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Abstract

Titanium oxide/phenylphosphonate hybrids were prepared by a two-step sol-gel processing, in the presence of ferrocenylphosphonic
acid as an electrochemical probe. We showed that as expected the diffusion of the redox species was related to the kinetics of the sol-gel
polymerization. The probable passage through clusi& (0 Pr)s(PhPQ); has been confirmed by the electrochemical response under partial
hydrolysis conditions.
© 2004 Published by Elsevier B.V.
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1. Introduction drolysis and a wide range of functional phosphonate com-
pounds is available.

During the last two decades, the development of  Recently, metal oxide/phosphonate hybrids have been pre-
organic—inorganic hybrid materials has been associated withpared by a two-step sol—gel process (Schemeirivolving
the evolution of sol-gel procefs-3,7]. Furthermore, awide first the formation of M—O—P bonds by nonhydrolytic con-
class of hybrids involves the covalent bonding of the organic densation of a metal alkoxide with a phosphonic acid and then
and the inorganic components through the use of coupling the formation of the M—O—M bonds of the metal oxide net-
moleculed5,6]. The potentialities of phosphonate and phos- work by hydrolysis/condensation of the remaining alkoxide
phinate groups have been recently demonstrated in the cougroups.
pling of organic components to metal oxidés6,8—10]. Ac- The composition, the homogeneity, and the structure of
tually, M—O—P and P—C bonds are quite stable towards hy-the hybrid xerogels were previously investigated. Spectro-
scopic techniques, especial{P and’O MAS NMR ones,
gave information on the mode of bonding of phosphonate
units[10,11]. The intermediate sols were also studiedy
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Scheme 1. Summary of the gels preparation.
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Table 1
Preparation of the hybrid gels from Ti(Pr); and phenylphosphonic acid
(PPA)

Sample Ti(O'Pr):PhPQH2:H,0 Aspect

Ti/lP=1/PPA 1:1:1 White opaque gel
Ti/P =3/PPA 3:15 White opaque gel
Ti/P =5/PPA 5:1:9 White opaque gel
Ti/lP =4/3/PPA 1.33:1:1.67 White opaque gel
Ti/lP =4/3/PPA 1.33:1:0.33 Cluster composi-

tion: non gelling
sol

Hendersor{16]. Tetrabutylammonium perchlorate (TEAP)
was purchased from Aldrich.

2.2. Preparation of the gels

Titanium oxide/phenylphosphonate hybrids with different
Ti/P ratios were prepared from Ti(Pr); and phenylphospho-
nic acid (PPA) precursors in two steps (Table 1). The con-

centration in the electroactive species, ferrocenylphosphonic
acid (FPA), was about & 103 M. In the first step, Ti(CPr)

was added under stirring to a solution of PPA and FPA in
DMSO, and 0.1 M tetrabutyl ammonium perchlorate as sup-
porting electrolyte salt leading to clear solutions. In all cases,
the concentration of the metal alkoxide was 0.8 mot Lt

of the transport of electroactive molecules in the medium Was checked that the 8|eCtrO|yte salt did not influence the
[12—15]. The technique used, chronoamperometry, is a rela-S0l-gel polymerization by controlling that the other param-
tively fast technique, which allows to register one curve in less eters of the system remained constant, especially the gelling
than a second. Both free|y diﬁ:using oronthe Contrary bound t|me After Stirring fOI‘ 2h at room temperature, the StOiChiO—
electroactive species can be used, although it is obvious thafmetric amount of water, previously diluted in DMSO so as
the species bound to the gel skeleton bring forth the most in- t0 avoid local overconcentrations, was added at once or in
teresting information, since their diffusion is closely related two portions (25% first, then the remaining 75%) according
to the oxopolymer motion dynamics, while free probes reflect to the series of experiments, leading to the formation of gels
only the interstitial solution microviscosity and therefore give (Table 1). All experiments were carried out under argon at-
only indirect information. mosphere.
In the present work, we used ferrocenylphosphonic acid
(FPA) (Scheme 2) as a probe to monitor the formation 2.3. Electrochemical measurements
of TiO2/PhPQ gels from titanium tetraisopropoxide and
phenylphosphonic acid (PPA) precursors. The electrochemical study of the polymer sols and gels
The diffusion of this probe, which should be tightly bound was performed using a fast home made potentiddfak
to the gel species, was investigated for differepOATi and equipped with an ohmic drop compensation system, and con-
P/Ti ratios. nected to a Tacussel pilot and a Nicolet digital oscilloscope,
with a 1 mm diameter platinum electrode. Pseudo reference
was a silver wire.

7 ou
Fe

Scheme 2. Structure of the ferrocenic probe.

2. Experimental

2.1. Chemicals 3. Results and discussion

Ti(O'Pr), (97%) was purchased from Aldrich and distilled  3.1. Ti(OPr)4/PPA sol-gel diagram
prior to use. PhPO(OH)(98%, Aldrich) was recrystallized .
from acetonitrile. Dimethylsulfoxide (DMSOQ) was distilled The reaction of Ti(GPr)y with PhPO(OH) (PPA) in
over CaH, dichloromethane was distilled oves®s. Water DMSO (step 1) resulted in clear solutions whatever be the
was obtained from a Millipore-MilliQ system. All manipu-  Ti/P ratio. The solutions obtained for Ti/P =3 were previ-
lations were carried out under an inert atmosphere. Ferro-ously studied by’!P NMR spectroscopj10]. When water
cenylphosphonic acid (FPA) was prepared by the method of (0.2 equivalent) was added tf& NMR spectrum showed
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R In addition, one experiment was performed with the sto-
DMS /OR ichiometry corresponding to the formation of the cluster
? i (Ti/P/H,0 =1.33/1/0.33):
Ph R )
f\q / 4Ti(O'Pr), 4+ 3PhPQH; + H,0
C\R/ /O,THC% 7 — Tia(O)(PhPQ)3(O'Pr)g -+ 8'PrOH
o’ \___(P/ “~oR In all cases, very well-defined voltammograms and
chronoamperograms were obtained, as examplified on
Figs. 1 and 2, which show the evolution of the electrochem-
R ='Pr

ical responses of the FPA redox probe in the gels in two se-
lected cases. The FPA probe present before polymerization a
reversible electrochemical response typical of a ferrocenic
a major resonance at 6.8 ppm. This resonance could be at€ompound withE;;=0.81V versus silver wire reference
tributed to a molecular titanium oxo—alkoxo phosphonate. €lectrode. The currents decrease steadily with the sol—gel
This compound could be crystallized from a DMSO solu- Polymerization time. This decrease has been ascribed to the
tion and single-crystal X-ray diffraction led to the formula decrease of the diffusion coefficient of the functionalized
Ti4O(O Pr)g(PhPQ)3-DMSO and to the structure displayed SPecies in the sols and the gél$]. Then we determined
in Scheme 3 [9]. more precisely the relative variation of the diffusion coef-
The phase diagram (Scheme 4) of the PPALPigsystem ficient with different concentrations of reactants (listed in
shows in addition that gels are obtained in a wide domain Table 1), adding the stoichiometric amount of water either in
and that the amount of phosphonic acid employed can be©ne step or in two steps as mentioned above.
relatively small.
In this work, our aim was to test the ability of electro- 3.2.1. One-step addition of the stoichiometric amount of
chemical techniques in following the entire course of the water
sol-gel polymerization, and in evidencing the formation of ~ The top curve irFig. 3a, corresponding to the cluster stoi-
Ti4O(O Prg(PhPQ)3-DMSO cluster as a key step of the pro-  chiometry, is typical. Indeed, a stable stage is quickly reached

Scheme 3. Structure of the identified cluster in the 4:3:1 conditions.

cess whatever the P/Ti ratio. (D =0.2D") which corresponds to a hydrodynamic diame-
ter of five times the one of the molecular ferrocenic probe
3.2. Electrochemical results (D° =2.1x 108 cn?/s), on the basis of the classical Stokes-

Einstein lawD =KT/(6:1d), (with k is Boltzmann constant,
TiO2/PPA gel samples with different Ti/P ratios T: temperaturey: viscosity,d is the hydrodynamic radius),
were prepared, using a stoichiometric amount of water which should be followed with objects like clusters. This is

(Ti/P/H,O = x/1/2x—1): consistent with the formation of a stable, soluble, cluster with
. a relatively low molecular weight, and thus corroborates the

xTi(O'Pr)s + PhPQHz + (2x—1)H0 — previous studies on this systet0] that showed the major

Ti,(PhPQ)Op,_1 + 4x'PrOH formation of T4O(OPr)s(PhPQ)3-DMSO.

When the stoichiometric amount of water is added in one
Two series of experiments have been performed. In the step the gelation visually takes place in a few seconds. How-
first series, the stoichiometric amount of water was added in gyer, all curves (Fig. 3a) present two well-defined stages:

one portion, whereas inthe second series the water was addegst g very sharp drop, up to a given stage, characterized by
in two portions: the fourth of the stoichiometric amount first, jts diffusion coefficient, and then a much slower decrease in

then the other three-fourths after 1 h. the diffusion coefficient, which reaches a final plateau stage.
] . , Thus, a very fast condensation occurs initially, leading to in-

2.04Ti(PhPO3)5 gel . termediate species with hydrodynamic diameters that appear
. | to depend upon the Ti/P ratio: the lower the Ti/P ratie (x
‘- Stoichiometric amount . . . .
L o T 1 or 1.33) the smaller the intermediate species, which may be
- B G:I ascribed to the lower reactivity towards hydrolysis of the ti-
o GeT g aol | 1 tanium alkoxide spe_cies mo_dif_ied by phosphonic acid. The
- - same effect of chemical modifying has already been reported
0.5+ Soluble’; Ga_ Gel Precipitate) in the case of Zr(OPg)acetylacetone systerfis3]. It should
species . " Gek, *Gel Precibiate be however remarked that the curves recorded fo8 and 5
e : 5 : : are almost similar, showing that at low PPA content a similar
H,O/Ti highly condensed state is quickly reached. The second stage

. of the condensation, corresponding to the aging of the gel, is
Scheme 4. State diagram for the Tif®u/PPA/H,O system in THF. slower and the kinetics are very similar in all cases, which
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Fig. 1. Cyclic voltammetry (&5 V/s) during the sol-gel polycondensation after addition of one equivalent of wat¢r 8apin 30s; (b)=2h 10 min; (c)
t=4h 29 min. Chronoamperometry during the sol—-gel polycondensation after addition of one equivalent of wat&rn{a) 10 s; (b =2h 12 min; (ck=4h
31 min.

is in accordance with a lower reactivity of the intermediate cially as compared with the kinetics of polycondensation of
species whatever be the remaining water content at this stagesilicon alkoxideq15].

Even after more than 4 h the diffusion coefficient remains

high, which shows that the mobility of the species bound to 3.2.2. Two-step addition of the stoichiometric amount of

the redox probe is still high. This suggests the incomplete water

condensation of the titanium species and the formation of a  When the water was added in two separate steps, a quite
particulate gel rather than a polymeric gel. In addition, again different behavior was observed. With only a quarter of the
the final state appears to depend mostly upon the Ti/P ratio,water stoichiometry, sols were obtained. The redox probe ev-
suggesting the limiting influence of phosphonic acid on the idences a partially condensed state, which is quite similar to
particle size. However, despite the presence of phosphonicthe previously observed cluster state (Fig. 3b). This behav-
acid, the overall polycondensation process is very fast, espe-or is consistent with the formation of titanium oxo—alkoxo
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Fig. 2. Cyclic voltammetry (&5 V/s) during the sol-gel polycondensation Ti/P = 1/PPA, 1:1:1: (a) after addition of 0.25 equivalent of wagmin; (b)

after addition of one equivalent of water 1 h 07 min; (c) after addition of one equivalent of water 5h 30 min. Chronoamperometry during the sol—gel
polycondensation Ti/P = 1/PPA, 1:1:1: (a) after addition of 0.25 equivalent of wat9 min; (b) after addition of one equivalent of waterl h 08 min; (c)

after addition of one equivalent of water 5 h 32 min.
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Fig. 3. Representation of the relatiiz#D® variation with time: (a) after one equivalent of water; (b) after 0.25 equivalent of water (cluster formation), one
equivalent of water.

phosphonate clusters, labeled by the redox probe, alongthe phosphonic acid as a chemical modifier in the sol-gel

with titanium oxo-alkoxide clusters, the formation of which process has been confirmed.

has been reported in the presence of a sub-stoichiometric

amount of watel{18]. These species (as a matter of fact

[Ti704](O'Pr)o would formally result from the reaction

of (.).'ZSHZO. on Ti(OPr)s) should not have hydrodynamic [1] P. Judeinstein, C. Sanchez, J. Mater. Chem. 6 (1996) 511-525.

radii very different from the oxo—alkoxo phosphonate cluster |5 ¢ sanchez, F. Ribot, New J. Chem. 18 (1994) 1007.

TisO(O'Pr)g(PhPQ)3-DMSO, thus, not modifying its diffu- [3] A Clearfield, in: K.D. Karlin (Ed.), Progress in Inorganic Chemistry,

sion conditions. This state appears quite stable, until further  vol. 47, Wiley, New York, 1998, pp. 371-510.

water addition is performed, which resumes the polymeriza- [4] P-H. Mutin, C. Delenne, D. Medoukali, R. Corriu, A. Vioux, in: R.M.

tion. Then, a behavior reminiscent of that observed above  -2ne C. Sanchez, C.J. Brinker, E. Giannelis (Eds.), Proceedings of
. . . . Materials Research Society Symposium, vol. 519, Materials Research

takes place, however leading to different final plateaus. This  gyciety, warrendale, PA, 1998, pp. 345-350.

shows that (1) strong similarities exist between the condensed [5] J. Krueger, U. Bach, R. Plass, L. Cevey, M. Piccirelli, M.5el,

species formed at low water amount whatever be the initial Appl. Phys. Lett. 79 (2001) 2085.

composition, at least on the basis of the hydrodynamic ra- [€] : za‘:givtzz-r Lﬁjp‘é;z'e(foﬁéﬁjriigs“ﬂ?fgéé ;:.S\é\;éisel, J. Salbeck,

d|us,_ which shc_)uld be cqrrelated t_o th_e molecular mass, (2) (7] A, Vigux‘ Chem. Mater. 9 (1997) 22922299,

the final state is determined by kinetic parameters and de- (g} p. medoukali, P.H. Mutin, A. Vioux, J. Mater. Chem. 9 (1999)

pends on the experimental conditions, such as the mode of 25532557,

adding water. [9] G. Guerrero, M. Mehring, P.H. Mutin, F. Dahan, A. Vioux, J. Chem.
Soc., Dalton Trans. (1999) 1537-1538.
[10] G. Guerrero, P.H. Mutin, A. Vioux, Chem. Mater. 12 (2000) 1268.
[11] V. Lafond, C. Gervais, J. Maquet, D. Prochnow, F. Babonneau, P.H.
4. Conclusions Mutin, Chem. Mater. 15 (2003) 4098.
[12] P. Audebert, P. Griesmar, P. Hapiot, C. Sanchez, J. Mater. Chem. 2

. (1992) 12.
Electrochemical measurements have proved powerful to [13] P. Audebert, C. Demaille, C. Sanchez, Chem. Mater. 5 (1993) 911.

analyze the polymerization of phosphonate-modified tita- [14] P. Audebert, H. Cattey, C. Sanchez, P. Hapiot, J. Phys. Chem. 102
nium oxide gels. These measurements show that condensa-  (1998) 1193.

tion occurs in two distinguishable stages, the first very fast [15] P. Audebert, S. Sallard, S. Sadki, J. Phys. Chem. B 107 (2003) 1321.
leading to aggregates or clusters (among which the ubiqui-[16] 312 ?2”:3" W. Henderson, J. Organomet. Chem. 637-639 (2001)
tous oxo—allkoxo phos_phonate .C|USter).’ and the S(?(_:Oﬂd mucrﬂl?] D. Garre;au, J.M. S@ant, J. Electroanal. Chem. 50 (1975) 1.
slower leading to the final gels, into which the mobility of the [18] V.W. Day, T.A. Epersbacher, W.G. Klemperer, C.W. Park, J. Am.
species remains important. Moreover the critical influence of Chem. Soc. 115 (1993) 8469.
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