
133

INVESTIGATION OF THE EFFECT OF DIMETHYLFORMAMIDE ADDITION ON
ALUMINA SOL-GEL FORMATION BY 2 7 AL NMR AND RHEOLOGY
MEASUREMENTS

L.F. NAZAR*, L.C. KLEIN** AND D. NAPIER*
*Department of Chemistry, University of Waterloo, Waterloo, Canada **Department of
Ceramics, Rutgers- The State University of New Jersey, Piscataway, N.J.

ABSTRACT

The role of dimethylformamide (DMF) in the sol-gel processing of alumina at high
acid/Al ratios was studied at different hydrolysis and aging temperatures by 27A1 NMR and
rheology measurements. The composition of sols in which aluminum sec-butoxide was
hydrolyzed in 50/50 mixtures of DMF and H20 was similar to those hydh-olyzed without
DMF, although the DMF sols contained a slightly lower concentration of mobile alumina
species. The Al7+O4(OH)•(H 2 0)12

7+ cation predominated in both DMF and aqueous sols
hydrolyzed at room temperatures at acid/Al ratios between 0.4 and 0.6. However, aging the
room temperature DMF sols at 90'C for 24 hrs was found to cause rapid gelation whereas a
similar treatment of the aqueous sols resulted in a decrease in viscosity. This gelation process
was correlated with a more rapid decay of the Al13 and AI(H 20) 6 

3+ cations in the DMF sols.
In contrast, DMF sols hydrolyzed at 90*C were f6und to be less viscous than their aqueous
counterparts at high acid ratios.

INTRODUCTION

Previous studies have shown that the processing conditions of alumina sol-gels plays
a critical role in determining the properties and composition of the resultant gel or ceramic.
For example, it is well known that alumina sols formed by the hydrolysis of aluminum
alkoxides in very low acid solutions at room temperature yield bayerite, AI(OH) 3, whereas
processing at 900C ultimately yields boehmite, AlO(OH) [1] When hydrolysis is carried out
in a low pH medium, processing at room temperature (LT) pioduces a clear, very low
viscosity sol (above 0.3 moles acid/mole alkoxide), but viscous, slightly opaque gels result at
higher processing temperatures, 80-95'C (HT) [2]. In a previous report, we have shown that
the LT sols contain a mobile, highly charged polyoxycation, All O4(OH)A(H20)12 7+
("Al 13"), above acid ratios of 0.2-0.3 moles/mole alkoxide [3]. WVe also demonstrated the
effectiveness of 27A1 NMR in probing the chemical nature of such sols. The object of this
study is to investigate the effect of organic solvent addition and processing temperature on
the sol-gel formation of alumina species in low pH media. Unlike some solvents studied,
dimethylformamide (DMF) had the most dramatic effect on the gelation behavior of the
alumina sols. Formamides have been used as a drying control additives in silica sol-gel
processing [4]: their role in this process has been probed by 29Si NMR, Raman spectroscopy
and porosity measurements [5], although the chemical effect is still not completely
understood. This paper is primarily concerned with our study of these aqueous/DMF sols
ynder different processing conditions, using a combination of rheology measurements, and

7A1 NMR spectroscopy.

EXPERIMENTAL

Details of the preparation of the aqueous sols are given elsewhere [3]. Briefly,
aluminum sec-butoxide was hydrolysed with a 100 fold addition of water, followed by
addition of nitric acid in molar ratios ranging from 0.07 to 0.8 (acid/butoxide). LT sols were
hydrolysed at room temperature, whereas HT sols were hydrolysed at 90-95°C. The sols
were then "aged" either at room temperature, or at elevated temperature (950C). Aging of the
LT sols at elevated temperature is indicated by the nomenzlature, "LT95". "DMF sols" were
prepared in a similar manner, except the butoxide was hydrolysed in a 50/50 mixture of DMF
and H20.

All pH measurements were made on a Cole-Parmer 5986-60 pH meter with automatic
buffer calibration. Rheology studies were performed on a rotoviscosimeter (Haake
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RV/CV/LV100) using two different viscosimeter cells, of a 15 and 30 ml capacity. Shear
rates were varied continuously from 0 to 300 sec-l in 3 minutes, and viscosities are reported
at three different shear rates, 50, 100 and 300 sec"1. 27AI and 13C solution spectra were
recorded on a Varian 400 MHz instrument, and on a Bruker AC200 MHz instrument,
respectively. 27A1 chemical shifts are reported relative to Al(H 20) 6

3+, and 11C shifts are
referenced to TMS. Peak areas were obtained by spectral integration, and are calibrated by
reference to a set of standard AI(NO 3)3 solutions to determine the concentration of species in
the sol.

RESULTS AND DISCUSSION

Alumina sols prepared in the range of acid ratios of 0.07 to 0.8 at room temperature
(RT) in aqueous solution, or in a 50/50 mixture of DMF and water all appeared somewhat
similar on hydrolysis and after initial aging at RT. Sols prepared at very low acid ratios were
opaque, with evidence of a gelatinous cloudy precipitate, whereas the sols with a higher acid
concentration (0.5 and above) were almost clear or completely clear (0.8) after one day of
aging. After many days of aging at RT, the aqueous and DMF sols of acid ratio 0.3 and
above cleared, as noted previously by Pierre and Uhlmann [2]. However, heating the DMF
sols at elevated temperature (85-95 0C) caused a dramatic increase in the gelation rate of the
higher acid ratio sols (>0.4), such that at the end of a 24 hr heating period, all of these sols
formed completely transparent, rigid gels. The aqueous sols, on the other hand, showed no
such obvious changes in viscosity under these conditions, although the lower acid sols (<0.4)
all cleared substantially.

2A1 NMR

Figure 1 shows typical 27A1 NMR spectra obtained for alumina sols containing 0.5
moles of HNO3, recorded 15 hours after initial preparation. The spectra on the left hand side
represent alumina sols processed in aqueous media, at room temperature (LT sol, a), and at
90'C (HT sol, b). Figure Ic shows the spectrum of the LT sol after heating at 90'C for an
additional 15 hours. The spectra on the right hand side of the figure represent alumina sols
processed in 50/50 DMF/H20 mixtures under the same conditions (LT-d; HT-e; and LT95-f).
As previously reported, the peak at 62.9 ppm appearing in Figures 1a,c, and d can be readily
assigned to tetrahedrally-coordinated aluminum in the polyoxycation species,
A1she4(OH)24(H20) 27+ ("All ") [3n. The structure of this cation approximates a 10A
sphere, containing 3 1ayers of l [ge-bonded Al octahedra (12 in total), with a single
tetrahedral Al atom in the centre of the "sphere" [6]. The octahedrally coordinated aluminum
atoms in this cation are not visible in the spectrum at room temperature, due to quadrupole
broadening, but appear as a broad peak centered at 11 ppm when the spectrum is recorded at
elevated temperature (85'C). Octahedral aluminum is evident as a peak at 0 ppm
(AI(H 2 O) +) ("Al1 "), and as a very broad weak peak which is barely visible at 8 ppm
(overlap &fom peaks due to a colloidal alumina contribution and from the aluminum dimer,
Al(OH) (H1O)8 4+). From careful spectral integration, we can determine that approximately
75' of tZe t6tal Al in the sols, Figure la, is present as A113, with about 5-10% being present
as All. The HT sol spectra are very different from the LT, as no other species aside from Al1

(about 20% abundant) are visible, either in the aqueous or DMF sols (Figures l b and e). HT
sol spectra recorded at elevated temperatures were the same as the room temperature spectra,
suggesting that molecular weight broadening is responsible for the disappearance of much of
the aluminum signal. This shows that a higher degree of polymerization was obtained from
the HT samples, in accordance with the physical properties of the sols, and viscosity
measurements (vide infra). No clear differences are seen between the DMF and aqueous sols
prepared at HT by NMR. Macroscopically, they were also quite similar, except that the DMF
sols were less viscous than their aqueous counterparts.

As can be seen from comparison of Figures Ia and d, the spectra obtained for the sols
prepared in aqueous and DMF/H 0 mixtures at LT are also quite similar, except that about
5% less A1. 3 is formed in the DwF sols. However, a distinct difference in behavior can be
seem for the two sols when they are heated to 95'C for 15 hours. Namely, in the aqueous sol,
Figure 1c, the Al 13 resonance decreases, together with the appearance of a new peak at
70 ppm, a new peak at 1 lppm, and increase of the Al1 resonance at 0 ppm. The DMF sol, on
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Figure 1. 2 7A1 NMR spectra of alumina sols, 0.5 HN0 3/Al: a) LT aqueous sol; b) HT aqueous sol;
c) LT aqueous sol, aged at 90TC for 15 hrs; d) LT DMF sol; e) HT DMF sol; f) LT DMF sol,
aged at 90TC for 15 hrs.

the other hand, only shows a decrease in the Al13 resonance, and no increase of the AlI peak,

or evidence of new peaks.

Rheology Studies

The rheology behavior of the aqueous sols hydrolyzed at LT and HT is shown in
Figure 2. Shear stress versus shear rate curves were obtained for seven samples immediately
after hydrolysis. The log of the viscosity, for three different shear rates (50, 100 and 300 cm-
1) is plotted as a function of acid concentration. The LT sols show a higher viscosity and
shear thinning behavior at low acid concentration. A sudden drop in viscosity takes place at
about 0.5 moles acid/Al (0.5R), along with a change to shear thickening behavior. The
corresponding curves for the HT sols are mirror images to those of the LT sols. The HT sols
have low viscosity at low acid concentration and show shear thickening, with the viscosity
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Figure 2. Dependence of viscosity on acid concentration for LT and HT aqueous sols, measured at
shear rates of 50, 100 and 300 sec"1 immediately after hydrolysis.

rising rapidly as a function of acid concentration. The crossover point of the LT and HT sols
occurs at 0.5R: above this acid concentration, the HT sols show shear thinning behavior.
These changes in viscosity can be profitably compared with the changes in Al13 and Al1
concentration determined by NMR, shown in Figure 3. Both the Al13 and Al1 concentration
generally increase with acid concentration in the LT sols, although the concentration of Al 13
rises more rapidly at about 0.4-0.5R. Therefore, between 0.5 and 0.6R, Al13 dominates in
solution. Its concentration continues to increase, albeit more slowly at higher acid levels,
while the Al1 dominates at 0.7R and above. For example, the shear thinning behavior in the
low acid ratio region of the LT sols suggests the presence of weakly interacting (hydrogen-
bonded) colloidal species of alumina. At low acid ratios, in fact, the NMR spectra show little
Al 13, and a small amount of colloidal alumina with most the aluminum not being visible in
the spectrum. As the acid ratio increases, Al1 3 begins to dominate in solution (Figure 3).
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Figure 3. Dependence of the
concentration of A113 and AI(H 20)6 3+
on acid concentration for LT aqueous
and DMF sols.
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Figure 4. Dependence of viscosity on acid
concentration for LT aqueous and DMF sols,
aged at room temperature for 1.5 days, and
aged at 900C for 8 hours.
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This gives rise to a drop in viscosity due to the high mobility of the All 3 and Al1 species, and
a change to shear thickening behavior, which is characteristic of highly charged species in
solution. Conversely, the low viscosity and shear thickening behavior of the HT sols at low
acid ratios indicates the presence of small charged alumina species. NMR indicates that an
alumina colloid species which appears at 8 ppm dominates under these conditions. However,
at high acid ratios in the HT sols, the very high viscosity and shear thinning suggest a high
molecular wight or crosslinked hydroxylated polymer which is not detectable by NMR.

Figure 4 illustrates the effect of heating the aqueous and DMF sols on the viscosity.
The viscosity curves as a function of acid concentration are shown for the two sols after an
aging period at room temperature for 1.5 days, and for the sols after a heating period of 8 hrs
at 85'C. Viscosity values are shown for shear rates of 100 cm"1 only. The H 0 sol curve
resembles the curve obtained immediately after hydrolysis (Figure 2), although the viscosity
of the 0.2-0.3R sols is lower. This undoubtedly reflects additional hydrolysis of the
gelatinous precipitate that has taken place on aging. The DMF sol curve is also somewhat
similar to the H2 0 sol curve, but the viscosity in the 0.4-0.7R region is clearly higher than in
the aqueous sol. This seems to correlate with a higher Al/Al1 3 ratio in this region
(determined by NMR) for the DMF sols. Surprisingly, measurements indicated that the pH
of the two sols were very similar at all acid concentrations, and almost identical at 0.4R.
Even more noticeable in Figure 4, however, is that on heating the sols to 90*C, the aqueous
sols decrease in viscosity, particularly in the low acid region, but the DMF sols show a very
large increase in viscosity above 0.4R. Thus, at 0.5R, the viscosity of the DMF sol is
approximately 300 fold greater than the aqueous sol, and at 0.6R, the viscosity of the DMF
sol was too high to measure accurately (the viscosity was at least 1000 fold greater).

Effect of DMF

We also monitored this prooss of gelation in the aqueous and DMF sols by following
the reaction in the sols at 85TC by "Al NMR. The results of this kinetic study for a 0.5R sol
are given in Figure 5. Time(0) represents the beginning of the aging period at 85°C; only the
changes in the Al 13, and Al1 peak areas are plotted. Integrated intensities for the resonances
at 70 ppm, 15 ppm, 8 ppm and 3.4 ppm (Al2) were difficult to determine due to quadrupole
broadening. It is evident from the graph that although the rate of decay of Al13 is similar in
the aqueous and DMF sols in the inital stages of heating, that after an induction period, that
Al1 3 decays faster in the DMF than in the aqeuous sols. After the first hour, the
disappearance of Al1 in the aqueous sol followed first order (or psuedo-first order) kinetics
with a rate constant o- 1.17 hr" (the semi-log plot is not shown). After a longer induction
period in the DMF sols (3-4 hours), the Al13 disappearance was first order with a rate
constant of 2.6 hr-. The "induction" time may represent decay of Al13 that is simultaneous

35.

05(301627

3-A113Dkf+M) tO MF 316

.. . j33 7
AJ(DMF)63U

Tlml (hours) 18 60 10 120 i60 80 so 40 0

Figure 5. Change in the concentration 13c Chemical Shift (ppm)
of Al13 and AI(H 2 0)63+ in the LT aqueous 13
and DMF sols as a function of aging time Figure 6. C NMR spectrum of DMF
at 850C. saturated with AICI3.



138

with its formation (from the gelatinous precipitate) in the initial stages of aging. One can also
see from Figure 5 that the Al1 concentration decreases by a factor of approximately three in
the DMF sol on heating, whereas in the aqueous sol that it increases by a factor of two.

Finally, to examine the question of whether the DMF might be bonding to an alumina
species in the sol, we first dissolved the maximum amount of A1CI3 (or AI(N03 )3 ) in DMF

and recorded the 13C NMR spectrum, (see Figure 6). Peaks due to-free DMF are evident at
162.7, 35.8 and 30.6 ppm, in addition to three small peaks shifted to the left of the DMF
peaks, at 165.9, 38.7 and 33.7 ppm. We ascribe these to the 13C resonances of DMF

oordinated to aluminum. Evidence for formation of Al(DMF)63+ has also been provided by
H NMR measurements [7]. Therefore, DMF quite clearly binds to aluminum in solution.

However, the addition of water to the A1C13/DMF solutions results in the disappearance of
the three satellite peaks, indicating that water effectively displaces DMF to a strong degree.
The 13C spectra of the DMF alumina sols (eg, at 0.5R) also showed no evidence for the
coordination of DMF to the Al13 or Al1 species, although the concentration of aluminum in
the sols is probably too low for such an effect to be visible in the NMR spectrum.

CONCLUSIONS

The rheology and 27A1 NMR studies are complementary. For example, the rheology
behavior of the sols hydrolyzed at LT and HT at different acid ratios strongly reflected the
changes in the concentrations of the species determined by the NMR studies. The rheology
measurements also showed that the effect of DMF addition on alumina sol-gel processing
under these acidic conditions was to dramatically increase the rate of gelation in sols formed
by LT hydrolysis during subsequent aging of these sols at 90 C. Sols processed at >0.5 moles
acid/Al showed at least a 300 fold increase in viscosity for the DMF sols after equivalent
heating periods. This increase in gelation rate was correlated with an increased rate of decay
of the Al polyoxcation at the latter stages of high temperature aging as determined by
NMR. TWe Al13 cation is the predominant species formed in the LT sols on hydrolysis at
acid ratios between 0.4 and 0.6, both in the aqueous and DMF sols. The accelerated gelation
process is also correlated with a strongly decreased rate of formation of both Al(H 20) 6

3 +,
and an alumina species containing tetrahedral Al, which appears in the spectrum at-0ppm.

DMF addition to the HT sols did not show as noticeable an effect as in the LT sols,
and the process could not be probed effectively by 27A1 NMR. Rheology measurements,
indicated however, that the viscosity of DMF sols processed at HT was lower than aqueous
sols for acid/Al ratios above 0.5.13C NMR showed that DMF readily coordinates to monomeric aluminum in pure
DMF solutions -however, it is not clear that DMF is bound to an aluminum species (either
Ali1 or A113) in the 50/50 DMF/H 0 sols., as H20 will displace DMFF from the aluminum
coordination sphere. If some sma~l fraction of the DMF is coordinated to the Al13 cation, for
example, to form A11304(OH)24(H20)12-x(DMF)x, then this may destablize the cation
sufficiently to promote polymenzation of this species, and hence cause a gelling process to
occur.
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