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We describe here a new method permitting the one-step synthesis of ordered (lamellar phase)
organosilicas highly functionalised with carboxylic acid or phosphonic acid groups. These

materials were obtained by hydrolysis and polycondensation of monosilylated precursors
cyanoalkyltrialkoxysilane (NC-(CH,),,Si(OR);) and diethylphosphonatoalkyltriethoxysilane
((EtO),(0O)P-(CH,),Si(OEt);) in acidic media without any structure-directing agent. The hydrolysis
of -CN and -P(O)(OEt), groups into -COOH and -P(O)(OH), involves the in situ formation of dimers
by strong hydrogen bonds, which is the crucial step to obtain a solid. The involvement of
hydrophobic interactions between alkylene chains was also evidenced. All materials were characterised
by X-ray diffraction measurements, elemental analyses and solid-state *C and *Si NMR

spectroscopies. The accessibility and adsorption capacity of these groups towards lanthanide ions

were investigated.

Introduction

The study of functionalised organic-inorganic materials is an
expanding field of investigation, which should give rise to
advanced materials offering a wide range of possibilities in terms
of chemical or physical properties.! Indeed, by changing the
nature of the organic moieties, it is possible to obtain materials
presenting a large variety of properties with promising applica-
tions in many areas such as catalysis, separation, environment
optics, etc. Among the different routes which could give rise to
such materials, the use of bridged organosilica precursors of
general formula [(R’O);Si],,R (m = 2) is of special interest as
they allow the formation of homogeneous hybrid organic—
inorganic materials. The control of the structure of hybrid
materials during the sol-gel process is a great challenge with
a view to obtaining such materials. Although classical sol-gel
process usually results in the formation of amorphous materials,?
self-assembly during the sol-gel process of organosilanes bearing
hydrolysable groups offers an opportunity to create ordered
hybrid materials. Recently, much effort has been directed
towards the structural organisation of bridged silsesquioxanes
at the nanometre length scale.* However, up to now, only
a few examples of bridged silsesquioxanes with long-range
structure have been reported.**

Two years ago, we showed that it is possible to obtain
long-range ordered hybrid materials by changing only the experi-
mental conditions: while the hydrolytic polycondensation of
a,w-bis(trimethoxysilyl)alkylenes with long alkylene chains gives
rise to amorphous solids in THF, in water there is the formation
of long-range ordered (lamellar or hexagonal structure)
materials thanks only to the hydrophobic interactions.” It was
shown that the length of the alkylene chains controls the
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structure. The great interest of these results prompted us to
explore the formation of functional hybrid organic-inorganic
materials from bridged organosilica precursors with long
alkylene chains having a functionalised and chemically
transformable core.

Thus, we have shown that hydrolysis and polycondensation of
a,w-bis(trimethoxysilyl)alkyldisulfide in water led to lamellar
bridged organosilica containing disulfide cores.® Subsequent
reduction of disulfide cores gave rise to highly ordered
organosilica with a high content of thiol groups.

We used also the reaction between CO, and monosilylated
amines to get bridged organosilica precursors containing
carbamate ammonium salts in the core.” The hydrolytic poly-
condensation of these precursors by the sol-gel process gave
rise to hybrid materials in which the ammonium carbamate salts
were maintained. Subsequent loss of CO, upon heating
generated materials with free amino groups in which the long-
range order was also maintained.

As it is an exciting area of research in nanosciences and
nanotechnology to control the organisation as well as the
functionalisation of materials during the sol-gel process, we
have extended our strategy to the preparation of lamellar
materials containing -COOH or -P(O)(OH), groups.

In this paper, we describe the formation of ordered and highly
carboxylic and phosphonic acid-functionalised materials by
hydrolysis and polycondensation of monosilylated precursors:
cyanoalkyltrialkoxysilanes 1-3 (NC-(CH,»),Si(OR); with n = 3
and R = Etfor1,n=5and R = Prfor2and n = 11 and R
= Pr for 3) and diethylphosphonatoalkyltriethoxysilane 4-6
((EtO),(O)P-(CH,),Si(OEt); with n = 3 for 4, n = 5 for 5 and
n = 11 for 6) in acidic media. The hydrolysis of -CN and
-P(O)(EtO), groups into -COOH and -P(O)(OH), respectively
involves the in situ formation of dimers by strong hydrogen
bonds, which is the crucial step to obtain a solid.

We demonstrated that van der Waals interactions in conjunc-
tion with hydrogen bonding interactions are required to increase
the organisation degree. In these materials with high content of
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H*/g, we showed that the acids groups were accessible with
a high salt uptake.

Experimental
General procedures

3-Cyanopropyltriethoxysilane,  3-chloropropyltriethoxysilane,
NaH, p-toluene sulfonyl chloride and NaCN were purchased
from Aldrich and used as supplied. 3-Cyanopropyltrichloro-
silane, 4-bromobutene, 5-bromopentene, 11-bromoundecene,
benzylbromide, triethoxysilane (HSi(OEt);) and potassium
pentadionate were purchased from Alfa Aesar. Karstedt’s
catalyst was from ABCR. Diethyl malonate and triethylphosphite
were from Acros. 2-(4-Butenyl)propane-1,3-diol ditosylate was
prepared according to the procedure previously described for
2-(3-propenyl)propane-1,3-diol ditosylate. Cyanopentyltriiso-
propoxysilane and cyanoundecyltriisopropoxysilane  were
prepared according to the procedure previously described.! The
CP-MAS #Si and *C solid-state NMR spectra were recorded
on a BRUKER FTAM 300, in the latter case by using the TOSS
technique. The repetition time was 5 (for *C) and 10 s (for *°Si)
with contact times of 3 (for *C) and 5 (for *°Si) ms. The duration
of the 'H pulse was 4.2 (for *C) and 4.5 (for ?Si) us and the MAS
rate was 10 (for *C) and 5 (for #’Si) kHz. Chemical shifts (6, ppm)
were referenced to Me,Si (1*C and #Si). Powder X-ray diffraction
experiments were carried out on a high resolution Bonse-Hart
camera with two germanium channel cuts for very small ¢ values.
The wavelength used was 1.542 A (CuKa radiation). Elemental
analyses of Si, C, N, P, K and Eu were performed by the Service
Central d’Analyse (CNRS, Vernaison, France).

Syntheses

Synthesis of 2 and 3. 2 and 3 were prepared according to the
procedure previously described.!!

Synthesis of 4. Triethoxysilylpropyldiethylphosphonate 4 was
prepared by Arbuzov reaction between 3-iodopropyltriethoxy-
silane'? and triethylphosphite. 3-Iodopropyltriethoxysilane
(16.6 g, 50 mmol) was added to P(OEt); (20.0 g, 120 mmol).
The mixture was heated at reflux for 24 h under Ar, then the
excess of P(OEt); was removed under vacuum. The crude product
was purified by distillation (120 °C at 5 x 10~2 mbar) to give 4 as
a colourless liquid (12.0 g, 35 mmol, 70% yield). '"H NMR (4, 200
MHz, CDCl3): 0.63 (2 H, m), 1.25 (9 H, t, *Jg.g = 7.0 Hz), 1.34
(6 H, t,*Jyn = 7.0 Hz), 1.81 (4 H, m), 3.80 (6 H, q, *Juu = 7.0
Hz), 4.12 (4 H, q, *Jyu = 7.0 Hz). "C NMR (4, 50 MHz,
CDCly): 10.3, 16.3, 16.9, 27.0, 29.4, 61.4 and 65.2. *'P NMR (6,
100 MHz, CDCl3): 32.7. *Si NMR (6, 40 MHz, CDCl3): —43.0.

Synthesis of 5. A mixture of 5-bromopentene (10.0 g,
66.5 mmol) and triethoxysilane (22.0 g, 133.0 mmol) in the
presence of Karstedt’s catalyst (10 mol%) was heated at 80 °C
for 24 h giving rise to 5-bromopentyltriethoxysilane in high yield
(80%) after distillation (90 °C at 8 x 102 mbar). The Arbuzov
reaction was carried out by mixing 12.8 g of triethylphosphite
(77.0 mmol) and 5-bromopentyltriethoxysilane (10.0 g,
31.0 mmol). The resulting solution was stirred for 24 h at reflux.
The residual P(OEt); was evaporated under vacuum. The crude

product was purified by distillation (100 °C at 2 x 102 mbar) to
give 5 as a colourless liquid (9.4 g, 25.4 mmol, 82% yield). 'H
NMR (6, 200 MHz, CDCl3): 0.61 (2 H, m), 1.26 9 H, t, *Jyu =
7.0 Hz), 1.30 2 H, m), 1.32 (6 H, t, *Jy.y = 7.0 Hz), 1.34 (2 H, m),
1.66 (2H, m), 1.82 2 H, t, *Jyy = 6.4 Hz), 3.81 (6 H, q, *Jyu =
7.0 Hz), 4.10 4 H, q, *Jyu = 7.0 Hz). *C NMR (6, 50 MHz,
CDCl,): 12.3, 16.7, 16.9, 23.0, 31.2, 61.7 and 65.0. *'P NMR (3,
100 MHz, CDCl,): 33.5. *Si NMR (9, 40 MHz, CDCl;): —43.1.

Synthesis of 6. 6 was prepared according to the procedure used
for 5 and was obtained in 80% yield after distillation (135 °C at 2
x 1072 mbar). "HNMR (6,200 MHz, CDCl3): 0.60 (2 H, m), 1.22—
1.40 (16 H,m), 1.26 OH, t,*Jyu =79 Hz), 1.34 (6 H, t,*Jyu =
7.0Hz), 1.66 (2H, m), 2.40 (2H, m), 3.80 (6 H, q, *Ju.u = 7.9 Hz),
4.10(4H, q, g ="7.0Hz). *{CNMR (6, 50 MHz, CDCl5): 12.3,
16.7, 22.7-33.6, 61.8 and 65.1. *'P NMR (4, 100 MHz, CDCl;):
33.7. Si NMR (6, 40 MHz, CDCl;): —43.6.

Synthesis of 7. A mixture of 2-(4-butenyl)propane-1,3-diol
ditosylate’® (8.0 g, 18.0 mmol) and triethoxysilane (6.0 g,
36.0 mmol) in the presence of Karstedt’s catalyst (10 mol%)
was heated at 80 °C for 24 h giving rise to 2-(4-triethoxysilyl-
butyl)propane-1,3-diol ditosylate. Subsequent isopropanolysis
was achieved to give 2-(4-trisopropoxysilylbutyl)propane-1,3-
diol ditosylate (8.2 g, 12.6 mmol, 70%) after distillation
(110 °C at 2 x 1072 mbar). The dinitrile was prepared by mixing
8.0 g (12.4 mmol) of ditosylate, NaCN (2.6 g, 53.0 mmol) and
DMSO (60 mL). The resulting solution was stirred at reflux
for 24 h. The reaction mixture was cooled to room temperature
and was taken up in water (50 mL) and Et,O (80 mL). After
extraction with Et,0 (2 x 100 mL), the organic layer was dried
under MgSO, and evaporated under vacuum. The crude product
was purified by distillation (110 °C at 4 x 1072 mbar) to give 4.1 g
(11.6 mmol, 92%) of 2-(4-trisopropoxysilylbutyl)glutaronitrile 7.
'"H NMR (¢, 200 MHz, CDCl3): 0.60 (2 H, m), 1.27 (18 H, d,
*Juu = 6.9 Hz), 1.40-1.80 (6 H, m), 2.16 (1 H, m), 2.57 (4 H,
d, *Jun = 8.0 Hz), 421 (3 H, sept, *Juu = 6.9 Hz). *C NMR
(6, 50 MHz, CDCl;): 11.3, 13.8, 22.5, 25.7, 27.9, 29.0, 32.6,
56.5 and 117.0. Si NMR (6, 40 MHz, CDCls): —44.0.

Synthesis of 8. To a suspension of K,CO; (15.0 g,
108.6 mmol), undecylenic acid (10.0 g, 54.3 mmol) in DMF
(200 mL), 7 mL (54.3 mmol) of benzylbromide were added at
room temperature. The resulting mixture was heated at 80 °C
for 36 h. After cooling to room temperature, the mixture was
taken up in water (200 mL) and Et,O (100 mL). After extraction
with Et;O (2 x 100 mL), the organic layer was dried under
MgSO, and evaporated under vacuum. 13.0 g (87%) of ester
were obtained as a colourless liquid. Subsequent hydrosilylation
was achieved as described above. 17.5 g (89%) of 8 were obtained
after distillation (180 °C at 4 x 1072 mbar). '"H NMR (4, 200
MHz, CDCl3): 0.66 (2 H, m), 1.21-1.30 (14 H, m), 1.22 (9 H,
t, *Juu = 7.9 Hz), 1.63 (2 H, m), 2.30 2 H, t, *Jy.u = 7.6 Hz),
3.80 (6 H, q, *Jyu = 7.9 Hz), 540 (2 H, s), 7.38 (5 H, 5). *C
NMR (6, 50 MHz, CDCls): 10.7, 18.7, 23.0-32.0, 34.7, 58.7,
59.5, 128.8, 174.0. ¥Si NMR (6, 40 MHz, CDCl3): —44.1.

Synthesis of 9. To a solution of silylated ester 8 (4.0 g,
9.1 mmol) in AcOEt (60 mL), 700 mg of Pd/C were added at
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room temperature. The resulting mixture was stirred at room
temperature under hydrogen atmosphere for 12 h. After
filtration, the organic layer was evaporated under vacuum. 3.20
g (92%) of 9 were obtained as colourless liquid. 9 was used
immediately as obtained without further purification. 'H NMR
(6, 200 MHz, CDCl;): 0.60 (2 H, m), 1.20-1.33 (14 H, m), 1.25
OH,t,Jyun=79Hz), 1.6l 2H, m),233 2H, t,*Jyu = 7.6
Hz), 3.82 (6 H, q, *Jyu = 7.9 Hz).

Preparation of materials

M1. To 3.00 g (13.0 mmol) of cyanopropyltriethoxysilane 1,
65 mL of sulfuric acid solution (9 M) were added at 30 °C.
The mixture was stirred at 30 °C for 3045 min. Ethanol was
removed under vacuum from the resulting clear solution in order
to avoid subsequent esterification. The resulting solution was
placed into a Teflon bottle and kept at 150 °C for 6 h without
stirring. The corresponding solid M1 was recovered by filtration
and washed successively with water (500 mL), acetone (20 mL)
and ether (20 mL). After drying at 120 °C under vacuum for
12 h, 1.78 g (98%) of M1 were obtained as a white powder. *C
NMR (6, 75 MHz, CP-MAS): 12.0, 20.8, 42.3, 61.1 and 180.6.
»Si NMR (6, 60 MHz, CP-MAS): —68.8 (T%. Anal. Calc.:
C/Si molar ratio = 4. Found: C/Si = 4.29.

M2. Starting from 2 (2.00 g, 6.50 mmol) and 40 mL of sulfuric
acid (9 M). 0.98 g (90%) of M2 was obtained as a white powder.
BC NMR (6, 75 MHz, CP-MAS): 14.4,17.9, 22.5,24.7, 32.4 and
179.9. #Si NMR (6, 60 MHz, CP-MAS): —68.0 (T%). Anal. Calc.:
C/Si molar ratio = 6. Found: C/Si = 6.10.

Ma3. Starting from 3 (2.00 g, 5.19 mmol) and 32 mL of sulfuric
acid (9 M). 1.14 g (87%) of M3 were obtained as a white powder.
BC NMR (6, 75 MHz, CP-MAS): 14.3, 25.3, 30.5, 34.4 and
179.5. #Si NMR (6, 60 MHz, CP-MAS): —65.4 (T°). Anal.
Calc.: C/Si molar ratio = 12. Found: C/Si = 12.25.

MS5. To 1.00 g (2.50 mmol) of 5, 10 mL of HCI solution (12 N)
were added at 30 °C. The mixture was stirred at 30 °C for 30-45
min. The resulting solution was placed into a Teflon bottle and
kept at 100 °C for 12 h without stirring. The corresponding solid
MS was recovered by filtration and washed successively with
water (200 mL), acetone (20 mL) and ether (20 mL). After drying
at 50 °C under vacuum for 12 h, 0.40 g (80%) of M5 was obtained
as a white powder. *C NMR (6, 75 MHz, CP-MAS): 14.2, 23 .4,
26.4,28.1 and 34.6. *'P NMR (6, 120 MHz, CP-MAS): 32.1. *Si
NMR (6, 60 MHz, CP-MAS): —68.5 (T?). Anal. Calc.: C/Si
molar ratio = 5. Found: C/Si = 5.10.

Mé6. Starting from 6 (3.00 g, 6.60 mmol) and 10 mL of HCl
solution (12 N), 1.80 g (95%) of M6 were obtained as a white
powder. *C NMR (6, 75 MHz, CP-MAS): 13.4, 25.4, 29.4,
29.7-29.9, 32.3 and 36.5. *'P NMR (4, 120 MHz, CP-MAS):
32.4. ¥Si NMR (6, 60 MHz, CP-MAS): —67.3 (T°). Anal.
Calc.: C/Si molar ratio = 11. Found: C/Si = 9.79.

M7. Starting from 7 (1.00 g, 2.80 mmol) and 30 mL of sulfuric
acid (9 M), 0.50 g (75 %) of M7 was obtained as a white powder.
BC NMR (6, 75 MHz, CP-MAS): 11.6, 22.5, 30.0, 32.5, 38.8 and

177.9. #Si NMR (6, 60 MHz, CP-MAS): —67.4 (T%). Anal. Calc.:
C/Si molar ratio = 9. Found: C/Si = 8.00.

M9. To 1.00 g (2.65 mmol) of 9 freshly prepared, 10 mL of
HCI solution (pH at 1.5) were added at 30 °C. After a few
minutes, a white solid appears. This solid was recovered by
filtration and washed successively with water (100 mL), acetone
(20 mL) and ether (20 mL). After drying at 120 °C under vacuum
for 12 h, 0.50 g (83%) of M9 were obtained as a white powder.
BC NMR (6, 75 MHz, CP-MAS): 24.7, 29.6-33.8 and 179.8.
»Si NMR (6, 60 MHz, CP-MAS): —67.0 (T?). Anal. Calc.:
C/Si molar ratio = 11. Found: C/Si = 11.20.

Results and discussion

1. Preparation and characterisation of COOH-functionalised
materials M1-M3

Cyanoalkyltriisopropoxysilane 2 and 3 were synthesised as
previously described.!!

Hydrolysis and polycondensation of 1-3 were achieved in the
presence of a sulfuric acid solution (9 M) as described in detail in
the Experimental section (Scheme 1). The materials obtained
were recovered by filtration and denoted Mn [M for material
and n to specify the starting precursor]. M1-M3 were obtained
as white powders in high yield. Their compositions were inferred
from the results of Si and C elemental analyses. The C/Si molar
ratio was found to be 4.29 for M1, 6.10 for M2 and 12.25 for M3
while the theoretical values were 4, 6 and 12 respectively
(Table 1). This confirms the high degree of polycondensation
of materials and the conservation of the Si—C bonds. In addition,
the absence of nitrogen revealed by elemental analysis indicates
that the hydrolysis of cyano groups was complete. More
informations about the incorporation and the conservation of
organic groups in the final materials was given by solid-state
NMR spectroscopies. The *Si CP-MAS NMR spectra of
samples M1, M2 and M3 displayed only one signal at —68.8,
—68.0, and —65.4 ppm respectively attributed to the T° [C-
Si(OSi)3] substructure, indicating fully condensed materials
(Fig. 1). The absence of resonance near —100 ppm corresponding
to Q substructures denotes also that there is no cleavage of Si-C
bonds during the sol-gel process and the hydrothermal
treatment.

The CP-MAS 3C NMR spectra of M1-M3 show clearly that
the organosiloxanes units were incorporated. The *C NMR
spectrum of M1 is given as an example (Fig. 2). It displayed three
signals (12.00, 20.86 and 42.35 ppm) assigned to the propyl
spacer and an additional one at 180.66 ppm attributed to
carbonyl resonances of carboxylic acid groups. The absence of
a peak at 120 ppm shows clearly that there is no residual nitrile
(CN) group in the material obtained. The signal at 61.13 ppm
revealed the formation of a small amount of ester by reaction

) H,S04/ H,O .
RO ey POY o) s ™M coon
1)30°C
1:n=1;R=Et 2)150°C Ml:n=1
2:n=3;R=iPr M2:n=3
3:n=9;R="Pr M3:n=9

Scheme 1 Preparation of materials M1-M3.
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Table 1 Elemental analyses data for materials M1-M3 and their corresponding salts (theoretical values in parentheses)

Molar ratio M1 M2 M3 MI1K M2K M3K MI1Eu M2Eu M3Eu
C/Si¢ 4.29 (4) 6.10 (6) 12.25 (12) 4.10 (4) 6.05 (6) 11.70 (12) — — —

K/Si 0 0 0 0.90 (1) 0.99 (1) 0.93 (1) <5 %107 <5 %1073 <5 x 107
Eu/Si 0 0 0 0 0 0 0.34;7 0.32° 0.32:7 0.33° 0.51:70.53°

“ Calculated from elemental analyses. * Determined from titration results.

-67.74

-68.80

MI1K

M1

L L D L
50 0 -50 -100 -150
S ppm
Fig. 1 CP-MAS #Si NMR spectra of M1 and M1K.

M1’

12.00

0
@
<
Q

77—
250 200 150 100 50 0 -50
Sppm

Fig. 2 CP-MAS "“C NMR spectra of M1 and M1'.

between acid groups and some remaining EtOH. It is worth
noting that the signal corresponding to ester groups disappeared
when starting from trichlorosilyl instead of trialkoxysilyl groups.
In fact, hydrolysis and polycondensation of cyanopropyltri-
chlorosilanes under the same conditions give rise to a material
denoted M1’. The *C NMR spectrum of M1’ is shown in
Fig. 2. This spectrum shows clearly the absence of the resonance
at about 61 ppm attributed to the carbonyl of the ester group.

The nitrogen adsorption measurements of samples indicate
that M1-M3 are nonporous with a low surface area (Sger <
10 m? gh).

Powder X-ray diffraction patterns of M1-M3 are represented
in Fig. 3. The XRD pattern of M1 exhibited a well-defined (100)
peak at ¢ = 4.60 nm~! as well as a second broad and weak peak
(200) at ¢ = 8.40 nm™'. These peaks are characteristic of
a lamellar structure with 1.36 nm as interlayer distance (d =
271t/g). The peak at ¢ = 15.70 nm™' corresponds to 0.40 nm.

400~
= s
& 300+
2
e
§200 3.19 nm
= 200
= 1.59 nm M2
100 M3
0 T T T [
5 10 q (nnrl) 15 20

Fig. 3 XRD patterns of M1, M2 and M3.

This distance can be attributed to alkylene chains packing within
the layers. The X-ray powder diffraction pattern of M2 is very
similar with an interlayer distance of about 1.57 nm. Interest-
ingly, a higher organisation was observed for M3 (Fig. 3). In
all cases, the first order distance is close to the length of the
organic spacers. As an example, the first peak at ¢ = 1.97 nm™!
observed in the XRD pattern of M3 corresponding to an
interlayer distance of 3.19 nm is very close to the theoretical
distance obtained by ChemDraw 3D calculation (3.20 nm).

The formation of solids M1-M3 can be explained in the
following way: first, there is hydrolysis of alkoxy groups into
silanols at 30 °C. Then, the increasing of the temperature to
150 °C induces the hydrolysis of the cyano groups into
carboxylic acid groups, which dimerise, by hydrogen bonding.'*
Finally, self-assembly,” thanks to hydrophobic interactions, of
the bis-silylated units formed in situ allows the polycondensa-
tion, giving rise to the materials (Scheme 2).

It is worth noting that under the same experimental conditions
the hydrolysis of chloropropyltriethoxysilane does not allow the
formation of a material due to the absence of formation of
bis-silylated derivatives by dimerisation. This result demons-
trates that the crucial step to get a solid starting from cyanoalkyl-
trialkoxysilanes is the in situ formation of dimers between the
carboxylic acid units by hydrogen bonding.

In addition, the better self-assembly of M3 in comparison to
M1 and M2 shows the involvement of hydrophobic interactions
between the long alkylene chains to get lamellar structure. This is
in agreement with long-range order formed during the hydrolytic
polycondensation of bridged organosilica with long alkylene
chains [(MeO);Si-(CH,),-Si(OMe); with n = 12 and 18] in water,
thanks to hydrophobic interactions.” The self-assembly of long
alkylene chains involves the polycondensation of silanols groups,
which come into close proximity (Scheme 2).

This journal is © The Royal Society of Chemistry 2008
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Hydrolysis
(RO)3Sivvvwnnnnr CN —— > (HO)3Sinvnnnnns CN
at30°C
annnnane = '(CH2)'n
150 °C
Dimerisation by
Hydrogen bonding
OI minH— O\
(HO)BSVWVV\J'WUC C'WW""‘SI(OH)a
0 Hm |n|0
T -YO _______ -
1 | -
1 g7 0 I
Polycondensation i \\0 =i :
1 0 /o
W N
HOOC COOH HOoOC COOH
HOOC COOH HOoOC COOH
HOOC COOH HOOC COOH
HOOC COOH HOOC COOH
HOOC COOH HOOC COOH

Scheme 2 Formation of the materials via the hydrogen bond interac-
tions between monomeric species.

2. Role of the hydrogen bonding interactions

In order to point out the role of the hydrogen bonding inter-
actions for the formation and the organisation of the materials,
we prepared precursors 7 and 9 and the corresponding materials.
Firstly, compound 7 containing two nitrile groups was synthe-
sised as depicted in Scheme 3. Hydrolysis and polycondensation
of 7 was achieved in sulfuric acid solution (9 M) giving rise to
material M7 in high yield (Scheme 3).

As for M1-M3, M7 was fully condensed as indicating by the
presence of a single peak at —67.3 ppm in the >’Si NMR spectrum.
The *C NMR spectrum of M7 displays five signals (see Experi-
mental section) assigned to the Cg,3 and an additional one at
177.9 ppm attributed to the C=0 of the carboxylic acid groups.
The powder X-ray diffraction pattern of M7 (Fig. 4) exhibits
a well-defined (100) peak at ¢ = 3.39 nm~' as well as a second
and weaker peak (200) at ¢ = 6.75 nm~". These peaks are charac-
teristic of a lamellar structure with 1.85 nm as interlayer distance.
This value is similar to the theoretical distance (1.76 nm) obtained
by ChemDraw 3D calculation. Interestingly, both peaks of M7
are narrower than those of M2 indicating an higher organisation
degree for M7 due to the number of carboxylic acid groups.

OTs 1) [PK(0)], HSi(OEt); _ cN
J_);{OTS 2)'PrOH, PTSA* (Prohs'\_ﬁ;{

CN
3) NaCN, DMSO

H
o 551\_/(/_)_<:COO H,S0,/ H,0

COOH 150 °C

"0Ts = te—_-so; *PTSA = Hie—{_)-son

Scheme 3 Preparation of 7 and the corresponding material M7.
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Fig.4 XRD patterns of M7, M2 and M9. Patterns were vertically offset
for clarity.
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Scheme 4 Preparation of 9 and the material M9.

The second precursor 9 already contains the carboxylic acid
group. It was synthesised as depicted in Scheme 4 from the
commercially available undecylenic acid. First, the esterification
of undecylenic acid was carried out in good yield by using
benzylbromide. Then, hydrosilylation of the vinyl groups gave
rise to compound 8. Finally, hydrogenolysis of 8 at room
temperature afforded 9 as a colourless liquid in satisfactory yield.

The hydrolysis of 9 in water (pH = 1.5) at room temperature
afforded rapidly and quantitatively the corresponding material
M9 (Scheme 4) whereas starting from precursors containing
nitrile groups, a concentrated sulfuric acid solution and high
temperature (150 °C) were required to form the solid. This result
indicates clearly that the formation of bis-silylated units by
dimerisation of the carboxylic acid groups is a crucial step for
the polycondensation process. In addition, material M9 was
well organised in lamellar phase (Fig. 4) due to the fast self
assembly during the synthesis. Finally, it is important to note
that no material was obtained by hydrolysis of 8 under the
same experimental conditions. Indeed, under these experimental
conditions, the hydrolysis of the ester groups dos not occur.

3. Preparation and characterisation of PO(OH),-
functionalised materials M5 and M6

As the phosphonate groups are also hydrolysed into phosphonic
acid -P(O)(OH), under strong acid conditions and are known to
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Scheme 5 Syntheses of precursors 5 and 6.

form robust hydrogen bonds.'*'® We applied the same

methodology starting from trialkoxysilylalkyl diethylphospho-
nate. Three precursors 4, 5 and 6 containing different chain
lengths were selected and prepared for that purpose. 4 was
prepared by Arbuzov reaction between 3-iodopropyltriethoxy-
silane’ and triethylphosphite. 5 and 6 were prepared by
hydrosilylation of 5-bromopentene and 11-bromoundecene
respectively followed by Arbuzov reaction (Scheme 5).
Hydrolysis and polycondensation of 4-6 were achieved in
12 M HCl solution at reflux (Scheme 6). Under these conditions,
the phosphonate groups were quantitatively transformed into
phosphonic acid groups.!”” The obtained materials were
recovered by filtration as white powders in high yield and named
M5-M6. However, no material was obtained starting from the
precursor 4. Final composition of M5 and Mé were inferred
from the results of Si, C and P elemental analyses. The C/Si ratio
was found to be 5.1 for M5 and 9.8 for M6 while the theoretical
values were 5 and 11 respectively. In addition, the P/Si ratio for
MS5-M6 was about 1. These results confirm the high degree of
polycondensation and the conservation of the Si—C bonds. The
#Si CP-MAS NMR spectra of M5 and M6 displayed only one
signal at —68.5 and —67.3 ppm, respectively, attributed to the
T? [C-Si(OSi);] substructures, indicating fully condensed
materials. The absence of resonance near —100 ppm correspond-
ing to Q substructures denotes also that there is no cleavage of
Si-C bonds during the sol-gel process and the hydrothermal
treatment. *C CP-MAS NMR spectra of M5 and M6 revealed
that the organic groups remained intact. The *C NMR spectrum
of M5 is given as an example (Fig. 5). It displayed signals at

€t0);5i 2 PO)(OED), P]l(:l&. 0,551 PO)OH),

00 °C

4511?1 No material :n=1

5:n=3

6:n=9 M5:n=3
’ M6:n=9

Scheme 6 Preparation of materials M5 and M6.
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Fig. 6 XRD patterns of M5 and M6. Patterns are vertically offset for
clarity.

14.2 ppm (resonance of Si-CH,), 34.6 (resonance of P-CH,) and
the three additional signals (23.4, 26.4 and 28.1 ppm) attributed
to the other carbon atoms in the pentylene spacer. A typical *'P
CP-MAS NMR spectrum of these materials displayed a single
signal at 32.1 ppm attributed to phosphonic acid groups (Fig. 5).

Powder X-ray diffraction patterns of M5 and M6 are
represented in Fig. 6. They are different from those of M2 and
M3. The XRD pattern of M6 exhibited a first peak with low
intensity at ¢ = 1.85 nm™' corresponding to 3.39 nm. This
distance was attributed to the interlayer djoo spacing. It is close
to the theoretical distance obtained by ChemDraw 3D calcula-
tion (3.51 nm). The XRD pattern of M6 displayed also a second
intense and well defined peak (200) at ¢ = 3.74 nm ' with d = 1.68
nm as well as a broad peak at 7.75 nm~' with d = 0.81 nm attri-
buted to the fourth order. These peaks are characteristic of
a lamellar structure. The peak at ¢ = 14.28 nm™' corresponding
to 0.44 nm was attributed to alkylene chains packing within the
layers. For M5, a lamellar phase with a lower organisation degree
was observed. The peak at ¢ = 6.54 nm~! with d = 0.96 nm corres-
ponds to the second order. It is close to the half of the theoretical
interlayer distance obtained by ChemDraw 3D calculation
(1.75 nm). The low intensity for the first order peak can be due
to a contrast matching effect arising from the presence of phos-
phorus atoms. The difference between the experimental d-spacing
and the theoretical values for an extended dimer structure can be
explained by the hydrogen bonds formation as described in
Scheme 7.

The failure of the preparation of materials from 4 ((EtO),(O)P-
(CH,»);Si(OEt);) while it succeeded from 1 (NC-(CH,);Si(OEt)3)
should be probably due to more complex hydrogen bonded
structures formed with the tridentate -POsH, group'® in compa-
rison to those formed with -COOH groups. This result indicates
that the formation of dimers in conjunction with the van der
Waals interactions are the key points in this methodology.

4. Study of the ion-exchange capacities of the carboxylic acid
groups within M1-M3

The accessibility of the carboxylic acid groups in materials M1—
M3 as well as their ion-exchange ability were investigated. For

This journal is © The Royal Society of Chemistry 2008
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that purpose, the carboxylic acid groups were transformed into
potassium carboxylate salts by treating M1-M3 with either
a ‘BuOK solution in ‘BuOH at 25 °C or potassium acetylaceto-
nate (K(acac)) in ethanol. In both cases, the reactions were
achieved in the presence of 1 equivalent of reagent for 1
-COOH unit, giving rise to exactly the same materials named
M1K-M3K (Scheme 8).

The exchange reactions were confirmed by elemental analyses.
The K/Si molar ratio was found to be 0.90, 0.99 and 0.93 for
MI1K, M2K and M3K respectively (Table 1). These values are
very close to the theoretical values (1), indicating that the overall
-COOH groups were accessible. The ?Si NMR spectra of these
materials revealed the absence of signals in the Q region (region
near —100 ppm) showing that the treatment did not affect the
siloxane bonds. The *Si NMR spectrum of M1K is given as an
example (Fig. 1). The XRD patterns of materials M1K-M3K
show that the structures were maintained after chemical trans-
formation. In addition, the interlayer distance increased to 1.97
nm for M1K (Fig. 7). This increase was explained by the interca-
lation of the potassium ions between the layers. In addition, the
low intensity for the first order peak in comparison with the

COOH HOOC COOH HOOC
COOHHOOC COOHHOOC
COOHHOOC COOHHOOQOC
) MI1-M3
’/ Siloxanes 'BUOE\ or K(acac)
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Fig.7 XRD patterns of M1 and M1K. Patterns were vertically offset for
clarity.

second one, may be due to the higher electronic density of
potassium ions.

Finally, the chelating ability of M1K-M3K towards europium
salts was tested. The solids were treated with an ethanolic
solution of EuCl; at room temperature, arbitrarily for 12 h.
The resulting solids were copiously washed with ethanol to
eliminate any non-complexed salts and named M1Eu, M2Eu
and M3Eu respectively (Scheme 8). The titration by EDTA of
the whole filtrate containing the non-complexed salt was done
and revealed the incorporation of one Eu' per three carboxylate
units for M1K and M2K on average. Interestingly, the Eu'
uptake within M3K was found to be 1 Eu'™ per two carboxylate
units. Elemental analyses (Table 1) of Si and Eu in M1Eu-M3Eu
confirmed the europium content obtained by titration. Further-
more, it is worth noting that the potassium content in M1Eu—
M3Eu was found to be very low (<50 ppm) showing that all
the carboxylate groups were operative.

The Eu™ uptake within M3K requiring only two carboxylate
units instead of three within M1K and M2K was explained as
the consequence of a more regular packing arrangement of the
carboxylate groups. It is worth noting that there is no Eu'
uptake directly from M1-M3.

Conclusions

We have described a new approach to obtain ordered and highly
functionalised silicas containing carboxylic and phosphonic
acid groups starting from monosilylated precursors. This
method is based on the in situ formation of acid dimers followed
by the polycondensation of silanol groups. We have shown that
long-range order was promoted by the force and the number
of acid groups and also by the van der Waals interactions
between the long alkylene chains. Furthermore, these materials
were proved to be able to chelate very high contents of
lanthanide ions. The longer the alkylene chains, the better the
structural order, which makes easier the Eu'' uptake. This
renders these materials good candidates for ion separation
including actinides.

Finally, these materials with high content of H*/g could be
also good candidates for high proton conductivity,'*?® which is
particularly useful in the fuel cells area.
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