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A novel non-hydrolytic synthesis of silicophosphate xerogels and optimization of reaction conditions to
obtain products with a high degree of condensation and a large specific surface area are presented.
Homogeneous products with a high content of Si–O–P bonds and SiO6 moieties were synthesized by
an ester elimination route at low temperature from silicon acetate, Si(OAc)4, and tris(trimethylsilyl)
phosphate, OP(OSiMe3)3 (TTP). Depending on the reaction conditions (temperature, solvent, time) it
was possible to control the degree of condensation (up to 85.7%) and porosity of amorphous xerogels
(apparent surface areas from 230 to 568 m2 g�1). The composition and morphology of the xerogels,
volatile reaction byproducts, thermal transformations and surface modification with methanol were
followed by elemental analysis, IR spectroscopy, thermal analysis TG-DSC, nitrogen adsorption, 13C,
29Si, and 31P solid-state NMR spectroscopy, and powder XRD.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

Silicophosphate compounds are widely used as advanced tech-
nology materials. Because of their Brønsted acidity, high proton
conductivity, special optical and electrical properties and biocom-
patibility they can be applied as catalysts [1–3], electrolytes [4,5],
optical glasses [6,7], and biocompatible materials [8]. They could
also potentially serve as stable matrices for confinement of nuclear
waste [9].

Crystalline silicophosphates are notable for containing hexaco-
ordinate SiO6 structural units. The synthesis of these compounds
can be executed by high temperature reactions [10–13], chemical
vapor deposition [7] or by hydrolytic [4,14–16] and non-hydrolytic
sol–gel techniques. However, reproducibility can be problematic
for the high temperature synthesis from silica and P2O5, H3PO4 or
ammonium phosphates as these reactions produce many different
crystalline compounds, such as silicon pyrophosphate, SiP2O7 (in
eight structural polymorphs) and silicon orthophosphate,
Si5O(PO4)6 [3,10,13,17–22]. Also hydrolytic sol–gel methods, based
on silicon alkoxides and phosphoric acid or its alkyl esters, are not
very successful in the preparation of silicophosphates with
homogeneous distributions of Si and P. The two main reasons are
that (i) hydrolysis of silicon alkoxides is much faster than of phos-
phoric acid esters under the conditions used in these reactions
where phosphoric acid esters do not hydrolyze at all or only to a
small extent [14] and (ii) Si–O–P bonds are not stable under aque-
ous conditions and easily hydrolyze to Si–OH and P–OH groups. As
a result, phase separation can occur because of a facile silanol con-
densation to Si–O–Si; silica gels are obtained with ortho- or meta-
phosphoric acids or (partially hydrolyzed) phosphorous acid esters
occluded in their pores. The phosphate and silicate species are not
connected by chemical bonds, and therefore the trapped molecules
are easily leached out during the usage and the product loses its
functionality [23]. Si–O–P bonds are only formed by the condensa-
tion of Si–OH and P–OH on heating these SiO2–H3PO4 heteroge-
neous mixtures and crystallization to various silicophosphate
phases ensues above about 150 �C [24–26]. Silicophosphate gels
prepared from hydrolyzed TEOS and H3PO4 with a 1P:2Si molar
ratio display a signal for isolated orthophosphate in 31P MAS
NMR spectra of heat treated samples even up to 600 �C where it
coexists with crystalline silicophosphate phases containing octahe-
dral SiO6 units [27]. Exposure of these xerogels to moisture leads to
hydrolysis of the Si–O–P bonds, loss of the characteristic XRD sig-
nature for the Si5O(PO4)6 phase, and disappearance of the six-coor-
dinate silicon resonance from the 29Si MAS NMR spectrum [28].

Extensive 29Si and 31P MAS NMR studies failed to find evidence
for the Si–O–P bond formation in xerogels dried at 100 �C that were
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prepared by hydrolysis of TEOS and OPCl3 in alcoholic solvents
[16,29–31]. The chemical and physical properties of these materi-
als subjected to calcination were found to depend strongly on their
P/Si ratio. Crystallization was suppressed in amorphous gels with a
low P content even up to 1000 �C while crystallite formation and
appearance of octahedral SiO6 species were observed in systems
with near equimolar P/Si compositions [32].

A negative influence of water addition on the Si–O–P bond for-
mation was shown in the direct sol–gel reactions of P4O10 with
TEOS under anhydrous conditions. In the sols with a 1P:1Si molar
ratio, the 29Si and 31P solution NMR spectra pointed to the bonding
between P and Si, while in sols with added water these character-
istic features disappeared. After converting anhydrous sols to xero-
gels at 70 �C, resonances of octahedral SiO6 units (�213 ppm) were
observed in the 29Si MAS NMR spectra [33–35].

The first non-hydrolytic condensation-based synthesis of silico-
phosphate gels was published in 1963 and employed the reactions
of SiCl4 with phosphoric and phosphonic acid esters (Eq. (1)) or
Si(OMe)4 with OPCl3 or phosphonic acid dichlorides, RP(O)Cl2

(Eq. (2)). Elimination of alkylhalides was the driving force in these
polycondensation reactions. Solid products were characterized by
thermal analysis DTA, IR spectroscopy, and elemental analyses
[36]. The internal structure of the xerogels was not examined.
Analogous alkylhalide elimination reaction principles were applied
later in the non-hydrolytic synthesis of silicophosphonates from
TEOS and phosphonic acid dichlorides by heating reagents without
solvent to 150 �C. The formation of Si–O–P bonds was assumed and
Si(OP)6 moieties were observed by 29Si MAS NMR in the resulting
precipitates [37].

BSiAClþ ROAPB! BSiAOAPBþ RCl ð1Þ

BSiAOMeþ ClAPB! BSiAOAPBþMeCl ð2Þ

The synthesis of hybrid materials with an Si–O–P skeleton was
described recently utilizing non-hydrolytic polycondensation reac-
tions based on HCl elimination from anhydrous, solid H3PO4 or
RP(O)(OH)2 and alkyl-, aryl-, and vinylchlorosilanes, RnSiCl4�n

(n = 1,2), without solvent [38–44]. The formation of low-melting
glasses in these reactions proceeds according to Eq. (3) and leads
to the formation of Si–O–P bonds, as confirmed by NMR and IR
spectroscopy. However, the condensation of P–OH groups to form
P–O–P bonds and water cannot be eliminated (Eq. (4)). As a conse-
quence, hydrolysis of chlorosilanes followed by homocondensation
can take place in this reaction system (Eqs. (5) and (6)) [44]. Sim-
ilar ethanol-eliminating reactions of diethoxysilanes, R2Si(OEt)2,
with phosphoric or phosphonic acids (Eq. (7)) also provided
Si–O–P cross-linked materials [44,45].

BSiAClþHOAPB! BSiAOAPBþHCl ð3Þ

BPAOHþHOAPB! BPAOAPBþH2O ð4Þ

BSiAClþH2O! BSiAOHþHCl ð5Þ

BSiAOHþHOASiB! BSiAOASiBþH2O ð6Þ

BSiAOR þHOAPB! BSiAOAPBþ ROH ð7Þ

Recently, reactions analogous to Eqs. (3) and (7) were utilized to
prepare silicophosphate materials containing SiO6 moieties.
Crystalline H3PO4 suspended in Et3N was treated with ClSi(OEt)3

and provided an oily product which after recrystallization from
CHCl3 yielded molecular ionic silicophosphate [Et3NH]2[Si(PO4)6

{Si(OEt)2}6] with a central six-coordinate atom [46].
Thus so far there are only three completely non-aqueous/

non-hydrolytic sol–gel routes to silicophosphates: (1) addition of
tetraethoxysilane to phosphorous pentoxide [33–35], (2)
condensation of silicon alkoxides with phosphoric or phosphonic
acid chlorides [36,37], (3) condensation of SiCl4 with phosphoric
and phosphonic acid esters [36]. It should be noted that the forma-
tion of Si–O–P bonds is usually evidenced on the basis of 29Si MAS
NMR spectroscopy as signals of both tetrahedrally and octahe-
drally coordinated silicon centers were observed in the spectra of
xerogels. The first route however provides milky sols after reflux
for 12 h under Ar which have to be aged at 70 �C for 5 days to be
converted to gels. The products of the second and third routes were
not completely examined by advanced instrumental techniques.

Here we report a novel synthesis of amorphous and porous sil-
icophosphate xerogels by the non-hydrolytic sol–gel method based
on ester elimination. Silicon tetraacetate, Si(OAc)4, and tris(tri-
methylsilyl)phosphate, OP(OSiMe3)3, (TTP) are used as precursors.
The condensation reaction provides, within several hours, a clear
gel at ambient temperature. Synthesized products are homoge-
neous and contain a large number of Si–O–P bonds and two types
of SiO6 moieties. Ligand scrambling reactions between silicon a
phosphorus centers are absent and thus any homocondensation
is prevented.
2. Experimental

2.1. General

All manipulations were performed in a dry N2 atmosphere using
Schlenk techniques or in an M. Braun dry box with both H2O and
O2 levels below 1 ppm. Xerogels were not exposed to atmosphere
during any phase of handling. Si(OAc)4 was prepared according
to the literature [47]. SiCl4 (Merck, 99%) and acetic acid anhydride
(Riedel de Haën, 98%) were distilled prior to use. Toluene was
freshly distilled from Na/benzophenone under N2; pyridine,
CH3CN, CH2Cl2, and THF were dried by standard methods and dis-
tilled before use. Tris(trimethylsilyl)phosphate (TTP) was prepared
from H3PO4 and Me3SiCl and vacuum-distilled. Benzene-d6 was
dried over and distilled from Na/K alloy and degassed prior to use.
CDCl3 was dried by P2O5 and vacuum-transferred to an ampoule.
2.2. Characterization

The IR spectra (4000–400 cm–1) were recorded on a Bruker
Tensor T27. Samples were prepared as KBr pellets. N2 adsorp-
tion–desorption experiments were performed at 77 K using a
Quantachrome Autosorb-1MP porosimeter. Apparent surface areas
(SAapp) and total pore volumes (Vtot at p/p0 = 0.98) were deter-
mined by volumetric technique [48,49]. Prior to the measure-
ments, the samples were degassed at 25 �C for at least 24 h until
the outgas rate was less than 0.4 Pa min�1. The adsorption–desorp-
tion isotherm was measured for each sample at least three times.
The apparent specific surface area was determined by the multi-
point BET method with at least five data points with relative pres-
sures between 0.05 and 0.23. These apparent surface areas do not
represent the real surface areas as the xerogels contain a signifi-
cant portion of micropores. Micropore volumes (Vmicro) were estab-
lished by a t-plot method. Thermal analysis (TG/DSC) was
measured on a Netzsch STA 449C Jupiter apparatus from 25 to
1100 �C under flowing air (70 cm3 min�1) with a heating rate of
5 K min�1. Effluent from the furnace was transferred to a gas cell
of the IR spectrometer by a heated capillary. The samples for phos-
phorous contents estimation and alkalimetric titration with 0.01 M
NaOH were prepared in the following way: 200 mg of the sample
was hydrolyzed in 40 cm3 of distilled water; the suspension was
shaken for 24 h. The white precipitate was filtered off and the
filtrate was diluted to 250 cm3. The total amount of acetic and
phosphoric acid was estimated by NaOH titration with a



206 A. Styskalik et al. / Microporous and Mesoporous Materials 197 (2014) 204–212
phenolphthalein indicator. The phosphorus content was analyzed
on an AAS ICP spectrometer Jobin Yvon 170 Ultrace (generator
40 MHz, amplitude 1.0 kW, plasma gas flow 12 dm3 min�1) with
the use of absorption line 213.618 nm. Solution NMR spectra were
recorded on a Bruker Avance II 300 NMR spectrometer at frequen-
cies 300.1 MHz for 1H and 75.5 MHz for 13C with deuterated
solvents as the external lock. The 1H and 13C{1H} NMR spectra were
referenced to the residual proton signals or carbon resonances of
benzene-d6 (7.15 and 128.0 ppm, respectively) and CDCl3 (7.20
and 77.0 ppm). Solid-state 31P MAS, 29Si and 13C CPMAS NMR
spectra were acquired on a wide-bore Varian INOVA 400 NMR
spectrometer with a broadband Chemagnetic 5 mm MAS probe.
Inside a dry box, samples were loaded into 5 mm pencil rotors,
stoppered with Teflon plugs and sealed with silicon grease and
paraffin wax. Magic angle spinning rates were 5 kHz for 29Si and
13C CPMAS and 10 kHz for 31P MAS spectra. Chemical shifts were
referenced externally to 31P d [H3PO4 (85%)]: 0.0 ppm; 29Si d
[(Me3SiO)8Si8O20]: 11.72 ppm; 13C d [adamantane] 38.68 ppm.
GC–MS spectra were obtained on a Shimadzu GCMS-QP2010 mass
spectrometer. DB-XLB column (30 m, diam. 0.25 mm, 150 kPa) was
heated at 20 �C min�1 to 250 �C. The ionization energy was set to
70 eV and the spectra were scanned from 35 to 400 m/z. A Stoe-
Cie transmission diffractometer STADI P operating with a Ge
monochromatized Co (1.788965 Å) radiation (40 kV, 30 mA) and
equipped with a PSD detector was used for the XRD data acquisi-
tion at ambient temperature. High temperature XRD powder pat-
terns were measured on an X’PertPRO diffractometer equipped
with a HTK 16 high-temperature stage (Anton Paar, Graz, Austria)
with a thin layer of sample deposited on the platinum sample
holder that also served as a heating element. The sample temper-
ature was held constant during 30 min data collection and raised
at 60 �C min�1 between measurements. Two HT-XRD runs of SiP1
were performed. In the first of them, the xerogel was step-by-step
heated from room temperature to 700 �C in 50 �C steps and the dif-
fractograms were collected. In the second experiment, the sample
was pre-calcined at 500 �C and then measured in the range from
500 to 1200 �C.
2.3. Non-hydrolytic sol–gel reactions

In a typical reaction, TTP (4.991 g; 15.88 mmol) was added
dropwise to a stirred solution of Si(OAc)4 (3.088 g; 11.68 mmol)
in toluene (50 cm3). After the addition was complete, stirring was
stopped and a slightly exothermic reaction provided a clear color-
less gel in 3 h. The gel was kept at r.t. for one week during which
time syneresis occurred. The gel was then dried under vacuum
for 2 days and 3.308 g of a white xerogel (SiP1) was obtained.
The yield of the product as well as the mass of starting precursors
Table 1
Reaction conditions for the synthesis of silicophosphates, reaction yields, degree of condens
(Vmicro), and the fraction of micropore volume.

Sample Solvent T
(�C)

Time
(h)

n (mmol)
Si(OAc)4

n (mmol)
OP(OSiMe3)3

Yi
(g

SiP1 Toluene r.t. 168 11.44 15.30 3.
SiP2 Toluene 40 168 12.63 16.84 3.
SiP3 Toluene 60 233 16.02 21.70 4.
SiP4 Toluene 80 168 11.93 15.84 2.
SiP5 Toluene 110 168 11.22 15.13 2.
SiP6 Toluene r.t. 24 11.30 15.09 3.
SiP7 Toluene r.t. 672 11.98 15.61 3.
SiP8 Pyridine r.t. 168 10.90 14.61 3.
SiP9 THF r.t. 168 12.26 16.34 3.
SiP10 CH2Cl2 r.t. 168 11.81 15.94 3.
SiP11 None 120 2 11.71 15.61 2.

a Estimated at p/p0 = 0.98.
were precisely weighed to allow gravimetric estimation of degree
of condensation, DC%, (Eq. (8)), where ntotal means the total molar
amount of organic groups in the reaction mixture and nresidual is
molar amount of residual organic groups in the xerogel computed
from difference of theoretical and experimental yield. DC% was
used for calculating the theoretical mass loss, phosphorus content
(w(P)%) and molar mass of NaOH needed for neutralization of the
hydrolyzed sample (HOAc + H3PO4).

DC% ¼ ðntotal � nresidualÞ=ntotal ð8Þ

Characterization and analyses of SiP1 xerogel. TG/DSC (air,
5 K min�1) weight loss at 1000 �C: 34.4%. IR (SiP1, KBr, cm�1) m:
490 w, 651 w (m SiC3), 765 w (qs SiCH3), 853 vs (qas SiCH3), 1021
vs (q CH3), 1050 vs (m Si–O–P), 1111 vs (m P–O–Si), 1230, 1258 vs
(ds SiCH3) 1300 sh (m P@O), 1374 w (ds CH3), 1420 w (das CH3),
1540 s, 1721 w (mas C@O), 1768 s (mas C@O), 2907 vw (ms CH3),
2964 w (mas CH3). 13C CPMAS NMR (SiP1, ppm) d: �1.3 (POSiCH3),
16.3 (CH3COO bident), 20.4 (CH3COO unident), 165.5 (CH3COO
unident), 190.6 (CH3COO bident). 29Si CPMAS NMR (SiP1, ppm) d:
23.6 (POSiMe3), �112 (SiO4), �162 (SiO5), �195 (SiO6), �214
(SiO6). 31P MAS NMR (SiP1, ppm) d: �45 (P(OSi)4).

To identify the nature of organic products, the reaction (Eq. (9))
was also carried out in C6D6. Trimethylsilyl acetate was observed
by 13C{1H} NMR (ppm) d 1.1 (s, 29Si sat, 1JSi–C = 58.6 Hz, CH3Si–O–
C(O)), 22.8 (s, CH3C(O)O), 171.3 (s, C(O)O)). It was also identified
by combined GC–MS technique with signals at m/z 45/61/75/117.
Samples of SiP1 were calcined under oxygen at 200, 300, 400,
500, and 600 �C for 1 h and IR spectra of calcined samples were
recorded. A set of xerogels (SiP2–SiP11, Table 1) was synthesized
in an analogous manner under varied conditions to estimate the
influence of temperature, reaction time, and solvent on the degree
of condensation and surface area. The reactions of silicophosphate
xerogels with methanol as a post-synthetic chemical modification
were carried out in toluene or without a solvent at room tempera-
ture for 24 h in different stoichiometric ratios. Methanol was used
in 20, 50, 100 and 200% amount with respect to the residual
organic groups (SiOAc, POSiMe3).
3. Results and discussion

3.1. Synthesis

Silicophosphate xerogels were synthesized by the ester elimina-
tion from tris(trimethylsilyl)phosphate and silicon acetate (Eq.
(9)). The TTP was chosen because of its high reactivity in compar-
ison with less reactive alkylesters, e.g. OP(OEt)3, in sol–gel reac-
tions [26]. Si(OAc)4 is, beside silicon alkoxides, an interesting
source in the pyrolytic synthesis of silica nanostructures [50],
ation (DC%), apparent surface area (SAapp), total pore volume (Vtot), micropore volume

eld
)

DC%
(%)

SAapp

(m2 g�1)
Vtot

a

(cm3 g�1)
Vmicro

(cm3 g�1)
Vmicro/Vtot

(%)

282 75.0 232 0.144 0.065 45
469 77.3 286 0.232 0.076 33
378 77.6 501 0.267 0.191 72
733 85.7 568 0.280 0.188 67
992 78.8 403 0.245 0.119 49
170 76.2 227 0.181 0.053 29
485 83.8 296 0.186 0.087 47
213 73.5 34 0.055 0 0
722 71.4 374 0.190 0.121 64
288 76.6 360 0.189 0.114 60
986 81.0 418 0.248 0.127 51
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CVD fabrication of silica thin films [51], and as a sol–gel precursor
[52]. While the ester elimination from metal alkoxides and silicon
tetraacetate was reported previously [53,54], its application in the
reactions with phosphoric acid esters is new.
3 SiðOAcÞ4 þ 4 OPðOSiMe3Þ3 ! Si3P4O16 þ 12 CH3CðOÞOSiMe3

ð9Þ

Eq. (9) represents an ideal stoichiometry for a complete reac-
tion, but the condensation reactions leading to gels are in general
incomplete. The residual unreacted groups do, however, provide
an opportunity to modify the surface properties of the resulting
materials [55]. The expected organic byproduct CH3C(O)OSiMe3

was identified by 1H and 13C{1H} NMR spectroscopy and GC–MS.
No other products, such as Me3SiOSiMe3 or acetic acid anhydride
were observed thus attesting to the absence of homocondensation
side reactions. Ester elimination reactions generally proceeded
with condensation degrees between 75.0 and 85.7% (Table 1)
which resulted in the presence of unreacted organic groups (see
IR and MAS NMR spectra) and corresponding thermogravimetric
mass loss at 1100 �C of 29.4–40.6 % (Fig. 1 and Table 2).

The accuracy of the DC% is based on (i) accurate stoichiometric
ratios of precursors, (ii) single elimination byproduct
CH3C(O)OSiMe3 and (iii) complete removal of solvent and organic
byproducts by drying gels in vacuo to a constant weight.
Comparison of the theoretical and experimental values of mass
loss, phosphorus content and NaOH consumption were consistent
with the DC% values found in Table 2. With this information it is
possible to estimate the chemical formula of the SiP1 xerogel as
Si3P4O12.16(OC(O)CH3)3.84(OSiMe3)3.84.
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Fig. 1. TG/DSC analysis of SiP4 in air, heating rate 5 �C min�1 to 1100 �C.

Table 2
Experimentally obtained and calculated mass losses (ML) in TG at 1100 �C, P content from

Sample MLexp (%) MLcalc (%) w(P)exp (%)

SiP1 34.4a 46.1 13.9
SiP2 34.8a 43.7 15.2
SiP3 31.7 43.4 15.8
SiP4 29.4 32.8 –
SiP5 40.6a 42.0 16.2
SiP6 34.3a 44.9 –
SiP7 – – 17.2
SiP8 42.7a 47.5 14.6
SiP9 46.3 49.5 13.8
SiP10 34.5a 44.5 14.9
SiP11 37.3 39.3 14.7

a Mass loss at 1000 �C.
It is well known that the sol–gel process is strongly influenced
by the reaction conditions. Therefore we focused on defining the
most suitable solvent, reaction temperature and time to gain con-
trol over specific surface area and degree of condensation. The
influence of the nature of solvent on the reaction course and the
products properties was examined. Reactions carried out in tolu-
ene, CH2Cl2, and THF provided clear stiff gels within 2–3 h, while
acetonitrile inhibited the gelation reaction and even after 1 month
the reaction solutions remained unchanged. Conversely, the reac-
tion in pyridine resulted in immediate precipitation of a white
solid.

The influence of solvents on the porosity and DC% is shown in
Table 1. One can see that the DC% was not strongly affected by sol-
vent used in the synthesis however the apparent specific surface
area showed significant changes ranging from 34 m2 g�1 for pyri-
dine to 568 m2 g�1 for toluene. Two solvents were found unsuit-
able for the synthesis – (i) hexane and (ii) pyridine: (i) silicon
tetraacetate was completely insoluble in hexane and thus no reac-
tion occurred in the reaction mixture even at elevated tempera-
tures. (ii) Pyridine as a strong Lewis base obviously activated
silicon tetraacetate. Instead of slow gelation, which occurred in
other solvents, an immediate formation of a white precipitate
was observed after adding tris(trimethylsilyl)phosphate to the
solution of Si(OAc)4 in pyridine. Furthermore, the pyridine donor
molecules remained coordinated in the gel, as confirmed by 13C
CPMAS NMR, IR, and the presence of the third octahedral silicon
signal in the 29Si NMR spectrum (–202 ppm). The reaction carried
out without a solvent provided, within a short time, a xerogel with
a high degree of condensation (81.0%) and a large apparent surface
area of 418 m2 g�1. Such solvent-free reactions are ideal in many
applications of these gels.

Toluene provided xerogels with both high DC% (75–86%) and
large SAapp (232–568 m2 g�1). Reactions in other solvents resulted
in xerogels with similar (CH2Cl2 76.6%) or slightly lower (THF
71.4 %, pyridine 73.5%) degree of condensation. Toluene was also
more easily eliminated in vacuo in comparison with coordinating
solvents. For these reasons, toluene was used for the estimation
of time and temperature effects. As expected, the condensation
degree was higher upon heating and prolonging reaction time.
The highest degrees of condensation were reached when reactions
were performed at elevated temperature (80 �C, 1 week, 85.7%) or
for longer times (r.t., 4 weeks, 83.8 %). This increase of DC% can be
interpreted as better cross-linking of the gel and was accompanied
by increase of surface area. A decrease of SAapp from 568 to
403 m2 g�1 was observed at 110 �C in toluene. We concluded that
the reaction temperature influenced SAapp and DC% of resulting
xerogel more than any other reaction condition (solvent, time).
Therefore toluene, 80 �C, 168 h were postulated as ideal conditions
to obtain porous silicophosphate xerogels from silicon tetraacetate
and TTP. From a relatively small effect of the reaction conditions on
ICP, and NaOH consumptions (HOAc + H3PO4) of SiP1–SiP11.

w(P)calc (%) nexp NaOH (mmol g�1) ncalc NaOH (mmol g�1)

14.4 – –
15.0 – –
15.1 12.49 13.20
– – –
15.5 10.49 13.28
– – –
17.1 13.35 13.79
14.0 – –
13.5 12.49 12.45
14.8 12.65 13.06
16.6 13.03 13.43
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the degree of condensation (71.4–85.7%), it could be seen that
condensation was inhibited after the gelation point. Obviously
the structure of the gels was rigid enough to suppress the further
condensation of spatially detached organic groups.

Useful information was gained on silicophosphate xerogels
synthesized at different stoichiometric ratios of silicon and
phosphorus precursors. From the textural point of view, an excess
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Fig. 2. Apparent specific surface areas of xerogels prepared with different stoichi-
ometric Si/P ratios. The ideal condensation ratio of 0.75 is highlighted by the dashed
line.
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of one of the precursors led to decreased propensity to cross-link.
This phenomenon was corroborated by N2 adsorption–desorption
experiments. On the one hand, the apparent specific surface area
of xerogels reached the maxima at the ideal Si:P ratio of 0.75 as this
ratio could lead to nearly complete condensation and loss of all
organic groups. On the other hand, surface area decreased with
an increasing excess of silicon tetraacetate (down to 54 m2 g�1 at
the Si:P ratio of 1.65) as well as with the increasing excess of TTP
(down to 99 m2 g�1 at the Si:P ratio of 0.39) (Fig. 2).
3.2. Characterization

The nitrogen adsorption–desorption isotherms of SiP1, 4, ad 5
are shown in Fig. 3 and are typical for other samples (ESI). Some
of the isotherms of our xerogels SiP1–11 show hysteresis that does
not close in the low p/p0 range indicating that the adsorption is
partially irreversible under the experimental conditions. Similar
isotherms have been reported [56,57] for xerogels based on cubic
Si8O12 units crosslinked with alkane and alkylsilane bridges. The
authors attributed this behavior to the micropores with the same
width of pore entrance as that of adsorbate molecules resulting
in the irreversible uptake, or to the flexibility of the networks
associated with the swelling of a non-rigid porous structure. Our
silicophosphate xerogels may also display non-rigid properties of
their networks. Moreover, there may be a change of pore size asso-
ciated with the formation or breaking of the coordinative bonds
from acetate and phosphoryl oxygens to the silicon atoms (see
Scheme 1) during adsorption/desorption process. The highest
apparent specific surface area, determined by the BET method,
was found for the SiP4 xerogel to be 568 m2 g�1. The corresponding
total pore volume was Vtot = 0.280 cm3 g�1 (at p/p0 = 0.977).
According to the t-plot analysis volume of micropores amounted
0.188 cm3 g�1 and thus the pore volume of the sample consisted
of 67% of micropores. Similarly, the fraction of microporous pore
volume was high in other samples ranging from 29 to 72% (Table 1).

Infrared spectra of dried xerogels were recorded in KBr pellets
in order to establish the nature of structural units present in the
gel network. A typical spectrum is shown in Fig. 4. The valence
C–H stretching vibrations at 2963 and 2907 cm�1 reveal the pres-
ence of residual organic groups attached to the inorganic oxide
framework. The type of the remaining functional groups can be
gleaned from the bands at 1771, 1721, and 1541 cm�1 that are
assigned to the mas(COO) stretches of acetates [58,59] and also from
strong CH3 symmetric bending [6] and rocking vibrations at 1259
and 854/764 cm�1, respectively, which are characteristic for the
SiMe3 groups [60]. These bands are accompanied by weaker asym-
metric and symmetric SiC3 stretchings at 680 and 651 cm�1,
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Fig. 4. Infrared spectrum of SiP1 in KBr pellet.
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respectively. The presence of the P@O bonds in glassy silicopho-
phates was detected by observing a strong band between 1300
and 1390 cm�1 [6,16,61–63]. There is a shoulder at 1300 cm�1 in
the spectrum of SiP1 that we assign to the stretching vibration of
this group. Its medium intensity is probably caused by a partial
conversion of the P@O terminal bonds to P–O–Si moieties with
six-coordinate silicon (see below, Scheme 1, A). The most impor-
tant feature of the spectrum is the strongest band with a maximum
at 1129 cm�1. As a benchmark, a careful study of a series of silico-
phosphate glasses with varying composition SiO2/P2O5 found a
band at �1100 cm�1 to reach the maximum intensity for a Si to
P ratio of 3=4 which corresponds to homogeneous mixing of these
elements in the network [62,63]. Bands at 1010–1160 cm�1 have
been assigned to asymmetric stretching of P–O–Si bridges by many
authors [6,15,16,24,35]. Therefore we assume that there is a pre-
dominant formation of the P–O–Si bonds during heteropolycon-
densation which is reflected in the presence of this band. The
absence of the homocondensation products in our gels is sup-
ported by the lack of a band at 870–900 cm�1 that would belong
to the mas(P–O–P) [64]. Similarly, there is no band present in the
region at 800 cm�1 which would represent the symmetrical Si–
O–Si stretching vibration [65]. Its absence suggests that there is
no homocondensation reaction taking place with the elimination
of acetic anhydride. Similarly, there are no bands for the terminal
Si–O–H moieties, neither in the O–H region around 3400 cm�1

nor at 950 cm�1 for the Si–O stretching modes which attest to
anhydrous reaction conditions [66,67].

The type of acetate binding mode could be established from the
difference between the mas(COO) and ms(COO) vibrations [68]
according to the Deacon-Phillips rules [69]. The high values of
1768 and 1721 cm�1 for the antisymmetric stretch points to the
unidentate mode, however the band at 1541 cm�1 also suggests
the bidentate form. The presence of acetate bridging groups corre-
lates with the observation of two SiO6 resonances in the 29Si
CPMAS NMR and their behavior (see below, Scheme 1, B). The sym-
metric COO vibrations are either at 1414 and 1373 cm�1 overlap-
ping with the deformation vibrations of CH3 or below 1300 cm�1

hidden under the strong composite band.
The high content of Si–O–P bonds in xerogels, which was pro-

posed on the basis of IR spectra, was confirmed by both solution
and solid state NMR spectroscopy. The former showed an impor-
tant fact, namely that only one organic product of the heteropoly-
condensation reaction (Eq. (9)) was formed – trimethylsilylacetate.
No other organic by-products, such as hexamethyldisiloxane and
acetic anhydride, that would reveal homocondensation pathways
to P–O–P or Si–O–Si, were observed in the syneresis liquid above
the gel. Thus the non-hydrolytic sol–gel reaction proceeds cleanly
as desired, without any side reactions. Ligand exchange between
Si(OAc)4 and OP(OSiMe3)3 to OP(OSiMe3)3�x(OAc)x and
Si(OAc)4�x(OSiMe3)x is not observed in 31P and 29Si NMR spectra
of the reaction mixture.

The 31P MAS NMR spectra of the xerogels show only one broad
resonance at �45 ppm, which is consistent with extensive conden-
sation since it appeared in the region of shifts characteristic of
P(OSi)4 [46,70–72]. There is no signal for occluded TTP in the 31P
MAS NMR spectra (�24 ppm). Due to the unresolved nature of
the signal it is not possible to evaluate the ratio of Q1, Q2 and Q3

phosphorus atoms [38,40]. This observation is consistent with
the IR spectroscopy results, where only a medium intensity shoul-
der of valence vibration of P@O bond is observed suggesting the
conversion of the P@O terminal bonds to P–O–Si moieties. There
were two ways of formation of the desired Si–O–P bonds, (i)
non-hydrolytic condensation with the elimination of trimethylsily-
lacetate and (ii) coordination of phosphoryl oxygens to silicon
atoms.

The coordination of silicon atoms in xerogels was examined by
29Si CPMAS NMR experiments. Signals corresponding to tetra-
(�112 ppm), penta- (�162 ppm, weak) and hexacoordinate
(�195.4 and�214.1 ppm) silicon atoms were observed in all silico-
phosphate samples clearly showing that Si–O–P bonds were pres-
ent in xerogels synthesized and dried at room temperature (Fig. 5).
From the presence of two strong high-field resonances, the forma-
tion of six-coordinate silicon centers can be deduced. The SiO6 moi-
ety was first recognized in amorphous silicon phosphates glasses
by a signal at �213 ppm [73–75] and later in amorphous xerogels
[25–27,33–35,46]. In contrast to these references, where crystal-
line silicon phosphates were obtained after calcination or amor-
phous silicophosphates were synthesized at 60 �C and dried at
the temperature of 100 �C, in our systems the presence of the
SiO6 units is demonstrated in silicophosphates prepared and dried
at room temperature. Two different signals of octahedrally coordi-
nated silicon are observed in the spectra. The shift of the peak at
�214 ppm is very similar to the shift of octahedrally coordinated
silicon in Si5P6O25 (�214 and �217 ppm) and the assignment to
Si(OP)6 units is straightforward (Scheme 1, A) [46,70,71]. The
chemical shift of the second peak is not typical for the SiO6 units
in silicon phosphates and silicophosphate glasses [26,35,70,71].
The true nature of this signal was revealed after modification of
SiP1 with dry methanol (see below). Upon the treatment of xero-
gels with CH3OH, the residual acetoxy- groups were depleted and
at the same time the peak at �195.4 ppm disappeared, as well as
the weak signal of pentacoordinated silicon at �162 ppm. Based
on these observations, we assign these NMR resonances to high
coordination silicon centers formed by additional dative bonds of
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acetate oxygens (Scheme 1, B). This is consistent with the presence
of both uni- and bidentate modes of acetate observed in the IR
spectra. The chemical shift of the tetrahedrally coordinated silicon
(�112 ppm) is a bit high with respect to published data, where sil-
icon in Si(OP)4 units came around �119 ppm [26,70,71]. This
feature is probably caused by the presence of residual acetate
groups on silicon [76], which moves the resonance towards the
value for Si(OAc)4 at �93 ppm. The presence of octahedrally
coordinated silicon in the xerogels is consistent with the results
of HT-XRD experiments (see below). The crystalline phase Si5P6O25

(PDF 40–457) starts to crystallize at 150 �C. Such a low tempera-
ture of crystallization of this phase was reached only by tempering
melts for several days [10] and is evidence for good cross-linking
between silicon and phosphorus. Si5P6O25 has two different octa-
hedral silicon sites [21] and two corresponding signals were
observed in its 29Si MAS NMR spectrum [70,71]. A structural model
of octahedral silicon center in sodium phosphate glasses with a low
content of SiO2 (2–10 mol%) was suggested to be formed from two
P(Q2) type units and one tetrahedral SiO4 [74]. Ab initio quantum
chemical calculations indicate that the SiO6 moiety is energetically
favored and the negative charge on Si is counterbalanced by
sodium cations. Its chemical shift was observed at �213 ppm in
the 29Si MAS NMR spectra. In our xerogels however, the Si(OP)6

units must originate from two P@O units coordinating to the
SiO4 tetrahedron, the network is electrically neutral and no
charge-balancing cations are necessary (Scheme 1, A).

Additional information was gained by the MAS NMR structural
characterization of samples prepared with different Si:P stoichiom-
etry. The precursors were fully incorporated into the network of
the gel for the Si:P ratios from 0.75 to 1.65. When excess TTP
was used in the synthesis (Si:P = 0.70), free phosphate ester
occluded in the gels was observed in the 31P MAS NMR as a sharp
peak at �26 ppm. At a larger excess of phosphate precursor, a new
broad peak in the 31P MAS NMR was observed. The peak of P(OSi)4

moieties at �43 ppm was accompanied by a signal of O@P(OSi)3

groups at �30 ppm (shoulder) and a sharp peak at �26.5 ppm.
Extraction of the xerogel with CDCl3 lead to free
tris(trimethylsilyl)phosphate.

Excess of Si(OAc)4 was incorporated by the gel up to the ratio
1.65, which corresponds to more than twofold excess of silicon tet-
raacetate used in the synthesis. At a larger excess of the silicon pre-
cursor (Si:P = 1.89), unreacted Si(OAc)4 was observed in the 29Si
CPMAS NMR spectrum. The signal for tetracoordinate silicon
divided into the peaks at �97, �102, �107 and �112 ppm corre-
sponding to Si(OAc)4�n(OP)n, where n is 1–4. Even at this high
excess of silicon tetraacetate, some unreacted trimethylsilyl groups
were still present in the gel, as revealed by the resonance at
23.9 ppm.

13C CPMAS NMR spectra confirmed the presence of residual
organic groups, both trimethysilyl- and acetoxy-. Two different
acetoxy- groups were distinguished in agreement with the IR spec-
tra where they, according to Deacon-Phillips rules, could be
ascribed to uni- and bidentate modes. Bridging carbonyl groups
coordinated to silicon atoms were observed at 191 ppm, while
the rest retained their unidentate nature (168 ppm). The signals
were assigned by comparison with the 13C CPMAS NMR spectrum
of silicon acetate, where the chemical shifts of non-coordinated
acetoxy- groups [76] were at 169.9 ppm.

3.3. Thermal transformations

Thermal transformations of silicophosphate xerogels were
followed by combined technique TG/DSC-FTIR, IR spectroscopy of
calcined samples and HT-XRD measurements. The mass loss of
29.4% at 1100 �C established by TG/DSC analysis for SiP4 (Fig. 1)
was in reasonable agreement with the theoretical loss of 32.8%
calculated from DC% (Tables 1 and 2). The systematic differences
between calculated and experimental mass losses in Table 2 were
caused by oxidation of residual trimethysilyloxy groups to silica
which remained in the calcined samples. Five steps of mass loss
were observed. The first weakly endothermic event appeared from
111 to 165 �C (5.5%) and can be caused by evaporation of adsorbed
toluene and elimination of residual acetate and SiMe3 groups. This
process is overlapped by the second exothermic event from 165 to
400 �C (16.5%) that is accompanied by the elimination of acetone
(formed by thermal breakup of residual acetates to acetone and
carbonate), [77] hexamethyldisiloxane and water, as observed by
FTIR spectroscopy of volatile by-products. The following two
overlapping exothermic steps (400–600 �C, 4.3%) are caused by
oxidation of organics. The last exothermic step (914–1013 �C,
3.3%) resulted in the formation of carbon dioxide and water (FTIR)
and is related to oxidation of the coke residues.

These results were reflected in IR spectra of calcined samples
(Fig. 6). The absorption bands of valence vibrations of C@O bonds
(1768, 1721 and 1540 cm�1) almost disappeared upon calcination
to 200 �C, while trimethylsilyl- groups were more stable and their
complete removal was observed at 600 �C by loss of its character-
istic absorption bands at 1258, 853 and 764 cm�1. Finally, the oxi-
dative elimination of organic groups led to the formation of
hydroxyl groups (broad band at 3431 cm�1) which condensed in
the range from 500 to 600 �C and released water. The rather high
temperature of oxidation of organic groups could be caused by
good cross-linking of gel network, which inhibits their elimination.
No phosphorous loss was observed upon calcination. The impor-
tance of this observation is clear when considering the problems
with this phenomenon in products of the hydrolytic sol–gel
method [14–16,26], where only a low content of the Si–O–P bonds
could be attained.

Not only the elimination and oxidation of organic groups, but
also the crystallization of silicon phosphates was the consequence
of the heat treatment of the SiP1 sample. The transformation of
amorphous and porous xerogel to a crystalline structure was fol-
lowed by HT-XRD as well as by N2 adsorption–desorption experi-
ments, where the surface area dropped abruptly from 463 down
to 19 m2 g�1 after calcination at 200 �C. This loss of surface area
was caused by the crystallization of the phase Si5P6O25 (PDF 40-
457), which started to form at 150 �C (Fig. 7). Previously, such a
low temperature of crystallization of Si5P6O25 has only been
observed by melting of silicagel and phosphoric acid for several
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Fig. 7. HT-XRD measurement of SiP1 from 50 to 700 �C with the temperature step
of 50 �C and 30 min acquisition time.
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days [10]. This effect is caused by homogeneous mixing at the
molecular level, which is an advantage of our non-hydrolytic sol–
gel technique, as other authors reported higher temperatures and
longer times for crystallization of Si5P6O25 from sol–gel products
[15,16,26]. Thus, the low temperature and short time of crystalliza-
tion is evidence for good cross-linking between silicon and phos-
phorus and confirms our suggestions about the structure of
xerogels, which are based on IR and MAS NMR spectra.

On further heating at the temperature of 700 �C, the cubic phase
of silicon pyrophosphate SiP2O7 (PDF 22-1321) was observed to
crystallize (Fig. 8). In this case, the temperature was high enough
to rearrange the bonds to form P–O–P bridges and to form crystal-
line pyrophosphate. The formation of crystalline SiP2O7 may be
rationalized by noting that no silicon phosphate material is known
with the stoichiometric ratio (3:4) [19] and therefore the excess
phosphorus tends to form a small amount of SiP2O7 at higher tem-
peratures. Both crystalline phases started to disappear above
1100 �C and finally at 1200 �C the samples converted to an
amorphous glassy structure.
3.4. Methanol modification

As mentioned above, the degree of condensation of silicophos-
phate xerogels reaches its maxima of 85.7% in the case of a heated
reaction (80 �C, Table 1). Thus, at least 14.3% of reactive OAc and
OSiMe3 groups are still present in the gels. These moieties can be
used for modifying of chemical properties of the xerogels by
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Fig. 8. HT-XRD measurement of SiP1 from 500 to 1200 �C with the temperature
step of 50 �C and 30 min acquisition time.
post-synthetic chemical treatment of the products. Methanol was
used with the expectation of substituting acetoxy- groups by
methoxy- groups (Eq. (10)) based on the knowledge of an analo-
gous reaction between silicon tetraacetate and ethanol [52]. How-
ever, the silicophosphate samples turned out to be a more complex
system.

BSiAOAcþMeOH! BSiAOMeþ AcOH ð10Þ

The expected substitution (Eq. (10)) was observed in the first
step of the reaction. The liberated acetic acid was identified by
GC–MS analysis. At the same time, the characteristic vibrational
bands for carboxylate groups (1771, 1721 and 1541 cm�1) dimin-
ished in the IR spectra. Also the resonances of CH3 and COO groups
disappeared from the 13C CPMAS NMR spectrum of the modified
xerogel while a new signal of methoxy-groups at 52 ppm was
observed. As noted above, one the SiO6 resonances in the 29Si
CPMAS NMR spectrum disappeared as a consequence of the
Si-coordinated bidentate OAc removal (Scheme 1, B). The surface
area of the xerogel decreased significantly by 60–70% as a conse-
quence of substitution of bidentate acetoxy groups with terminal
methoxy groups.

BPAOSiMe3 þMeOH! BPAOHþMeOSiMe3 ð11Þ

A small amount of methoxytrimethylsilane was also observed
by GC–MS analysis. It is released by the reaction of methanol with
residual trimethylsilyloxy groups bound to phosphorus (Eq. (11)).
During the course of this second reaction, the Brønsted acidic
P–OH moieties were introduced into the structure of the gel as
confirmed by two independent methods. In the 31P MAS NMR spec-
trum, in addition to the broad signal of P(OSi)4 moieties at
�43 ppm a new peak at �31 ppm was observed after reaction with
methanol. It was attributed to the P(OSi)3OH groups. The IR
spectrum revealed characteristic broad absorption band of OH
valence vibrations at 3438 cm�1 in the sample after methanolysis.
This signal disappeared after the adsorption of pyridine at its
autogenous pressure at room temperature. The disappearance
was accompanied by the formation of characteristic absorption
bands of pyridinium cation at 1488, 1537 and 1640 cm�1.

MeOHþ AcOH! AcOMeþH2O ð12Þ

When larger amounts of methanol are used for the chemical
modification (>100% with respect to residual organic groups on
the xerogel) break-down of the structure occurs. The driving force
was probably the esterification reaction between excess methanol
and acetic acid (Eq. (12)) released in the first step of the reaction
(Eq. (10)). Methyl acetate instead of acetic acid was in this case
the major organic product identified by GC–MS. Water released by
the esterification initiated an uncontrolled series of reactions
including hydrolysis of unstable Si–O–P bonds. Nonporous products
resulted with structures similar to the products of hydrolytic sol–
gel method – silicagel with occluded products of hydrolysis of phos-
phoric acid esters as shown by their 29Si and 31P MAS NMR spectra.

The silicophosphate xerogels after the post-synthetic chemical
modification with limited amounts of methanol (50–70% with
respect to residual organic groups) resemble the widely used solid
phosphoric acid (SPA) catalyst. In analogy to SPA, it possesses
Brønsted acid sites on the surface, which are important for acid catal-
ysis [78]. However, it is unique in its porosity and amorphous struc-
ture. It is perfectly homogeneous on atomic scale resulting from the
synthetic strategy of non-hydrolytic ester elimination reaction.
4. Conclusions

Silicophosphate xerogels were prepared by a non-hydrolytic
ester elimination sol–gel route from silicon acetate and
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tris(trimethylsilyl)phosphate. All of the data in hand showed that
non-hydrolytic polycondensation proceeded cleanly with the elim-
ination of trimethylsilylacetate and resulted in a gel containing
highly cross-linked Si–O–P inorganic network with residual
organic groups on the surface. No homocondensation resulting in
the formation of separate SiO2 or P2O5 phases was observed. There
was also no evidence for the presence of trapped molecules of pre-
cursors, solvent or organic byproducts. On heating, no loss of phos-
phorus species occurred. The reaction conditions, such as solvent,
temperature and time, influence the degree of condensation and
surface area of the xerogel. Surface areas up to 568 m2 g�1 were
obtained with optimized reaction parameters. The structure was
built up exclusively from Si–O–P bonds and was highly homoge-
neous on atomic scale. Some of the residual acetoxy-groups bridge
the silicon atoms and support the porous structure of xerogel.
Solid-state NMR spectroscopy revealed the presence of two types
of six-coordinate silicon centers in the xerogels prepared at labora-
tory temperature. The reactions of xerogels with methanol allowed
modification of the surface. Our method represents a truly non-
aqueous reaction procedure for the synthesis of silicophosphate
xerogels and opens for us a way to inorganic–organic hybrid, cata-
lytic, ion conducting, and optical materials.
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