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Abstract
Oxynitride glasses in Si-Al-O-N system were synthesized to investigate atomic arrangements in those glasses. Aerogels of
silica (SiO2) and silica-alumina (SiO2-Al2O3) system were fabricated by drying wet gels in supercritical CO2 condition. The
SiO2 gels were prepared from the silicon alkoxide with CH3 groups and the SiO2-Al2O3 gels were prepared from silicone and
aluminum alkoxides. Ammonolysis were performed at TN= 750–1400 °C to synthesize oxynitride glasses. The nitrogen
concentration in the resultant glasses increased with the increase in the ammonolysis temperatures and exceeded 34 eq.% by
ammonolysis at 1300 °C. The specific surface area of these aerogels has been 1941 and 1159 m2 g−1, respectively. The glass
structures were investigated by adopting 29Si and 27Al NMR measurements. In silicon oxynitride glasses, it was revealed that
only one N atom occupies the nearest neighbor site around Si after ammonolysis at TN < 1200 °C, while two or more N
atoms occupy the nearest neighbor site around Si after ammonolysis at TN > 1300 °C. In Si-Al-O-N glasses, the number of N
atoms at around neighboring to Si atom varied with ammonolysis temperature but any traces of Al-N bonds were not found,
indicating the bridging N in the form of Si-N-Al was absent in the glasses.

Graphical Abstract
Nitrogen contents of oxynitride glasses prepared from silica-based aerogels with CH3 groups (ON-CH3) and those doped
with Al and Eu ions (ON-AE) increased with increase of ammonolysis temperature. The 29Si NMR spectra differed between
ON-CH3 and ON-AE.

* Hiroyo Segawa
SEGAWA.Hiroyo@nims.go.jp

1 National Institute of Materials Science, 1-1 Namiki,
Tsukuba, Ibaraki 305-0044, Japan

2 Tokyo University of Science, 6-3-1 Nijyuku, Katsushika-
ku, Tokyo 125-8585, Japan

12
34

56
78

90
()
;,:

12
34
56
78
90
();
,:

http://crossmark.crossref.org/dialog/?doi=10.1007/s10971-022-05903-z&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10971-022-05903-z&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10971-022-05903-z&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10971-022-05903-z&domain=pdf
http://orcid.org/0000-0002-7198-8410
http://orcid.org/0000-0002-7198-8410
http://orcid.org/0000-0002-7198-8410
http://orcid.org/0000-0002-7198-8410
http://orcid.org/0000-0002-7198-8410
mailto:SEGAWA.Hiroyo@nims.go.jp


Keywords Aerogel ● Oxynitride glasses ● Pore distribution ● NMR spectra ● Glass structures

Highlights
● Silicon-based oxynitride glasses were prepared from aerogels via ammonolysis at high temperature.
● Nitrogen contents of the oxynitride glasses reached to higher than 34 eq.%.
● The local structures of the oxynitride glasses were investigated by 29Si and 27Al NMR measurements.
● It was found that most of inserted nitrogen was bonded to Si atoms.

1 Introduction

Oxynitride glasses, where a part of oxygen atoms in oxide
glasses are replaced by nitrogen atoms, have been inves-
tigated over the last few decades. Particularly, a lot of
attentions were paid to nitrogen incorporation into silicate
or aluminosilicate glasses. Most of those studies focused on
the physical properties such as hardness, Young’s modulus,
strength, toughness, refractive index, viscosity and glass
transition temperature in relation with nitrogen substitution
for oxygen [1–5]. Those silica-based oxynitride glasses
were prepared by conventional melt-quenching method,
where mixtures of oxides and nitrides were melted under
low oxygen partial pressure conditions at high tempera-
tures, e.g., T ≥ 1500 °C. Many efforts are attempted to
increase the nitrogen concentration in the silica-based
oxynitride glasses synthesized by the melt quenching pro-
cess. One of the strategies to increase the nitrogen con-
centration is the addition of extrinsic elements as glass
modifiers. For instance, very high nitrogen concentration
such as 65 eq.% was achieved by mixing pure metals or
hydrides with conventional source materials as modifier for
glass network structures [4, 6–9]. Here, the nitrogen con-
centration was calculated as equivalent concentration, N
(eq.%) defined ad (3[N] × 100)/(3[N]+ 2[O]) where [N]
and [O] are the concentration of nitrogen and oxygen,
respectively [3]. The previous works represent that
increasing nitrogen concentration in Si-O-N glasses with-
out network modifiers is very difficult when melt-quench
processes are adopted. Silicon nitride seems to be a useful
precursor for preparation of Si-O-N glasses through melt
quenching process but that is unlikely successful idea.
Indeed, it is very hard to form stable Si-O-N melts with
high nitrogen concentration because of the volatility of
silicon nitride [10].

Because of the difficulty in the formation of melts with
high nitrogen concentration, ammonolysis, that is, heating
not molten salts but solid glasses under ammonia gas
stream, has been considered as a way to synthesize Si-O-N
glasses. By applying the ammonolysis, Brinker and Haaland
synthesized dense, colorless and homogeneous glasses with
up to 2 eq.% nitrogen in the Na-Al-Ba-Si-O-N system [11],
and Rajaram and Day produced glasses in the M-Na-P-O-N

system (M= alkaline earth element) with nitrogen contents
up to 25 eq.% [12].

As ammonolysis involves gas/solid reaction, specific
surface area of the precursor glass is, consequently, an
essential parameter to govern the progress of nitridation.
Hence, the usage of precursors with high specific surface
area enables ammonolysis to occur at the low temperatures,
e.g., T < 1000 °C [11, 13]. For instance, oxynitride glasses
were successfully formed through ammonolysis of fibers
and thin films prepared by sol-gel as precursors [14, 15].
However, successful preparation of the monolithic gels is
known to be difficult since cracks were formed during the
drying process of the gels [16]. Thus, the number of reports
on fabrication of monolithic oxynitride glasses via sol-gel
process has been limited [11, 17–19]. Szaniawska et al.,
reported that nitrogen was introduced into silica and SiO2-
B2O3 aerogels and the nitrided aerogels were converted to
dense oxynitride glasses by heat treatment at 1600 °C in
vacuum or in a nitrogen atmosphere [17, 18]. These results
indicate that the nitridation of aerogels is a promising way
to obtain monolithic oxynitride glasses since aerogels pos-
sess higher specific surface area than xerogels [20–23]. The
most conventional process to prepare aerogels is drying wet
gels under supercritical conditions: the residual solvents in
wet gels can be removed without formation of cracks under
supercritical conditions [22, 24, 25]. Needless to say, the
efforts to prepare bulk oxynitride glasses without cracks is
essentially important to evaluate their bulk properties of
them, such as hardness and strength.

In these contexts, ammonolysis to doped silica gels were
examined attempting to obtain monolithic oxynitride glas-
ses [26, 27] and to verify the effects of gel structures upon
the structure and properties of resultant oxynitride glasses.
For instance, silica aerogels with CH3 groups were
employed as precursors for synthesis of Si-O-N glasses.
Indeed, Si-O-N glasses without cracks were obtained after
ammonolysis at T > 1200 °C, and nitrogen concentration in
those glasses reached ~35 eq.%. The role of CH3 groups in
the precursor gels has been attributed to structural flexibility
resulting from modification of Si-O network structure [23].
However, inhibition of crack generation by modification in
Si-O network is not always the case. For instance, silica
aerogels were crushed into chips even if they were doped
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with approximately 1 at% Eu and Al ions. On the other
hand, modification of pore size distribution and specific
surface area seems to be effective for efficient nitridation by
ammonolysis. Indeed, the nitrogen concentration in the
glass obtained via ammonolysis of the aerogels doped with
Eu and Al ions was relatively high, e.g., 38 eq.%. Those
results indicated that the usage of modified or doped gels as
precursors is an appropriate way to obtain oxynitride glasses
with relatively high nitrogen concentrations but not always
effective to prepare monolithic oxynitride glasses without
cracks. In order to propose an effective strategy to obtain
monolithic oxynitride glasses, it is necessary to understand
the detailed mechanism of nitrogen insertion into aerogels
and of crack generation.

As mentioned above, oxynitride glasses have been
investigated as the formation of metal-nitrogen bonds is
considered a possible way to improve the mechanical
properties, such as hardness and toughness. Absolutely, the
replacement of oxide ions by nitride ions should cause
modification of the glass structures, such as coordination
numbers and bonding strength, and those are considered as
the origin of the changes in mechanical properties. Those
structural modifications during nitridation are also a prob-
able cause for crack generation during nitridation. Hence, in
this study, we devoted ourselves to characterize the struc-
tures in oxynitride glasses prepared from aerogels via
ammonolysis. In this study, we prepared the oxynitride
glass specimens from silica gels with organic groups or with
doped inorganic cations, and analyzed the glasses by
nuclear magnetic resonance (NMR) and some other tech-
niques, aiming to reveal the details of the nitridation
induced by ammonolysis of silica-based aerogels.

2 Experimental

Two series of organically modified or ion-doped silica gels
were prepared as the precursors for syntheses of oxynitride
glasses in order to investigate the effect of modification
in gel structures upon the structure of the resultant oxyni-
tride glass structures. One is the silica gels with organic
component, i.e., CH3 groups, and the other is silica
gels doped with inorganic components, i.e., Al and Eu ions,
as modifiers for glass structures. Synthesis of SiO2 gels with
CH3 groups was initiated with preparation of sols by using
methyl trimethoxysilane (MTMS, Shin-Etsu Chemical Co.,
Ltd.) and tetramethyl orthosilicate (TMOS > 98.0%, Junsei
Chemical Co., Ltd.) as source materials. Those source
materials were mixed with solvent with the molar ratio as
MTMS:TMOS:CH3OH:H2O:HCl= 0.5:0.5:2.4:1.3:1 × 10−5.
After hydrolysis at 50 °C for 3 h, the wet SiO2 gels were
obtained by adding NH3 aqueous solution with a molar ratio

of Si alkoxide:H2O:NH3= 1:2.7:6 × 10−4. The obtained SiO2

wet gels were aged in closed bottles at 35 °C for 5 days.
On the other hand, the (Al, Eu)-doped SiO2 sols were

prepared by two steps reactions. Firstly, Al-doped sols were
prepared using tetraethyl orthosilicate (TEOS) and alumi-
num triethoxide (Al(OC2H5)3) as source materials. Those
source materials were mixed with solvent in the molar
ratio of TEOS:Al(OC2H5)3:C2H5OH:H2O:HNO3:Eu(NO3)3·
6H2O= 99:1:150:400:1.1:0.5. After refluxing the sols
composed of alkoxide and ethanol at 70 °C for 15 min
followed by cooling down to ~25 °C, a mixture of Eu
(NO3)3·6H2O, H2O, C2H5OH, and HNO3 was added to the
sol, and the sol was stirred for 30 min. The homogenized
sols were gelated, and the resultant wet gels were aged in
ethanol at 50 °C for 5 days. Note that the gels with CH3

groups and (Al, Eu)-doped gels are abbreviated by G–CH3

and G–AE, hereafter. Further details of the gel preparation
process have been published elsewhere [26, 27].

The wet gels, G–CH3 and G–AE, were dried in CO2

under supercritical condition using an autoclave to enhance
the formation of pores on a mesoscale [28]. The autoclave
with the wet gels was heated to 40 °C and filled with liquid
CO2, pressurized to 20MPa. The temperature was, subse-
quently, raised to 80 °C at a rate of 1 °C/min to satisfy the
supercritical conditions. After closing the valves, the tem-
perature and pressure were maintained for 2 h. To remove
the alcohol in the autoclave, the valves were opened, and
CO2 liquid continuously flowed into the autoclave. Finally,
dried aerogels were obtained after gradual depressurization
and cooling. The aerogels obtained from G–CH3 and G–AE
are abbreviated by AG–CH3 and AG–AE, respectively.

The nitridation of the obtained gels was induced by
ammonolysis using a conventional tube furnace. Fresh and
pure NH3 gas (99.999%, Showa Denko K.K.) continuously
introduced into the furnace tube at a rate of 300 mL/min
during whole ammonolysis process. The furnace tempera-
ture was held at a specified ammonolysis temperature (TN)
at between 750 and 1400 °C for 12 h after ramping at a rate
of 1 °C/min. The samples prepared by ammonolysis at TN
from AG–CH3 and AG–AE are represented by ON–CH3

and ON–AE, respectively. For instance, the sample pre-
pared by ammonolysis at 1000 °C from AG–CH3 is
abbreviated by ON–CH3–1000 when TN has to be specified.

2.1 Materials characterizations

Nitrogen adsorption–desorption isotherms of the aerogels,
AG–CH3 and AG–AE, were recorded at −196 °C by a gas
adsorption analyzer (BELSORP-max, MicrotracBEL
Corp.). The specific surface area, SBET, was calculated by
the Brunauer–Emmett–Teller (BET) method [29]. The pore
size distribution was evaluated by Barret–Joyner–Halenda
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(BJH) method [30] and non-local density functional theory
(NLDFT) method [31] provided by instrument softwares
(BELMasterTM and BELSimTM, MicrotracBEL Corp.).

The elemental composition of the ON–AE samples was
analyzed by X-ray fluorescence spectroscopy (XRF, ZSX
Primus II, Rigaku). On the other hand, the nitrogen con-
centration of the ON–CH3 samples was determined using an
oxygen/nitrogen analyzer (TC-436AR, LECO Japan Corp.).
The crushed ON–CH3 samples loaded into the equipment
was heated in pure helium (He) gas to form a melt, and the
N2 gas desorbed from the sample was quantified with a
thermal conductivity detector.

The atomic coordination in the aerogels and oxynitride
glasses were investigated using NMR spectroscopy. High-
resolution dipolar decoupling magic-angle spinning
(DDMAS) method was adopted for 29Si NMR at
99.38MHz using a JEOL ECA 500MHz spectrometer. The
samples were packed in a 4 mm zirconia rotor and spun at a
frequency of 10 kHz. The 29Si DDMAS-NMR spectra were
measured using a 3 μs of π/2 pulse width and a relaxation
delay of 120 s. The 29Si chemical shift was calibrated using
tetramethylsilane as the external reference. For the AG–AE
and ON–AE samples, the 27Al magic-angle spinning (MAS)
NMR signal at 208.49 MHz was measured using a JEOL
ECZ 800MHz spectrometer. The samples were spun in a
3.2 mm double-tuned broadband probe at 20 kHz. The 27Al
MAS-NMR spectra were collected with a pulse width of

0.6 μs, which was 1/3rd of π/2 (= 1.8 μs) in AlCl3 aqueous
solution and a 1.0 s relaxation delay. The chemical shift of
27Al was calibrated with a reference, 1 mol% AlCl3 aqueous
solution, at 0 ppm.

3 Results and discussion

3.1 Gels

Figure 1(a) shows the N2 adsorption–desorption isotherms
of the dried aerogels, AG–CH3 and AG–AE. The adsorption
and desorption curves of both samples represent that the
pores are IV type [32] and the adsorption and desorption
amount of AG–CH3 was larger than those of AG–AE in the
whole range of relative pressure, p/p0 range. The desorption
amount of AG–AE changed abruptly at around p/p0= 0.7,
but the desorption of AG–CH3 gradually decreased. The
hysteresis loop of AG–AE assigned to Type H2(b) asso-
ciated with pore blocking, which is typical for mesoporous
inorganics materials such as mesoporous silicas, while that
of AG–CH3 resembles Type H3 suggesting pore network
consisting of larger pores, which may relate with organic
characteristics of AG–CH3. Such difference in adsorption/
desorption behavior of between AG–CH3 and AG–AE
indicates that the pores in AG–CH3 has organic character-
istics and those of AG–AE are inorganic ones [32]. As

Fig. 1 a N2 adsorption and
desorption isotherms for the
aerogels, AG–CH3 and AG–AE,
Closed circles represent the
adsorption isotherms and open
ones the desorption.
b Cumulative pore volume, and
(c) pore size distributions of the
aerogels determined by (c-1)
BJH method and (c-2)
NLDFT method
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summarized in Table 1, the specific surface area of
AG–CH3 and AG–AE estimated by BET method was 1941
and 1159 m2 g−1, respectively. The cumulative pore volume
of the aerogels shown in Fig. 1(b) indicates that the total
pore volume of AG–CH3 is much larger than that of
AG–AE and those pores with relatively large volume are
formed in AG–CH3. The pore size distribution estimated by
BJH method is shown in Fig. 1(c-1). The largest pore size
calculated by BJH method is 40 nm for AG-CH3 and 20 nm
for AG-AE. Both curves increased abruptly at pore size
<4 nm although no obvious peak is found. The pore size
distribution was also calculated by NLDFT method [31],
because BJH method is, generally, not appropriate for
smaller pores than 2 nm. As shown in Fig. 1(c-2), the pore
size distribution of AG–CH3 and of AG–AE has a peak at
~2.7 and 2.1 nm, respectively, which is consistent with
abrupt increase of pore size distribution calculated by BJH
method. In the case of AG–CH3, there is a shoulder at
around 5 nm, indicating that major/pore size in AG–CH3 is
two times smaller than that of AG–AE. Hence, the differ-
ence contribution of CH3-modification and (Al, Eu)-doping
upon pore volume and size distribution is clearly shown.
The difference in pore volume and size distribution between
AG–CH3 and AG–AE likely relates to their cracking
behavior during ammonolysis. Indeed, AG–AE was crushed
by ammonolysis but monolithic oxynitride glasses were
obtained from AG-CH3 as mentioned above. In AG–CH3,
the incorporation of CH3 groups originated in the source
alkoxide may divide and terminate the silica networks.

3.2 Nitridation of the aerogels

As described in a previous report [26], the ON–CH3 glasses,
which were made from AG–CH3 by ammonolysis, were not
cracked and remained translucent even after ammonolysis. The
bulk densities of ON–CH3 were nearly unchanged with TN at
750–1100 °C, and increased gradually with TN over 1200 °C.
On the other hand, ON–AE glasses, which were made from
AG–AE, were crushed into chips during ammonolysis [27].
The relative nitrogen concentration in the samples after
ammonolysis is shown in Fig. 2. In both of ON–CH3 and
ON–AE, the nitrogen concentration increased with TN, but
behavior was a little different from each other. For ON–AE, the
nitrogen concentration monotonically increased with TN and
reached to over 38 eq.%. On the other hand, the nitrogen

concentration in ON–CH3 showed a jump at between TN= 900
and 1000 °C, increased gradually at TN > 1000 °C, and reached
the maximum over 34 eq.%. The N equivalent contents
represent simple substitution of nitrogen for oxygen. Thus,
more than 35% oxygen atoms are substituted by nitrogen after
ammonolysis at a relatively high temperature. The highest
nitrogen concentration in ON–AE seemed to be a little higher
compared to that of ON–CH3.

Figure 3(a) shows 29Si NMR spectra of AG–CH3 and
ON–CH3. The modifications for the silicon-based tetra-
hedron; [SiX4] (X= oxygen or organic groups, CH3 in our
case) are represented by “Q” and “T”; “Qn” denotes a tet-
rahedron bonded to four oxygen, [SiO4] and “Tn” denotes a
tetrahedron bonded to three oxygen and one organic group,
[Si(CH3)O3] in our case, where n means the number of
bridging oxygen atoms shared by two neighboring [SiX4]
tetrahedrons [33, 34]. All those spectra have a peak at
around −110 ppm. In general, SiO2 glass has a network
structure composed of corner shared [SiO4] tetrahedra.
Namely, all four oxygen of each [SiO4] tetrahedron bridges
another tetrahedron, and such Si atoms are represented by
Q4. Typical chemical shift for Q4 units is known to be
−107 ppm in 29Si NMR [35, 36]. Hence, the peak at
−110 ppm is assignable to Q4. The peak for Q4 units was
obviously seen in all spectra for ON–CH3 samples even
after ammonolysis at high temperature. In AG-CH3, two
peaks appear in the range at −66 to −56 ppm. The main
peak at −63 ppm is assigned to T3, [Si(CH3)(OSi ≡ )3] and
the peak at −56 ppm is assigned to T2, Si(CH3) (OSi ≡ )

2(OX) (X=H or CH3) [37, 38]. The peaks assigned to T3

and T2 was originated by MTMS in the aerogel. However,
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Fig. 2 Nitrogen concentration of the oxynitride glasses; red circles:
ON–CH3 and blue circles: ON–AE versus ammonolysis temperature

Table 1 Specific surface area (SBET), and pore volume (Vp) of the
aerogels

Specific surface area
(SBET/m

2g−1)
Pore volume (BJH)
(Vp/cm

3·g−1)

AG-CH3 1941 4.96

AG-AE 1159 1.73
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the spectral feature assignable to T3 and T2 was not found
even in ON–CH3–750, which was prepared at the lowest TN
among the samples prepared in this study. As FTIR spec-
trum of ON–CH3 did/not exhibited any features assignable
to Si-C bonds [26], we can safely conclude that Si-C bonds,
T3 and T2 feature, did not exist in ON–CH3 samples.

Variation of chemical shift in 29Si NMR spectra due to
nitrogen substitution in [SiO4] tetrahedron has been
reported to be approximately −15 ppm per one nitrogen
such as [SiO4]: −107 ppm, [SiNO3]: −93 ppm, [SiN2O2]:
−78 ppm, [SiN3O]: −63 ppm and [SiN4]: −48 ppm [35].
In the NMR spectra of ON–CH3–750 and ON–CH3–1200,
there is a small peak at around −93 ppm, indicating that
[SiNO3] unit is formed. In the spectrum for
ON–CH3–1200, a broad signal appears in the range of −40
to −80 ppm. This broad signal can be attributed to the
presence of [SiN2O2], [SiN3O] and [SiN4]. In the spectrum
for ON–CH3–1300, a broad signal is further clearly seen in
the range from −40 to −80 ppm. Those results are rea-
sonable because the nitrogen concentration in ON–CH3

increased with the increase of TN as mentioned above. It is
also notable that the peak intensity for Q4 was weak for
ON–CH3–1300, indicating that population of [SiO4] tet-
rahedra decreased with the increase of nitrogen con-
centration at higher TN. The peak position of Q4 shifted to
high magnetic field side with increase of the TN. The
increase of shielding suggests that the introduction of
nitrogen substituted for oxygen causes an increase in the
covalency of the chemical bonding surrounding Si atoms
[33, 39].

A shoulder at around −100 ppm for the peak attributed
to Q4 structure is also found in 29Si NMR spectra of AG-
CH3 and ON–CH3, and the intensity of this peak decreased
with increase of TN. Looking at literatures, this peak can be
assigned to Q3, particularly originated in [Si(OH)O3], where
one of oxide ion of [SiO4] tetrahedra is replaced by an OH
group [35, 38]. With this assignment, the observed results
indicated that OH groups are coordinated to Si but the
concentration of Si-OH components decreases with
increasing TN. As the decomposition of ammonia results in
high hydrogen partial pressure, the hydrogen incorporation
during ammonolysis is a possible explanation. It is also
possible that the decomposition of residual solvents or CH3

groups in the gel caused the hydrogen incorporation in the
glass during heat treatment. As the shoulder at around
−100 ppm is not pronounced in the spectrum for
ON–CH3–1300, not incorporation but desorption of
hydrogen is likely favorable at higher temperatures.

The spectra of 29Si NMR of ON–AE are shown in Fig.
3(b). A peak at approximately −110 ppm, which is
assignable to Q4 species, are found in all ON–AE samples
as similar to ON–CH3. In ON–AE–800 and ON–AE–900, a
spectral shoulder at −100 ppm and peak at around −90 ppm
can be found, but the shoulder at −100 ppm was not evident
in ON–AE–1000. The shoulder at around −100 ppm is
assignable to Q3 structure with one OH ligand as similar to
ON–CH3, and this is also an indication that the desorption
of hydrogen is more favorable at higher temperatures. The
peak at −90 ppm can be identified as a peak originated in
[SiNO3] coordination as similar to the case for ON–CH3.

－

－

－

－
－

－
－

Fig. 3 29Si NMR spectra of (a)
AG− CH3 and ON− CH3 and
(b) ON−AE samples. c 27Al
NMR spectra of ON−AE
samples. *:spinning side band
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In addition, there is a broad band at around −40 to
−70 ppm in the 29Si NMR spectrum for ON–AE–900, and
the intensity of the band was obviously enhanced in
ON–AE–1000. Huge enhancement of the broad band for
ON–AE–1000 resulted in overlapping of the broad band
and peaks in the range from −90 to −100 ppm. Here, the
identification of the shoulder at −100 ppm must be dis-
cussed. As described above, the shoulder at −100 ppm
found for the ON-CH3 samples prepared at relatively low
TN is assignable to [Si(OH)O3] units. However, in a litera-
ture [36], the shoulder at −100 ppm has been attributed to
Si(OSi)3(OAl) structure where one of four oxygens in a
[SiO4] octahedron is bonded to Al. Therefore, the shoulder
at −100 ppm in ON-AE samples may be attributed to
Si(OSi)3(OAl). However, because of the overlapping of
very broad signal, a clear peak originated in Si(OSi)3(OAl)
structure was not detected. As Al concentration in ON-AE
is very low, the absence of a peak originated in Al sub-
stitution is very reasonable. The most probable explanation
for the presence of the broad signal is nitrogen incorpora-
tion. As mentioned above, the signal at the range from −40
to −80 ppm is attributed to [SiNO3], [SiN2O2], [SiN3O] and
[SiN4] [35, 40, 41]. As the nitrogen concentration increased
three times with the increase of TN from 800 to 1000 °C in
ON-AE (Fig. 2), the very broad signal extended in the range
from −40 to −80 ppm is attributed to [SiNmO4-m] structures
with m > 1.

The 27Al NMR spectra of ON-AE samples are shown in
Fig. 3(c). The 27Al NMR spectra exhibit the chemical shift
depending on the coordination number of Al. The peaks at
55 ppm are assigned to fourfold coordinated Al, [4] Al [42].
In ON-AE after nitridation at 900 and 1000 °C, only one
evident peak at around 55 ppm appeared, indicating that
almost all Al forms [AlO4] tetrahedra in the glass network.
This band at 55 ppm for ON–AE–1000 was broader than
that for ON–AE–900. On the other hand, other three peaks
at around 35, 15 and 0 ppm were found in ON–AE–800.
The peak at 35 ppm is also assigned to [4] Al, which is
distorted AlO4

- sites in tricluster tetrahedra; three AlO4

tetrahedra sharing a common oxygen atom observed in
mullite [43, 44]. The peaks at 15 and 0 ppm can be assigned
to [6] Al [42–45] which is for Al involved in a [AlO6]
octahedron. The NMR spectra represent that the surround-
ing of Al changed drastically from 800 to 900 °C and the
[AlO4] unit was formed in the glass network by the nitri-
dation at the temperature higher than 900 °C.

3.3 Crack generation

The impact of CH3–modification upon aerogel structure can
be attributed to the termination of the network composed of
[SiO4] tetrahedra. That is evidenced by the adsorption/
desorption curve shown in Fig. 1(a): those behavior

indicated that the surface of AG–CH3 possesses more
organic characteristics compared to AG–AE. The larger
pore volume is likely resulting from the termination of the
network structure. As mentioned, no trace of the structures
related to the organic component, CH3, was observed in
ON–CH3 even after ammonolysis at 750 °C, which suggests
that the crack generation during ammonolysis was not
directly relating to the presence of CH3 groups. That means
that microscopic or mesoscopic structure in AG–CH3

composed of shredded [SiO4] network was memorable
during ammonolysis, which are two possible under-
standings. One is that recovery from shredded [SiO4] glass
network or relaxation of mesoscopic structure takes rela-
tively long relaxation time. This may be a reason for inhi-
bition of crack generation in ON–CH3 during ammonolysis.
The other is relatively quick nitrogen diffusion during
ammonolysis, since it is presumable that nitrogen diffuse
into aerogel before relaxation of the shredded [SiO4] net-
work. Tentatively, it is presumed that either or both of those
mechanism works to prevent crack generation in ON–CH3

during ammonolysis.
On the other hand, looking at 27Al NMR spectrum of

ON–AE–800, it seems that local structure around Al was
distorted in the aerogel and not completely relaxed even
after ammonolysis at 800 °C. That means that distorted
structure was introduced in AG–AE. In addition, presence
of [Si(OH)O3] was suggested in both ON–CH3 and ON–AE
prepared with relatively low TN. However, the ON–AE
samples were crushed during ammonolysis and monolithic
ON-AE could not be obtained. Hence, the role of (Al, Eu)-
doping and CH3–modification should be regarded as dif-
ferent role and that presence of [Si(OH)O3] is unlikely a
solid reason for inhibition of crack generation. Hence, the
most probable reason for successful synthesis of monolithic
oxynitride glass in ON–CH3 series is formation of relatively
large pores in mesoscale range. It is an important indication
for our future study on synthesis of monolithic oxynitride
glasses. That is controlling of mesoscale structure, which
affects to kinetics of nitrogen in cooperation and stress
relaxation, is a key for inhibition of cracking.

3.4 Charge compensation

Charge compensation in oxynitride glasses is the most
important issue in the fundamental part of glass science. As
formal charge of oxygen and nitrogen differs, we need to
explain charge compensation mechanism. In terms of for-
mal charge, formation of a hydrogen–nitrogen ([N3−–H+])
pair is a possible charge compensation when nitrogen sub-
stitute for oxygen (O2−). On this assumption, combination
of [Si(OH)O3] with [SiNO3] is likely a way of charge
compensation. However, fraction of [Si(OH)O3] seemingly
reduced at high TN, although concentration of nitrogen
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increases with TN. Therefore, the oxynitride prepared with
high TN has to satisfy charge neutrality by replacing three
O2− by two N3−. Namely, total number of anion (sum of the
number of oxygen and nitrogen) should decrease with the
increase of nitrogen concentration.

4 Conclusions

Silicone oxynitride, Si-O-N, and Si-Al-O-N glasses were
prepared from oxide aerogels via ammonolysis at tem-
peratures from 750 to 1400 °C. The SiO2 gels were prepared
from TMOS and MTMS with CH3 groups, the SiO2-Al2O3

gels were prepared from TEOS and Al(OC2H5)3, and the
gels were dried in supercritical CO2, resulting in the for-
mation of aerogels. The specific surface area of these
aerogels was 1941 and 1159 m2 g−1. The nitrogen was
inserted in these aerogels by ammonolysis, and the amount
of nitrogen increased with an increase of the ammonolysis
temperature and exceeded 34 eq.%. The structures of the
oxynitride glasses were characterized using 29Si and 27Al
NMR spectra. In Si-O-N glasses, the Si atoms bonded to
one nitrogen atom are formed at temperatures lower than
1200 °C and the Si atoms bonded to two or more nitrogen
atoms are formed at temperatures higher than 1300 °C. In
Si-Al-O-N glasses, the N atom is bonded not to Al but to Si
atoms, and various numbers of N atoms are bonded to a Si
atom by the ammonolysis at 1000 °C.
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