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Preparation and characterization of Na,O—Al,O3;—B,0; sol-gel
glasses with aluminum lactate and formiate as precursors
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In this work aluminum lactate and aluminum formiate have been used as precursors to obtain room temperature stable sols and
gels and after annealing homogeneous glasses in the system Na,O—Al,O;—B,0s3. The local environments and connectivities of
boron and aluminum have been investigated by "B and 2’Al solid-state nuclear magnetic resonance (NMR). It was found that the
local atomic structures of the sol-gel glasses markedly depend on the precursors and the preparation routes and are also dissimilar
to those of melt quenched glasses of the same compositions. Thus, for example, the fractions of BOs,; and BOg), units differ and it
is interesting to note that there are no asymmetric BO,,,(O ™) units present in the sol-gel materials. The 2’Al spectra show Al in
four-, five- and sixfold coordination, whose relative abundance in a given glass composition is also dependent on the preparation
route. Rotational echo double resonance (REDOR) "B {?’Al} and 2’Al {!'B} results indicate that the extent of B—O—Al connec-
tivity is diminished in the gel prepared glasses when compared to the melt cooled glasses. Element distributions are reported on the
basis of secondary neutral mass spectrometry (SNMS) data, and the nanostructures of surfaces have been characterized by atomic

force microscopy (AFM).

1. Introduction

While the sol-gel technique is well established for the prep-
aration of stable silicate-based glasses [l and 2], its appli-
cation to multicomponent nonsiliceous systems is still in the
beginning. Such glasses are of interest for various appli-
cations in the optics and coating fields. Because of favour-
able mechanical and optical properties the sodium-alumi-
noborate (Na,O—Al,03;—B,03;, NAB) glass system is an at-
tractive candidate for the development of a new sol-gel
methodology. In recent work the successful sol-gel prep-
aration of glasses in the Na,O—Al,0;—P,0s, Al,0;—P,0s,
and Na,O—AIPO, systems was achieved by using alumi-
num lactate as a precursor species [3 to 5]. Thus, for ex-
ample, the preparation of glasses became feasible also in the
Na,O—AIPO, system, where a melt-based formation has
not been possible yet [5]. On the other hand it could be
shown by ?’Al and 3*'P nuclear magnetic resonance (NMR)
that the structures of sol-gel formed and melt quenched
Na,O—ALL,O;—P,0s [3] and AL,O;—P,0s [4] glasses are the
same at a given composition, which means that the struc-
tures of these materials do not depend on the specific prep-
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aration route. In the present contribution we demonstrate
both the use of aluminum lactate and aluminum formiate
precursors for preparing sol-gel glasses in the NAB system.
Various glass compositions have been prepared and com-
pared to corresponding preparations via the melt cooling
route [6 and 7]. Using ''B and 2’Al solid-state NMR tech-
niques it will be demonstrated that the network structures
of these sol-gel glasses are quite different and also different
from those of melt prepared glasses with the same chemical
compositions. We also report data concerning the prep-
aration of thick films, the drying of the gels, and the elemen-
tal homogeneity of the glasses using secondary neutral mass
spectrometry (SNMS). Finally, the nanostructures of sur-
faces have been investigated by atomic force microscopy
(AFM).

2. Experimental
2.1 Preparation of the precursor solutions

Figure 1 displays the flow scheme for the preparation of the
lactate containing precursor solution. Starting with a 10 %
solution of boric acid, H;BO; (Riedel de Haén, pur.) in
acetic anhydride (CH;CO),O (Merck, pur.), containing
small amounts of formamide, H(CO)NH, (Merck, puriss.),
aluminum lactate AI(CH;CH(OH)COO); (Fluka, pur.) and
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Figure 1. Flow scheme for the preparation of the precursor
solution with aluminum lactate and the resulting
Nazo_Alz()}_BzO_x glass.

sodium formiate Na(HCOO) (ABCR, pur.) were added ac-
cording to the compositions shown in table 1. To dissolve
the boric acid in acetic anhydride the mixture had to be
stirred at 50°C and the formamide was added increasing
with the final sodium content of 25 to 55 mol% Na,O in
steps of 0.25% per 5Smol% Na,O. While quickly stirring
this solution, the required amount of aluminum lactate was
added in small portions. After it was dissolved completely
within some minutes, the required amount of sodium formi-
ate was added at once. Subsequently the sol was stirred for
another 30 min at 50°C to ensure that it is homogeneous
and stable, and can be cooled to room temperature without

crystallization. It looks yellow, and bulk solutions form gels
within several days, while thick films on a glass substrate
exhibit gellation within a few minutes.

Figure 2 displays the flow scheme for the preparation
of the formiate containing precursor solution. Aluminum
nitrate nonahydrate, AI(NO;);9H,O (Riedel de Haén,
pur.), was dissolved in distilled water, stirring the solution
while adding 1 mol/l NaOH which leads to the precipitation
of aluminum hydroxide, Al(OH);. Aluminum formiate,
Al(HCOO);, was produced by dissolving this aluminum hy-
droxide in formic acid, HCOOH (98 to 100 %, Merck, pur.).
In this solution boric acid H3;BO; (> 98.8 %, Riedel de
Haén, pur.) and the sodium formiate, Na(HCOO) (> 98 %,
ABCR) were dissolved at = 40°C according to the compo-
sitions shown in table 2. The resulting sol is stable only at
higher temperature; during cooling boric acid crystallizes.

2.2 Thick film preparation

Thick films (0.1 to 0.3 mm) were prepared by dip coating
silica glass substrates with the pre-gelled solutions or by
pouring the solution into glass or ceramic dishes. We used
Petri dishes, which were filled with about 2 mm of the pre-
viously prepared sols. In the lactate case the films were dried
at temperatures up to 80°C, applying a low vacuum to fa-
cilitate solvent evaporation. Drying at higher temperatures
leads to formation of bubbles and/or foam while drying.
After this initial drying step, which removes most of the
solvent, a second drying step at lower temperatures and am-
bient humidity condition was found to lead to a better re-
moval of the organics. The acetic anhydride reacts with the
humidity to acetic acid which probably protonates the lac-
tate to lactic acid but not the formiate (higher acid strength
than acetic acid) inserted with the sodium. Now the lactic
acid and the excess of acetic acid are mobile and can be
removed from the gel while the remainder of acetate and all
the formiate can be oxidized easily at a subsequent an-
nealing stage. The resulting films are transparent, sometimes
light yellow. Annealing the dried gels for 2 h at 130 to 150°C
and for another hour at 400 °C results in the formation of
transparent glasses.

In the formiate case drying is performed best by quickly
treating about 0.2 mm thick layers in an air flow, where the

Table 1. Characteristic simulation parameters of the ''B MAS-NMR spectra of the sol-gel glasses (see figure 3) with aluminum
lactate as precursor species; dis,: isotropic resonance shift, N4/Ns: percentage of BOz,/BOs, units, Cq: quadrupolar coupling con-

stant, #: asymmetry parameter, s: standard deviation

BO, BO;
glass N'dgo Ale} BzO} 5iso Ny 6isu N3 CQ n

in ppm in % in ppm in % in MHZ &3 £ 001

in mol% in mol% in mol% 5 %02 siE 1.5 sk 10,6 sax25 s: +0.05

NABO3 25 20 55 1.9 1.5 18.6 98.5 2.76 0.1
NABO07 30 20 50 1.9 2.0 18.4 98.0 2.77 0.1
NAB09 30 30 40 1.5 2.6 18.5 97.4 2.72 0.12
NABI1 35 10 55 0.8 17.2 18.2 82.8 2.68 0.15
NABI6 38 12 50 0.8 8.5 18.1 91.5 2.75 0.11
NABIS 40 20 40 1.9 3.1 17.9 96.9 2.67 0.05
NAB20 40 30 30 2.1 1.8 18.1 98.2 2.74 0.11
NAB25 50 17 33 1.2 6.7 18.1 93.3 2.69 0
NAB27 55 15 30 1.2 8.0 18.1 92.0 2.69 0
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Figure 2. Flow scheme for the preparation of the precursor
solution with aluminum formiate and the resulting
Nazo_Alzo3_B'_)O3 glaSS.

latent heat of evaporation of the solvent reduces the ionic
mobility, thus preventing crystallization and/or phase separ-
ation. A subsequent annealing for 1 h at 400°C also leads
to glass formation.

2.3 Methods of characterization

For the solid-state NMR measurements powdered materials
obtained by mechanically scratching off the thick films from
the Petri dishes were used. The solid-state ''B and 2’Al
NMR experiments were conducted on Bruker DSX-400 and
DSX-500 NMR spectrometers equipped with 4 mm MAS
NMR probes. Typical operating spinning speeds were 10 to
12 kHz. Spectra were acquired with small flip angles ac-
complished by short pulses of 1 to 2 ps length. Relaxation
delays were chosen to ensure representative spectra. Chemi-
cal shifts are reported relative to external standards of
BF;0(Et), and aqueous 1 mol/l AlCl; solution, respectively.
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\
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Figure 3. 1284MHz "'B MAS-NMR spectra of the
Na,O—Al,0;—B,0; glasses according to table 1; aluminum
lactate as precursor species.

Rotational echo double resonance (REDOR) NMR studies
were conducted at a magnetic field strength of 11.7 T (''B
and ?’Al resonance frequencies of 160.4 and 130.3 MHz,
respectively) using similar conditions as those reported in
[7]. A dipolar evolution time of 1 ms was used in all cases.
The film compositions and their elemental homogeneities
were checked by secondary neutral mass spectrometry
(SNMS) with a depth resolution of 3 to 5 nm, using a Ley-
bold INA 3 apparatus [8]. The nanostructures of surfaces
were inspected by atomic force microscopy (AFM) with a
lateral resolution of several nm and a depth resolution of
< 0.1 nm, using a Digital Instruments Nanoscope I AFM
apparatus [9].

3. Results and discussion
3.1 MAS-NMR data

Figures 3 and 4 summarize the ''B and ?’Al MAS-NMR
spectra of the aluminum lactate based sol-gel glasses meas-
ured in the present study. Table 1 shows the corresponding
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Table 2. Characteristic simulation parameters of the "B MAS-NMR spectra of the sol-gel glasses (see figure 5) with aluminum
formiate as precursor species; for explanation of symbols see table 1

BO,

BO;

A1203 B203 b‘isu
in ppm

s:%0.2

glass Na,O

in mol%  in mol%  in mol%

N4 §iso N} CQ n
in % in ppm in % s
s:E 1.5 s: 0.6 st 2.5

NABO3 25 20 55
NABO07 30 20 50
NABO09 30 30 40
NABI1 35 10 55
NABI16 38 12 50
NABIS8 40 20 40
NAB20 40 30 30
NAB25
NAB27 55 15 30
NAB 10-40-50 10 40 50
NAB 20-40-40 20 40 40
NAB 60-30-10 60 30 10

e R=RE RUR CERRT R RN R RN

R D O e

44.5
38.7
25.4
53.8
34.6
44.1
34.1
40.0
32,5
20.4
55.6
20.1

18.7
17.8
18.2
18.5
18.5
18.7
18.3
18.3
18.0
17.8
18.5
18.8

55:5
61.3
74.6
46.2
62.4
55.9
659
60.0
67.5
79.6
44.4
799

2.53

2.59 0
2.65
2.61
2.69
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Figure 4. 1043 MHz 2'Al MAS-NMR spectra of the
Na,O—Al,0;—B,0; glasses according to table 1; aluminum
lactate as precursor species.

NMR parameters extracted from the spectra of figure 3. As
previously discussed for melt prepared Na,O—Al,O3—B,0;
glasses, these "B MAS-NMR spectra allow a quantitative
distinction between different kinds of local boron environ-
ments [6 and 7]. In the present system the local structure of
B is dominated by three-coordinated BO;/, units with an
abundance of mostly > 90% (dis, = 18 ppm) and only
minor amounts of < 10% of tetrahedrally bound BOy
groups are visible (di, = 1 to 3 ppm). Furthermore, the
present glasses appear to contain no asymmetric BO,,»(O )
units, in distinct contrast to the situation in the melt pre-
pared glasses [6].

The ?’Al MAS-NMR spectra, see figure 4, show three
partially resolved signals with resonance shifts (uncorrected
for second-order quadrupolar effects) between 62 to 68, 36
to 38, and 5 to 9 ppm which are assigned to four-, five-, and
six-coordinated aluminum species, respectively. While four-
coordinated Al dominates for most of the compositions in-
vestigated, the fractions of five- and six-coordinated Al ap-
pear to be increased significantly in comparison to the melt
cooled materials [6].

Two of the sol-gel glasses investigated display particular
anomalies in the NMR spectra, namely composition NAB
11 with a high N, value of 17.2 %, see table 1, and a missing
portion of six-coordinated Al, see figure 4, and composition
NAB 25 with the sharp and pronounced >’Al resonance
near 60 ppm suggesting partial crystallization. The reasons
for these deviations are not yet fully understood; possibly
they originate from differences during the drying processes
which change the thermal histories of the materials.

Figures 5 and 6 summarize the ''B and >’Al MAS-NMR
spectra of the aluminum formiate based sol-gel glasses
measured in the present study. Table 2 contains the corre-
sponding ''B NMR parameters extracted from the spectra
of figure 5. Contrary to the results in table 1 for the alumi-
num lactate-based sol-gel glasses the present glasses show
in most cases local structures with about 60 % BO;,, and
about 40 % BOy), units. However, as in the case of the lac-
tate based sol-gel glasses the present glasses also do not
appear to contain BO,,(O ) units. Most of the 2’Al NMR
spectra in figure 6 reveal, similar to the results of the lactate
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Figure 5. 1604 MHz YB MAS-NMR spectra of the
Na,O—Al,0;—B,0; glasses according to table 2; aluminum
formiate as precursor species.

based glasses, Al in four-, five- and sixfold coordination,
however, with a much higher portion of the latter coordi-
nation state. Some sol-gel glasses such as NAB 15 and NAB
20-40-40 have a lower portion of BOs, units and more Al
in sixfold coordination. A similar tendency of more Al in
sixfold coordination holds also for glass NAB 18, whereas
NAB 27 displays the opposite tendency, a much higher de-
gree of Al in tetrahedral surroundings. Possibly these anom-
alies may also depend on the drying conditions which sensi-
tively can influence the thermal histories and hence the local
structures of the materials.

Figures 7a to ¢ and 8a to c¢ show the "B {*’Al} and
27A1 {"'B} REDOR results for a representative composition
(NAB 09). The upper curves are regular MAS NMR spec-
tra, whereas the lower ones are the spectra obtained with
partial heterodipolar dephasing during an evolution time of
1 ms. The signal attenuation observed relative to the respect-
ive top spectrum is a consequence of heteronuclear
1'B—27Al dipole-dipole interactions which arise as a conse-
quence of spatial proximity of the two types of nuclei. Thus,
the intensity difference between both spectra can be taken
as a semi-quantitative measure of the extent of B—O—Al

Figure 6. 130.8 MHz 2’Al MAS-NMR spectra of the
Na,O0—Al,03—B,05 glasses according to table 2; aluminum
formiate as precursor species.

connectivity. The results indicate in general that in the
glasses prepared via all three preparation routes the ''BOs),
units are more strongly connected to aluminum than the
""BOy, units. In addition, the >’AlO,4 groups show signifi-
cantly stronger dipolar interactions with 'B than the
27AlOs or the ?’AlOg units present. Overall, the results of
figures 7a to ¢ and 8a to c, as well as similar results obtained
on other glasses suggest that the extent of B—O— Al connec-
tivity in the gel prepared glasses is somewhat diminished
compared to the situation in the melt cooled glasses.

A comparison of the glasses obtained by the three differ-
ent preparation routes, aluminum lactate, aluminum formi-
ate und melt cooling, indicates that the mode of preparation
has a significant influence on the local structure of the
Na,O—Al,03—B,0; glasses. This holds with respect to the
abundance of the BOs,, BOy», and BO,»(O7) units and
also with the differing portions of Al in four-, five- and
sixfold coordination. These findings are in marked contrast
to the situation in Na,O—Al,03;—P,05 and Al,O;—P,0;5
glasses, where the aluminum lactate sol-gel route and the
melt-cooling process produced glasses with essentially iden-
tical local structures [3 and 4]. The REDOR data also reveal
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Figures 7a to c. ''B {*?Al} REDOR spectra of the sol-gel and
melt glasses NAB 09; a) formiate route, b) lactate route, and c)
melted glass.

significant differences. Whereas in the case of the
Na,O0—Al,03;—P,05 glasses the P—O—AIl connectivity is
maximized [3], evidencing a tight glass network, the
Na,O—Al,0;—B,0; glasses tend to present a diminished
extent of B—O—Al connectivity. This result points towards
partially independent B=0O and Al—=O structural sub-net-
works in the gel prepared materials.

3.2 SNMS and AFM data

Figure 9 displays SNMS in-depth profiles from the surface
into a thick film of a lactate based sol-gel glass sample of
composition NAB 03, plotted as intensity versus sputter
time. Apart from the very surface the major constituents are
practically constant up to a depth of about 1000 nm, show-
ing a good elemental homogeneity of this material. The car-
bon profile reveals a minor enrichment towards the surface;
however, its overall content is so low that visually no greyish
coloration of the glasses can be evidenced. Similar results
were also obtained for other compositions and also for the
formiate based materials, except for some minor relative en-
richment or depletion of several constituents, e. g. Na, near
the surfaces [10]. It is well known that due to weathering

diso in ppm 25

Figures 8a to c. Al {!'B} REDOR spectra of the sol-gel and
melt glasses NAB 09; a) formiate route, b) lactate route, and c)
melted glass.
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Figure 9. SNMS in-depth profiles of the sol-gel glass NAB 03;
aluminum lactate as precursor.

during preparation, storage and handling, respectively, glass
surfaces may be attacked more or less strongly and devi-
ations in the concentration profiles are evident [11]. An es-
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Figure 10. AFM image of the surface of the sol-gel glass NAB
03; aluminum formiate as precursor.

sential result is the low carbon content of all the samples
approaching the detection limit of the analysis method. It
shows that this constituent is practically fully removed. This
process is greatly enhanced by the use of the short-chain
organic precursors which during their decomposition gener-
ate highly volatile constituents. The formiate ions are known
to be easily oxidized and formamide forms pores which also
facilitate this removal. These pores can be observed already
with an optical microscope. An SNMS analysis of the
melted glass reveals similar results, however, due to its
higher density (no pores) it has a somewhat differing sput-
tering response. The carbon content at the surface results
from impurities; in the compact bulk it is even a little lower
than in the sol-gel glasses.

The porosity of the gel prepared glasses is also clearly
evidenced on the AFM image in figure 10. The x, y scales
are in total 2 um each, the z scale is divided into 5 nm steps.
One can see the irregular ripple pattern common to glass
surfaces and also to surfaces of glassy sol-gel coatings [9
and 12]. The average ripple diameter is ¢ = 136 nm and the
average ripple height amounts to # = 0.7 nm. The root
mean square roughness (rms) of the z values is 0.4 nm,
related to an area of (1 X 1) pum?. The data for technical
float glass surfaces are 60 nm, < 1 and < 0.25 nm, fracture
surfaces are coarser and show values of 90 to 140, 1 to 2,
and 0.6 to 0.8 nm, respectively [13]. In the present case there
are surfaces nearly as smooth as those of float glass, though
there are also examples of much coarser surfaces. Previous
investigations on the nanostructures of coatings display in
some cases also a rougher pattern [12]. However, further
reasons can also be seen in a sensitive corrosion process by
the ambient water vapor [11] and/or an etching by sub-
stances like acetic anhydride or formiate, leading to higher
roughness values. This holds also for the melt formed
glasses.

Compared to the standard melting route the sol-gel pro-
cess is a low-temperature alternative for the preparation of
glasses. A comparison of the ranges of composition, see
tables 1 and 2, to the area of glass formation by the melting

process [6] displays that the sol-gel method can lead even to
glassy materials outside the melt area, see compositions
NAB 10-40-50, NAB 20-40-40, and NAB 60-30-10 of table
2. This is known also for other glass forming systems and
may be understood by the fact that due to the low pro-
cessing temperatures crystallization and phase separation
processes do not play such an important role as during high-
temperature melting [1 and 2]. On the other hand it could
be clearly shown for the system Na,O—Al,O;—B,0j5 inves-
tigated in this work that the local structures of the glassy
materials strongly depend on the route of preparation,
whether one uses aluminum lactate or aluminum formiate
as precursors in the sol-gel process or the high-temperature
melting route. Of course, this dependence should also influ-
ence the properties of these materials.

4. Conclusions

Sol-gel glasses of  the non-silicate system
Na,O—Al,03—B,0;3 have been prepared using aluminum
lactate and aluminum formiate as precursors. The method-
ology to obtain stable sols, gels and, after annealing, trans-
parent glasses is described. The most important findings,
applying solid-state NMR, SNMS, and AFM investi-
gations, are as follows:

a) the '"B spectra show the presence of BOj3, and BOj)»
units in the glasses; however, asymmetric B,,(O ") units as
found in melt quenched glasses could not be evidenced,;

b) the ?’Al spectra show Al in four-, five-, and sixfold coor-
dination;

¢) a comparison of the local atomic structures displays that
these strongly depend on the precursors and the route of
preparation, and they differ also from the local atomic
structures found earlier for melt prepared glasses;

d) REDOR results suggest that the extent of B—O—Al con-
nectivity in the gel prepared glasses tends to be weaker than
in the melt prepared glasses;

e) the sol-gel routes are capable of preparing glasses well
outside the glass forming area by melting;

f) the SNMS in-depth profiles reveal elemental homogen-
eity, and the AFM investigations show a surface nanostruc-
ture consisting of an irregular ripple pattern.
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