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Abstract

The synthesis of P,0;—SiO, glasses from solutions has been studied through gelation kinetics, Raman and nuclear
magnetic resonance (NMR) spectroscopies. Different preparation methods are compared. The effect of the phosphorus
precursor has been investigated. Phosphoric acid esters are not hydrolyzed and they do not yield condensation with silica.
Reaction of anhydrous H;PO, with Si—-OR groups leads to the formation of Si—~O—P bonds which are easily hydrolyzed.
Only a few remain after addition of water and gelation. Therefore, P-Si homogeneity is difficult to achieve after gelation
and the following drying and heat-treatment procedures. This absence of homogeneity is observed by solid-state magic angle
spinning (MAS)-NMR and X-ray diffraction studies performed on gel samples heated at 300, 500 and 800°C in the case of

xerogels and 500, 950 and 1140°C for aerogels.

1. Introduction

Phosphate-containing glasses have a potential in-
terest in the field of optical fibers and coatings [1,2].
Such materials may be prepared with improved ho-
mogeneity through sol-gel gel processes [2]. How-
ever, when the starting precursors are trialkylphos-
phates (OP(OR),), up to 50% of the nominal phos-
phorus content may be lost during subsequent heat-
treatments. The amount of loss depends on the
preparation method [3] as well as on the precursor
[4). Better homogeneity obtained through improved
methods such as ultrasonic mixing (sonogels [5])
allows larger amounts of phosphorus to be retained
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834 924.

in the gels. However, the silicon—phosphorus homo-
geneity is still difficult to achieve without heat-treat-
ment at temperatures greater than 800°C.
Silicon—oxygen bonds possess a large covalency
associated with the stable fourfold coordination of
silicon. Therefore, hydrolysis of these bonds through
the usual nucleophilic substitution of alkoxy groups
by hydroxyl groups is difficult. The rates of the
hydrolysis and condensation reactions of silica can
be increased when catalyzed through addition of
acids or bases [6). On the other hand, the P-O bond
is covalent and, to our knowledge, the only well-
known coordination of P is four. Nucleophilic substi-
tution at the P site although possible is difficult and
most of the hydrolysis observed in acidic medium
may proceed from cleavage of C-O bonds [7].
Therefore, phosphate esters are only weakly reactive
and do not usually yield condensation [8]. Raman
spectroscopy has shown the existence of P-O-Si
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bonds [9]. From our point of view, these bonds are
only a small percentage of the various species. Tian
et al. [10] have also reported the formation of sili-
con—phosphate bonds through cohydrolysis of phos-
phate esters and silicon alkoxide after a long reaction
time. Recent *' P nuclear magnetic resonance (NMR)
spectra of phosphosilicate gels have demonstrated
that only free orthophosphate species are found in
the gels after hydrolysis and drying [4,11]. More-
over, Fernindez-Lorenzo et al. [12] have observed
through electron microscopy and energy-dispersive
X-ray analysis measurements that the phosphate dis-
tribution is not homogeneous in the gels. Hetero-
geneities only vanish upon heat-treatment at temper-
atures higher than 950°C. The P—O-Si bonds only
appear upon further heat-treatment at high tempera-
ture. From this point of view, phosphoric acid has
been shown to be a more reactive precursor than
phosphate triesters [4].

In the following, we describe the effect of differ-
ent methods (simple gelation or ultrasonic mixing)
and different phosphate precursors (esters or anhy-
drous phosphoric acid) dried with the aerogel method
on the synthesis of phosphosilicate gels.

2. Experimental

After gelation, all gels were dried under hypercrit-
ical conditions following the process described by
Zarzycki et al. [13]. Two types of gelation method
were used, yielding two types of gels.

(1) The first type was made by conventional
gelation in ethanol. These gels will be called aero-
gels in the following. However, some gels made for
comparison were dried at 100°C in an oven and will
be denoted xerogels. Equal volumes of tetraethoxysi-
lane (TEOS) and ethanol containing the phosphate
precursor were mixed. Hydrolysis and condensation
were performed by addition of the appropriate amount
of water. Two different phosphate precursors were
used, triethylphosphate (TEP) and phosphoric acid
(H,PO,). Solid anhydrous H;PO, (Fluka) was used
in order to study the role played by the phosphate
with TEOS before hydrolysis was carried out.

(2) The second type, hereafter called sono-aero-
gel, was prepared by mixing the components under
ultrasonic irradiation without using any common sol-

vent. The method has been described elsewhere [3,5].
Activation of the reaction through ultrasonic disper-
sion increases the homogeneity at the molecular
level and with this method there is less phosphate
loss upon heat-treatment [5].

All liquid state NMR spectra were collected on a
Fourier transform NMR spectrometer (Bruker AM
250) operating at the frequency of 101.256 MHz for
p (pulse width: 9 s and recycling delay: 3 s) or
49.69 MHz for ®Si (pulse width: 8 ps, recycling
delay: 10 s; chromium acetylacetonate 1 X 1072 M
was added to increase the relaxation rate). Samples
were placed in 8 mm NMR tubes, and then placed in
10 mm NMR tubes filled with C;D; used as a
deuterium lock-in of the magnetic field.

Solid-state NMR spectra were collected on a spec-
trometer (Bruker MSLA0O) equipped with magic an-
gle spinning (MAS) Andrew type rotor rotated at a
speed of approximately 8 kHz. They were measured
at the frequency of 161.98 MHz for *' P (pulse width:
2 us recycling delay: 5 s) or 79.5 MHz for *Si
(pulse width: 2 ps, recycling delay: 10 min for
glasses and 2 min for aerogels up to 500°C).

Spectra are referenced to H,PO, 85% in water for
*IP and tetramethylsilane for > Si used as the 0 ppm
references. As in the current convention, negative
chemical shifts are in the high-field direction (more
shielded atoms).

Raman spectra were recorded at 90° scattering
geometry with a double monochromator (Jobin—Yvon
U-1000), coupled to a photomultiplier (RCA 31034).
The output pulses were analyzed with photon count-
ing electronics. An Ar* laser with a power of 0.4 W
at 514.5 nm was used as the exciting radiation
source. The spectra here presented were treated with
a smoothing method.

Chemical analysis were performed by atomic ab-
sorption at the CNRS Laboratory for chemical analy-
sis in Vernaison (France).

3. Results
3.1. Gelation times
In the case of triethylphosphate, hydrochloric acid

solutions in water (pH =1.5) were used for the
hydrolysis. The gelation times for a constant hydrol-
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Table 1
Gelation times (in hours) for gels obtained from TEP with a
constant hydrolysis ratio of 4 H,0/Si and various P/Si

P/Si TEP + TEOS
classic gel sonogel
0.1 168 25
0.2 216 39
0.5 336 47
0.9 384 83

ysis ratio of 4 H,0/Si and various P/Si are re-
ported in Table 1. When H,PO, was used as the
phosphorus precursor, the variations of gelation times
with the hydrolysis ratio H,O/Si is reported in
Fig. 1.

3.2. Chemical analysis

Chemical analyses were performed on gels imme-
diately after drying and after heat-treatment under air
at 950°C for 8 h. Results are reported in Table 2.

3.3. Liquid state >’P NMR study

3.3.1. Case of TEP

Fig. 2 shows the *'P NMR spectrum of TEP and
TEOS, after hydrolysis and after aging for a few
days leading to the gelation of a silica gel. This
spectrum consist of a set of seven peaks centered
around —1 ppm. This signal is characteristic of the
phosphate triester where *' P is magnetically coupled
to the spins of the neighboring 'H in the
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Fig. 1. Gelation time as a function of the P/Si ratio for a fixed
hydrolysis ratio in the case of H,PO, /TEOS (01) and as a
function of hydrolysis ratio for H,PO, /TEOS =1 (®). Lines are
drawn as a guide for the eye.

OP(OCH,CH,); molecule, causing the 2 X n X 3 +
1 couplings with n= 6.

3.3.2. Case of the H; PO,

In this case, an exothermic reaction is observed
upon mixing TEOS and H,PO,. Typical °*'P NMR
spectra obtained for different POH /Si ratio are re-
ported in Fig. 3. The spectrum observed for POH /Si
= (0.5 contains three different groups of signals lo-
cated around +1.8 ppm (free H,PO,), —9.5 ppm
(-P0,Q"), —21 ppm (PO,, Q'*). Although not con-
ventional, we denote by Q'" a phosphate bound to n
silicon atoms through P—O-Si bonds. The two last
groups contain different peaks depending on the
nature of the species bound to the central phosphate
ion (~Si(OR), or —Si(OR),(OP-) and so on).

The percentage of each species is reported as a
function of the P /Si ratio in Fig. 4(a) as well as the

Table 2
Results in molar ratios from chemical analysis performed on gels immediately after drying and after heat-treatment under air at 950°C for
8h
Precursor Procedure H,0/Si P/Si P/Si P/Si
nominal dried 950°C
H,;PO, xerogel 1 0.50 0.360 0.430
H;PO, xerogel 2 0.50 0.340 0.340
H,PO, xerogel 1 1.00 1.020 1.130
H;PO, xerogel 4 2.00 2.000 0.700
H;PO, aerogel 4 0.50 0.200 0.265
H;PO, aerogel 4 1.00 0.410 0.470
TEP aerogel 3 0.10 0.430 0.030
TEP aerogel 3 0.85 0.210 0.310
TEP sonoaerogel 3 0.10 0.042 0.026
TEP sonoacrogel 3 0.85 0.430 0.230
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Fig. 2. sp liquid NMR spectrum of TEP/TEOS hydrolyzed and
aged 1 week.

calculated number of Si—O-P bonds for each Si in
Fig. 4(b).
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Fig. 3. Liquid-state >'P NMR spectra of TEOS solutions with
H PO, in ethanol for different P /Si ratios.
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Fig. 4. (a) Percentage of the different phosphate species observed
as a function of the P/Si ratio; (b) connectivity of Si derived from
P/Si as a function of the P/Si ratio.

are reported in Fig. 5. We observe different signals
corresponding to TEOS at — 81.8 ppm, to Q'(-91.2
ppm) and Q> (—98 and —100.0 ppm) species.
Here, we denote Q'" the silicon connected to n P
ions.
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Fig. 5. Liquid state Bsj spectra observed for different P /Si ratios.
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3.3.3. Hydrolysis

Upon addition of water, components correspond-
ing to PO, species bound to Si immediately disap-
pear in the *'P NMR spectra. The effect of water
addition (H,0/Si=0.5) on a P/Si= 0.5 is shown
in Fig. 6. Just after addition, only the peaks corre-
sponding to phosphoric acid are observed (Fig. 6(b)).
The peaks attributed to P~O-Si species (Fig. 6(a))
have disappeared.

3.4. Raman studies

TEP with its stoichiometric amount of water has
been submitted to ultrasound to verify its non-reac-
tivity as indicated by the *'P NMR experiments. One
month after beginning of the reaction, no evolution
of the Raman bands is observed. This absence
demonstrates that no hydrolysis of the TEP occurs in
the conditions of our studies.

Therefore, the following study has been per-
formed with anhydrous H,PO, as the phosphorous
precursor. The samples have been prepared accord-
ing to the following sequence.

(A) Pure TEOS dissolved in EtOH, ratio 1:1. The
Raman spectrum of this mixture is a superposition of
individual spectra (ethanol and TEOS). No shift of
the peak positions is observed (Fig. 7(a)).
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Fig. 6. 'P NMR spectra of solutions H,PO, /Si = 0.5 (a) before
addition of water; (b} two minutes after addition of 0.5 H20 /Si;
(0) 1 h later.
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Fig. 7. Raman spectra of (a) solution A: TEOS in ethanol, (b)

solution B: H,PO, in ethanol; (c) theoretical addition of spectra

(a) and (b); (d) solution C: mixture of A and B.

(B) Pure H;PO, dissolved in EtOH. The spec-
trum of H,PO, (Fig. 7(b)) is also the sum of the
contributions of H,PO, and ethanol. The peaks at
900, 497 and 384 cm™! are characteristic vibration
modes of the tetrahedral PO, molecule, the fourth
mode is not observed because of overlapping. Other
peaks correspond to the vibration modes of ethanol.

(C) H,PO,/TEOS /EtOH. When solutions de-
scribed in paragraphs (A) and (B) are mixed, there is
no superposition of the two spectra. In the Fig. 7(c)
we observe the sum of both spectra in comparison
with the experimental spectrum (Fig. 7(d)).

(D) H,PO,/TEOS /EtOH + H,0. In Fig. 8 we
show the effect of hydrolysis for a mixture in which
the molar ratios are P/Si=1 and H,0/Si = 1.5.

3.5. Solid-state *’P NMR studies

3.5.1. Case of TEP

Just after hypercritical drying, only two signals
are observed in the *'P NMR spectrum for the
P/Si=0.1 aerogel around 0 and —11.5 ppm (Fig.
9(a)). For higher temperatures of heat treatment,
broad peaks appear at —25 and —37 ppm.

For larger ratios (P/Si = 0.85), a quite different
behaviour is observed. Just after drying, the aerogel
only contains Q° as demonstrated by the single
NMR signal observed at 1 ppm (Fig. 10(a)). After
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Fig. 8. Time evolution of the Raman spectrum of a solution of
TEOS, H;PO,, EtOH and water in P/Si=1, H,0/Si=15

ratios.

the aerogel is heated above 500°C, weak signals
appear at — 10 and —30 ppm.

3.5.2. Case of phosphoric acid

'P NMR spectra are reported in Fig. 11 for
different temperatures of heat treatment. We observe
different signals corresponding to free H,PO,, Q!
species around —11 ppm, very weak peaks at-
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Fig. 9. ¥ P MAS-NMR spectra of acrogels TEP /Si = 0.1: (a) after
drying, (b) 500°C, (c) 950°C and (d) 1140°C.
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Fig. 10. *'P MAS-NMR spectra of aerogels TEP /Si = 0.85: (a)
after drying, (b) 300°C, (c) 950°C and (d) 1140°C. The asterisk
indicates spinning-side bands.

tributed to Q? (—25 ppm) and Q* (—31 ppm) and a
group of peaks around —44 ppm which we again
attribute to PO, in a Q* coordination.
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Fig. 11. *'P MAS-NMR spectra of acrogels H,PO, /Si=1: (a)
after drying, (b) 300°C, (c) SO0°C and (d) 800°C. The asterisk
indicates spinning-side bands.
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Fig. 12. *Si MAS-NMR spectra of aerogels H;PO, /S8i=0.5,
xerogel H,PO, /Si = 0.5 and (c) aerogel TEP/Si = 0.5 after heat
treatment at 950°C.

3.6. 2°Si MAS-NMR study

The ®Si NMR spectra of these materials are
qualitatively similar, independent of the starting pre-
cursor and the method used (Fig. 12).

4, Discussion
4.1. Gelation kinetics

4.1.1. Case of triethylphosphate

The gelation times are of the order of a few days
and are of the same order as for pure silica gels.
They were much shorter for sono-aerogels (hours)
and this difference may be attributed to a more
homogeneous mixing of the components. The gela-
tion time increased with increasing P /Si ratio. If we
assume, as shown later, that the phosphate species
are inert, this increase may be explained by a dilu-
tion effect of TEOS or by an increase of viscosity
due to the addition of TEP.

4.1.2. Gels from phosphoric acid

When H;PO, was used as the phosphorus precur-
sor, the gelation time decrease and was similar to the
times observed with HF [6] or 4-dimethylamino-
pyridin (DMAP) [14] catalysis. For all P/Si ratios,
we observed an onset of gelation at H,0/Si=1.5
(Fig. 1). Below this threshold no gel was obtained.
Above, the gelation time decreased with amount of
water added to a minimum then increased again for
higher water contents. The hydrolysis ratio at which

the minimum gelation time was observed increased
with the amount of phosphoric acid added. The
gelation time decreased with increasing phosphate
content. Such results have been described in the case
of acidic catalysis of gelation [15]. The gelation
times are too short to be related only to acid catalysis
and it will be argued in the following that the
phosphate ions themselves play a significant role,
similar to fluorides {6}, in activating the cleavage of
the Si~O—C bonds. However, phosphoric acid can-
not be considered as a true catalyst since it must be
present in a large amount to activate the condensa-
tion.

4.2. Chemical analysis

For all gels dried under hypercritical conditions, a
large phosphorus loss (around 50%) was observed
upon drying. Sono-aerogels retained larger amounts
of phosphoric acid.

Xerogels made with H,PO, and dried in an oven
at 100°C, did not lose phosphorus upon drying at this
temperature. Up to a ratio, P/Si =1, no loss was
observed upon heat-treatment, whereas, above this
ratio, a loss was observed after heat-treatment at
950°C. Aerogels made from H,PO, showed a loss of
phosphorus upon drying although this loss was small
compared with samples made out of TEP.

From this results, it is clear that none of the
phosphate precursors used in this study allows a
complete homogeneity of the gels that would mini-
mize the phosphorus loss during hypercritical drying.

4.3. Study of the precursors solutions

4.3.1. Case of TEP

No change is observed in the *'P NMR spectrum
before and after mixing TEP and the TEOS, after
hydrolysis, and after aging a few days leading to the
gelation of a silica gel. Therefore, TEP does not
interfere in the hydrolysis and condensation steps of
TEOS. This lack of interference is in agreement with
the large gelation times similar to those observed for
pure TEOS.

4.3.2. Case of the H, PO,
In this case, our attribution is based on the anal-
ogy of these chemical shifts with similar signals
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observed in polyphosphates [16]. This analogy also
agrees with recent assignments of components in the
spectra of silicophosphate glasses [4]. Similar chemi-
cal shifts would be observed if the phosphate was
connected to other phosphate groups (the transforma-
tion of pyro- to polyphosphates). However, this con-
nection is impossible because homonuclear conden-
sation of polyphosphates never occurs spontaneously
at room temperature in solutions. Moreover, the
spin—spin coupling constants, 2JP_,,, would be ob-
served in this case [16]. Therefore, we conclude that
a set of reactions such as the following takes place:

—P(OH);_, + ROSi —» —P(OH),_,(0Si) + ROH
(1)

for n=10,1,2.

When the POH/Si ratio increases, we observe a
higher percentage of species at high chemical shift
(around 0 ppm, Q'° species) in Fig. 4(a). From Fig.
4(b), we conclude that the connectivity of silicon
progressively increases up to 1 Si—O-P bond for
each silicon atom. This connectivity is the apparent
limit in the liquid state. But, above the P/Si=2
ratio, we observed that condensation becomes unlim-
ited and solutions precipitate after a few hours with-
out any hydrolysis.

In the peaks centered at —9 ppm, two peaks are
observed. Therefore, both of these signals corre-
sponding to Q! phosphates are at —9.1 ppm to
PO-Si(OR), and at —9.5 ppm to PO-Si(OR),0P-
or PO-Si(OR)-(PO),.

Our attribution is based on the fact that the inten-
sity of the second peak relative to the first one
increases with the P/Si ratio in agreement with the
increasing probability of an Si connected to two P.
Owing to the larger number of possible conforma-
tions and perhaps its more limited rotation, the sec-
ond peak also appears broader. Similarly, at —20
ppm we observe signals which we attribute to PO,
species of the Q? type. These peaks are asymmetric
and broader on the low chemical shift side. This
feature is also explained by a larger variety of possi-
ble conformations of the Si atoms linked to these
PO,.

Our interpretation is confirmed by *Si NMR
spectra reported in Fig. 5. We observe a signal that
corresponds to the decrease of the signal attributed to

TEOS (—81.8 pmm) and the increase of Q"' (—91.2
ppm) and Q"> (—98 and —100.0 ppm) species with
increasing P/Si ratio. Here, we denote by Q'" the
silicon connected to n P ions. However, the peak
intensities do not exactly correspond to the popula-
tion expected from the ’'P NMR study. We think
this behaviour can be attributed to relaxation effects.

4.3.3. Hydrolysis

The disappearance of the peaks attributed to P—
O-Si species indicates a fast hydrolysis of the Si—
O-P bonds following the reaction

H,0 + Si-O-P — Si—OH + HO-P. (2)

Since the reaction of phosphoric acid with SiOR
groups is also very rapid, we assume that phosphoric
acid acts as a catalyst of the hydrolysis reaction
through the nucleophilic attack of Si instead of the
usually invoked electrophilic protonation of the oxy-
gen atoms of Si(OR),.

The two well known condensation reactions are
[17]

SiOH + HOSi — Si—O-Si + H,0, (3)
SiOH + ROSi — Si—-0-Si + ROH. (4)

The water formed during reaction (3) should hydro-
lyze another SiOP bond very quickly but this proce-
dure does not explain the fast gelation rate which
depends on reaction (3) which is slow [18]. There-
fore, we conclude that another reaction occurs, of the

type
SiOH + SiOP — Si—-0-Si + POH. (5)

This reaction has a faster rate than (3) and (4) and
this rate explains the very fast gelation through an
activation of the condensation of TEOS by H;PO,.
For larger amounts of added water, all Si-O-P
bonds will be rapidly hydrolyzed following reaction
(2) and reaction (5) will not be possible. Writing the
condensation rate through reaction (5) in the form of
a second-order kinetics law (first-order in both
reagents)

d[Si-0-Si] /d¢ = K[ Si—OH][Si~O-P] (6)

makes clear that if Si~O—P bonds have been hydro-
lyzed by reaction (2), the concentration [SiOP] is
small and condensation will only occur through the
slower pathway of reaction (3). This way probably
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causes an increase of gelation time when too much
water is added (Fig. 1, B). Note that a similar effect
has been reported in many other experiments on
silica gelation [19].

After a short time and for small amounts of added
water (H,0/Si= 0.5, POH/Si = 0.5), we observe
in the *'P spectra that the intensity of Q' and Q2
species increases again (Fig. 6(c)). This increase
indicates that the small ratio of water used in this
experiment has been consumed in the hydrolysis of
Si—O-P bonds and the P-OH groups, regenerated
through reaction (2), have reacted again with other
Si—OR groups. Note that the signal corresponding to
Q! P-0-Si species has changed. Before hydrolysis
and just after, P are connected to SiO, monomers.
After hydrolysis and condensation P ions are con-
nected to highly branched SiO, units. Then, the
nature of the Q' species is different before and after
hydrolysis. This difference is indicated by slight
changes both in chemical shifts and line widths.
After hydrolysis, the Q' P ions are linked to con-
densed silicates and the slower motion produces
wider lines.

As demonstrated by these-liquid-state NMR mea-
surements, the Si—~O-P bonds are easily hydrolyzed.
Thus, we assume that H,PO, acts as an hydrolysis
and condensation catalyst, but it does not participate
to the cross-linking of the structure. The resulting gel
may be considered a silica gel with free H,PO,
trapped in the pores (Q° species) or adsorbed at the
surface of the colloidal SiO, particles in the form of
Q! species.

4.4. Raman studies

First, a decrease of the relative intensities of
H,PO, and TEOS characteristic vibrations is ob-
served in Fig. 7(d). The peak at 654 cm ™!, attributed
to Si—~O-C vibrations, shifts towards a lower fre-
quency (639 cm™!). Its intensity also decreases and
becomes comparable with the 807 cm™! band. Mul-
der and Damian [20] observed a similar feature in
their Raman study of the TEOS hydrolysis and poly-
condensation. The polarized 654 cm ™' band shifts to
600 cm~'! because of the TEOS dimer
(8i,O(0C,H;)), ie., Si—O-Si bond formation.
From this indication, we conclude that the shift
towards 639 cm ™! is due to the formation of Si—~O—P

bonds. On the other hand, a comparison of
TEOS /EtOH and H,PO,/TEOS /EtOH spectra in-
dicates a decrese of intensity of the band at 1094
cm™ Y, commonly attributed to Si—O-C vibrations.
As a conclusion, there is a consumption of Si-O-C
bonds and a decrease of the H,PO, group symmetry
related to the formation of Si—O-P bonds according
to reaction (1), which explains the decrease of inten-
sity of the Si—O-C and H;PO, bands. However, this
effect is rather limited on the H;PO, peaks since the
high ratio, P/Si = 4, used in this case, leaves a large
amount of unreacted phosphoric acid as shown by
the NMR study above.

In Fig. 8 we show the hydrolysis effect for a
mixture in which the molar ratios are P/Si=1 and
H,0/Si=1.5. Two minutes after the addition of
water, we observe a decrease of the 639 cm ™' band
associated to Si—O-P vibrations. After 15 min this
peak has almost disappeared. This fact is in agree-
ment with reaction (2). We can also observe a de-
crease of the bands assigned to TEOS. The spectra
becomes similar to a phosphoric acid/ethanol mix-
ture (Fig. 7(b)) where the initial molar ratio
H,PO,/EtOH would have been modified. This be-
haviour indicates a rapid hydrolysis and condensa-
tion of TEOS.

4.5. Solid-state °*'P NMR studies

4.5.1. Case of TEP

The NMR study of aerogels just after hypercriti-
cal drying indicates the poor reactivity of the phos-
phorus precursor. The only two signals observed in
Fig. 9(a) can be attributed to Q'° (0 ppm) and Q'
(—11.5 ppm) species as already discussed in the
previous part. For higher temperatures of heat-treat-
ment, broad peaks appear at —25 and —37 ppm. We
tentatively attribute these peaks to Q° and Q
species. The large number of Q® and Q' species
remaining even after heat-treatment at 1140°C indi-
cates that the average connectivity of PO, remains
low. This low connectivity points out the lack of
reactivity and a poor dispersion of phosphorus inside
the material. The low signal-to-noise ratio is an
indication of the small amount of phosphorus re-
tained in the glass.

For larger ratios (P /Si = 0.85), just after drying,
the aerogel only contains Q° as demonstrated by the
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single NMR signal observed at 1 ppm (Fig. 10(a)).
The peak remains sharp even without magic angle
spinning. This fact indicates that this signal corre-
sponds to quasi-liquid species with free rotation. In
agreement with previous works [4,11], this result is
expected in the absence of reaction between phos-
phate and silica up to this step of the process.

The weak signals at —10 and —30 ppm in Fig.
10(b), we again attribute to Q! and Q3 species. The
main difference with the case of smaller P /Si ratios
is that, upon heating above 300°C, new signals are
observed at —31, ~41 and —44.4 ppm and weak
peaks at —51 ppm. After heating above 950°C, the
spectrum consists of only two signals. The first
signal, at ~ 37, is very broad and has large spinning
side-bands whereas the second signal, at —44.4
ppm, has a small width with very weak spinning-side
bands (see Fig. 10(c)). These chemical shifts corre-
spond to condensed phosphate species. From a sur-
vey of the literature [21], the sharp peak observed at
— 44 ppm is attributed to the P ion in the Si;O(PO, ),
crystalline phase [22] whereas the broad signal ob-
served between —32 and — 39 ppm is ascribed to P
in a Si0,-P,0, glass [21] where it is found in the
form of OP—(0Si),_,(OP), (0 < x < 3). On the other
hand, we attribute the signal that appears between
300 and 950°C at +41 ppm due to traces of a
crystalline Si, P,O, phase present in this temperature
range of heat treatment.

4.5.2. Case of phosphoric acid

We assume that the small fraction of Q* and Q°
species is due to the rapid hydrolysis in air of these
groups (following reaction (2) above) which leads to
the formation of H,PO, observed even for species
heated at temperatures > 300°C. Thus, we have
attributed the peak at —10 ppm to PO, Q! species
such as (HO),OP-0-Si bonds at the surface of the
silica network. We have assigned the broad set of
signals around —44 ppm (peaks at —35, —41, —44
(sharp), —50 ppm) to different species of PO, con-
nected to a set of P,_,Si, second neighbours. Its
intensity increases with the temperature of heat-treat-
ment, indicating that the amount of P which has
reacted with silica increases. These Q* species, which
are still present in the spectra even after exposure to
wet air, are more stable towards hydrolysis than the
Q? and Q3 species. As in the case of the TEP

precursor, a large fraction of these species must be
attributed to phosphate in the crystalline Si;O(PO, ),
phase. The spectra of these produce the sharp signal
at —44 ppm.

4.6. *°Si MAS-NMR study

During the heat-treatment, we observe a behavior
identical to those described by Szu et al. [4]. There-
fore, we only briefly discuss the evolution of the
spectra with temperature. After drying, all aerogels
give a single broad peak at —112.2 ppm. These
peaks are characteristic of Q"* Si species where the
silicate tetrahedras are coordinated to four other sili-
con atoms. When the temperature of heat treatment
increases, this peak shifts towards lower chemical
shifts (from —112 to —116 ppm). This shift was
observed by Dupree et al. [25] who attributed the
shift to an increase in the number of Si—O-P bonds
in the glass. Above 500°C, two sharp peaks appear
around —213 and —219 ppm. These peaks are
characteristic of the Si;(PO,)s crystalline phase and
correspond to sixfold-coordinated silicons [23,24].
This crystalline phase also contains fourfold-coordi-
nated silicon atoms whose NMR spectra have a
componenent at —119 ppm [25,26]. This peak is
resolved when there is a great amount of crystalline
phase such as in the case of the TEP precursor (Fig.
12(c)).

From Fig. 12, we also observe the effect of the
phosphorus precursor. From the intensity of the char-
acteristic peaks of the crystalline phase (at —119,
—213 and —219 ppm), we observe that the aerogel
and xerogel samples made from H;PO, (Figs. 12(a)
and (b)) contain less crystalline phase than when the
TEP precursor is used (Fig. 12(b)). However, they
contain a larger amount of phosphate as shown in
Table 2.

5. Conclusion

After a study of the precursor and mixing method,
we conclude that the phosphorus losses increase
when unreactive precursors are used.

In all cases (TEP or H,PO, precursors) there is
no Si—-O-P chemical homogeneity resulting from
gelation. In the case of TEP, bonds never appeared.
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In the case of H;PO,, they appear in the first steps
of the process, but they disappear on hydrolysis.
However, the thermal reactions are different.

After heat treatment and exposure to air, there are
larger amounts of phosphoric acid in the samples
made from the phosphoric acid precursor whereas
larger amounts of the crystalline Si;O(PO,), phase
are found when starting from TEP in samples heated
above 800°C.

With the H,PO, precursor, better homogeneity
may be achieved with the minimum hydrolysis and
protection from the air moisture before the final heat
treatment, avoiding the cleavage of the P-O-Si
bonds formed during the first steps of the process.
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