarizability (30) 1.44

Diffusion-ULmited Cluster Aggregation (3D) 1.98 - 2.04
(slow agggatnlchemicaly I miter)

Fieiur 3.

which swelled and fragmented with the addition of water[9]. Axelos and Bottero observed a
slope of -1.4 for.lM colloids at very early stages of aggregration, and postulated that this
could be due to a 2-dimensional DLCA process [10]. A summary of some calculated mass
fractal dimensions based on computer simulations of differing aggregation models is shown
in Figure 3, above (from reference 10).

We believe that the fractal structures are being formed by a DLCA process in all of
the sols (except LT-06), and the differences in the fractal dimension are due to modification
of the aggregation process by charge on the clusters in some of the sols. Recently, it has
been shown that lowered fractal dimensions in 2D and 3D aggregation models can be
explained by invoking polarizablity effects in the aggregation scheme [10]. Effectively, two
colliding clusters develop opposite charges on their neighboring tips, thus biasing their
relative motion. This model gives a modified D = 1.42 in three dimensions, in good
agreement with the values for HT-03 and HT-007. In accordance with this model, we
observe the D values of 1.77 in sols where rheology measurements by Klein et al. have
shown that shear thinning occurs (suggestive of a network connected by weak H-bonds),
whereas D values of 1.4 - 1.5 are observed in sols which display shear thickening, suggestive
of highly charged alumina species [3b,5].

The existence of the fractal structure down to very small length scales suggests that
the subunits of the aggregate are very small. It is tempting to propose the A113 cluster as the
subunit on this basis, as other authors have done for the alumina colloids discu-ssd above.
However, this can be ruled out in this system, on the basis of NMR evidence. 7A solution
NMR would not be able to detect the tetrahedral resonance in A113 if the cluster were highly
agglomerated, but it would be visible in a solid state spectrum of a gel derived from such a
sol. Figure 4 shows the MAS-27A1 NMR spectrum of gels HT-06 and LT-06. As can be
seen, the tetrahedral resonance of the Al1 , clusters in the LT-06 gel is clearly visible at
62.9ppm in Figure 4a, but is absent in theHT-06 gel in Figure 4b. The latter contains only
octahedrally-coordinated aluminum in two sites, with chemical shifts of 0.4 ppm and 7.8
ppm, corresponding to monomer, and a boehmite-like species.

CONCLUSIONS

In summary, our combined small-angle scattering results on alumina sol-gels formed
by alkoxide hydrolysis show that the microstructure of the HT sols, and the low-acid LT sol,
LT-03, are best described by mass fractals over length scales down to 10-20A. The internal
structure of the aggregates change as a function of acid concentration, such that more
compact, and smaller aggregates form at higher acid concentrations for both LT and HT sols.
At high acid concentrations in the LT sols, large colloidal aggregate scattering disappears,
consistent with NMR observations of the formation of Al3 clusters under these conditions.
Particle formation is well described by a diffusion limited-cluster aggregation model, in
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Figur 4. 27A1 MAS solid stake NMR spectra: a) LT-06; b) HT-06. The chemical shifts are
reported relative to Al(H2 0) 6'+ (external standard).

which the fractal dimension of 1.8 is lowered to 1.4 by a cluster-polarizability effect in the
case of charged subunit clusters. These data correlate well with previous rheology
measurements on these sols. The subunits, in the case of the HT sols, do not appear to be
Al1 3 clusters, based on 27A1 MAS-NMR results.
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