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This study emphasizes the role of zirconium propoxide on the free-radical photopolymerisation of

hybrid organic–inorganic material based on 3-methacryloxypropyltrimethoxysilane (MAPTMS). By

means of atomic force microscopy in pulsed force mode and real-time Fourier-transform infrared

spectroscopy, it is shown that the addition of zirconium complex in the hybrid sol–gel material leads

to a well-polymerised and hydrophilic surface under UV-illumination. By contrast, sols without

zirconium complex exhibit soft and sticky surfaces. The study also demonstrates an unexpected role

of oxygen in the photopolymerisation process. Indeed oxygen is well-known being a strong inhibitor

of the radical polymerisation. However, in the present case, it interacts with Zr(OPr)4 and

participates in a positive way to the photochemical process. During the irradiation, radicals react

with O2 to form peroxyl radicals that are generally inert towards the photopolymerisation. By using

laser flash photolysis, it was proved that these radicals combine with zirconium propoxide to form

new initiating species that contribute to further free-radical photopolymerisation.

Introduction

Mixing two different components with a view to combine their

properties (namely thermal, mechanical or optical properties)

is an attractive idea but not easy to apply. Indeed, the

combination of two materials with different properties gene-

rally gives rise to incompatibilities in terms of solubility. In

this sense building a homogeneous hybrid material is a

challenge for the scientist community.

In this context, sol–gel processing has aroused interest the

last 10 years and represents a creative alternative to design new

compounds for industrial and academic researches and inno-

vations, as attested by the rapid growth of studies in this

field.1–4 The hybrid organic–inorganic materials clearly appear

appropriate candidates to the current trend.

One of the most promising applications takes place in the

field of protective and functional coatings for organic and

inorganic substrates.5,6 In particular, the sol–gel process

allows the formation of inorganic layers at temperatures much

lower than those of the degradation of the organic compo-

nents. The application of these coatings to polymer substrates

is particularly attractive to give them attractive properties such

as scratch resistance,7 abrasion resistance,8,9 barrier proper-

ties.10 Among the most remarkable features, it is interesting

to mention corrosion protection11–13 for aluminum alloy

surfaces, high barrier properties towards liquid and volatile

compounds,14 water vapor oxygen or flavor permeation,15,16

photonic applications17–19 or antibacterial activity20 etc.

Hybrid components are separated into two classes:21 in class

I, organic and inorganic compounds are mixed together and

only weak bonds (hydrogen bonding, van der Waals or ionic

bonds) give cohesion to the whole structure. In class II, the

two phases are linked together through strong chemical bonds

(covalent or iono-covalent bonds).

Among the available commercial class II precursors,

3-methacryloxypropyltrimethoxysilane (MAPTMS) has been

thoroughly investigated.22–27 Starting from this precursor,

material elaboration is achieved by the classical sol–gel route

that forms an inorganic network at room temperature by the

hydrolysis and condensation of alkoxy compounds, The

organic moiety, a methacrylate function, can react via a free-

radical polymerisation mechanism initiated by UV-light to

lead to a polymethacrylate network within the silicate back-

bone. The final properties of this kind of materials combine

both the polymer qualities (suppleness) and the characteristics

of a glass (mechanical and thermal resistance). In addition,

photochemical treatment offers many advantages over the

thermal curing, such as fast curing, low-energy consumption,

spatiotemporal control of the reaction, elimination of a costly

thermal drying and finally the cycle time for each coated part

could be cut dramatically.28 Further, mechanical or optical

properties can be tuned by the incorporation of other metal

alkoxides22,29 (Ti, Zr, Al, etc.).

Up to now, few studies concerning the photopolymerisation

process and its impact on the local mechanical properties of

the hybrid sol–gel materials have been done:30 It has been

shown that strong interactions exist between the inorganic

network structure and the polymerisation of the organic

component. Furthermore, the condensation of the silicate

backbone can enhance the conversion of organic reactive

functions. The most surprising result is the role played by
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the titanium alkoxide in the photopolymerisation process

and on the surface properties of the corresponding photo-

polymerised films: titanium components participate to the

photochemical process, lead to the formation of active

radical species that counterbalance the well known inhibi-

tion effect of O2 in radical polymerisation. They are involved

in a surface becoming more hydrophilic, as demons-

trated by atomic force microscopy (AFM) in pulsed force

mode.31

As regards to the role of zirconium alkoxides on the

photopolymerisation process in hybrid sol–gel materials, no

further study has been conducted. Some papers proved that

zirconium alkoxides could be used such as thermal poly-

merisation initiators32,33 but the catalytic effect of zirconium,

under air conditions, in UV photopolymerisation, and the

coupling reaction with radicals were not investigated.

In this context, the present study focuses on the effect of

zirconium propoxide on the photochemical reactions and the

film surface modifications under UV light. A relation between

the photopolymerisation of the cured films and the local

mechanical properties under different atmospheres and for

various zirconium alkoxides ratios was established. Real-time

Fourier-transform infrared spectroscopy, coupled with AFM

in pulsed force mode30,34 allowed to correlate the conversion

of reactive functions to local mechanical characterisation of

the cured samples. Finally, a mechanistic approach concerning

the reaction between zirconium propoxide and oxygen was

carried on by laser flash photolysis.35

Experimental

Sol–gel materials

Sol preparation. The synthesis of the sol–gel matrix was

based on the formation of a stable and homogeneous sol

obtained from the mixture of a photosensitive organi-

cally modified silane, 3-methacryloxypropyltrimethoxysilane

(MAPTMS, AssayB99%, Aldrich), zirconium(IV) n-propoxide

(Zr(OPr)4, Assay B70% in propanol, Aldrich) and metha-

crylic acid (MAAH, C4H6O2, Assay 498%, Aldrich). The

difference in reactivity between these alkoxides implies a three-

step process as sketched in Fig. 1. MAPTMS (3 g, 12 mmol)

was first pre-hydrolysed with an aqueous solution (0.16 mL,

0.1 M HCl), employing a 1 : 0.75 water to alkoxide ratio. As

MAPTMS and water are not miscible, the hydrolysis was

performed in a heterogeneous manner. After 20 min stirring,

the production of methanol became sufficient to allow the

miscibility of all species introduced in solution. To control

the hydrolysis–condensation of Zr(OPr)4, MAAH was used to

covalently chelate the zirconium. This was done by emplo-

ying a stoichiometric molar ratio of chelating agent to the

zirconium alkoxide.

After 45 min of reaction, the pre-hydrolysed MAPTMS

solution was added dropwise to the zirconium complex in

order to avoid any precipitation. The last step consisted in

introducing water (0.3 mL, pH= 7) in the resulting mixture to

perform the hydrolysis of the sols. The final water : alkoxide

molar ratio is 2 : 1 in the sols. The sol was left stirring for

24 h before addition of the photoinitiator, Irgacures 651, a

2,2-dimethoxy-2-phenyl acetophenone36 provided by Ciba

Specialty Chemicals Co. All of the sols contain 2 wt% of

Irgacures 651 (60 mg, 0.23 mmol) with regard to MAPTMS

and all chemicals were used without any further purification.

For the purpose of this study, four mixtures containing

different concentrations of zirconium complex were investi-

gated. The molar ratio MAPTMS/Zr as well as the charac-

teristics of these formulations are listed in Table 1. In addition,

a sol without any zirconium complex was prepared as

reference.

Hybrid film photopolymerisation

The sol–gel material was coated onto silicon substrates

(previously cleaned with ethanol and acetone) and spin-coated

using a Suss Microtec Delta10TT spin-coater. A spinning rate

of 1000 rpm during 30 s allowed to prepare films with a

thickness of 11–12 mm, which is suitable for RT-FTIR and

pulsed force mode characterisations. The liquid films were

then polymerised under UV irradiation in order to obtain a

dry coating.

Characterisation methods and procedures

UV-visible. The UV-visible absorption spectra (200–800 nm)

of the photosensitive sols were obtained using a Beckman

DU-640 Spectrophotometer. Formulations were filled into a

500 mm path cell.

Real-time Fourier-transform infrared spectroscopy. The

kinetics of the radical photopolymerisation of the sols were

followed by real-time Fourier-transform infrared spectro-

scopy. This technique is sensitive, non-destructive and usually

used to monitor structural and compositional changes.37,38Fig. 1 Sol–gel synthesis of the photosensitive hybrid sols.

Table 1 Composition of the photosensitive hybrid formulations

Molar ratio

Material Sol 1 Sol 2 Sol 3 Sol 4

MAPTMS 10 10 10 10
Zr(OPr)4 — 1 2 4
MAAH — 1 2 4
H2O 20 20 20 20
Irgacures 651 0.2 0.2 0.2 0.2
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The infrared absorption spectra were recorded by a FTIR

spectrometer (model Vertex 70, Bruker) with a resolution of

4 cm�1. All the infrared experiments described in this study

were performed at room temperature with UV light emitted by

an Hg–Xe arc source (Hamamatsu L8222-01) equipped with a

waveguide. The intensity of the UV light was adjusted to

83 mW cm�2. The infrared analysis was carried out both under

atmospheric and laminated conditions (a polypropylene film

was put on the top of the photosensitive layer).

The progress of the polymerisation of the organic compo-

nent was determined by monitoring the decrease of the

1636 cm�1 band corresponding to the CQC bond of the

methacrylate function of the MAPTMS precursor. After base-

line correction, the conversion ratio wc of the functional group
can be calculated after measurement of the absorbance at each

time of the reaction as follows (eqn (1)):

wcð%Þ ¼
A1636

0 � A1636
t

A1636
0

� 100 ð1Þ

where wc is the conversion ratio of these reactive functions at

time t, A0 is the initial absorbance (before UV irradiation) and

At is the absorbance of the functional groups at time t.

The rate of polymerisation (Rp) can be easily determined at

any stage of the reaction from the slope of the kinetic curve

dwc/dt and the initial concentration of the photoreactive group

([M0] in mol l�1) (eqn (2)):

Rp ¼
½M0�
100

dwc
dt

� �
ð2Þ

29
Si nuclear magnetic resonance spectroscopy.

29Si NMR

study was performed on a Bruker MSL 400 spectrometer.

Liquid 29Si NMR experiments (79.48 MHz) were recorded at

room temperature (293 K). T1 measurements made on the

unhydrolysed monomers show that 15 s recycle delay time and

a 6.6 ms-pulse duration (p/4 excitation pulse) were sufficient for

quantitative measurements. Sols, introduced in a 8-mm tube,

were inserted into a 10-mm tube containing CDCl3 as an

internal lock and tetramethylsilane (TMS) as a reference.

The chemical shifts were given in parts per million (ppm)

relative to TMS. Sixty-four scans were accumulated for each

spectrum. 29Si NMR spectra modeling was done with the

Winfit program39 to estimate the species distribution. Chemi-

cal shift of Si is directly linked to the close environment of the

Si atom. In the case of trifunctional alkoxysilanes R–Si(OR0)3,

the chemical shifts of silicium range between �30 and

�70 ppm. In this range, four groups corresponding to the

different environments of the silicium are observed. The con-

ventional Tn notation, where T represents a silicon atom and n

the number of bridging oxygen atoms is used to describe the

inorganic network of hydrolyzed and condensed monomers.

According to this notation, T0 represent monomeric groups,

T1 end groups of chains, T2 middle groups in chains or cycles

and T3 fully branched sites.

Atomic force microscopy/pulsed force mode. Photopoly-

merised films were investigated by atomic force microscopy

(AFM). The atomic force microscope was a PicoPlus from

Molecular Imaging. The pulsed force mode was provided by

an external unit from WITEC Company. The tips were

Silicon-FM Pointprobes from Scientec-Nanosensors with a

resonant frequency at ca. 70 kHz (force constant: 2 N m�1).

The pulsed force mode controller introduces a sinusoidal

modulation of the z-piezoelectric transducer (Z-PZT) with

an amplitude of typically 10–500 nm at a user-selectable

frequency between 100 Hz and 2 kHz (which is far below the

resonance frequency of the cantilever) to bring the tip in and

out of contact with the sample. The amplitude of oscillation

was adjusted so that the tip was out of contact with the sample

at the lowest point of the oscillation and reached a defined

maximum deflection at the highest point of the oscillation. In

this study, the pulsed force mode signal throughout a cycle

was recorded via a PC acquisition card. It is a non-resonant

mode designed to allow approach curves to be acquired along

the scanning path. It thereby provides the topography of the

sample and extends the possibilities of the prevalent contact

and intermittent-contact AFM modes to a direct and simple

local characterisation of adhesion and stiffness. The theo-

retical background concerning pulsed force mode measure-

ments is well described in previous papers.30,31,34 The signal

was recorded in different locations of the samples in order to

get an average response within the whole surface. From the

slope of the signal, information on the stiffness and adhesion

of the film can be collected. Sols with different Si : Zr ratios

were characterised and compared.

Laser flash photolysis set-up. It has been recently shown that

laser flash photolysis was suitable for the direct observation of

peroxyl radicals40 (ROO�) resulting from the interaction of

radicals (R�) generated upon UV irradiation to oxygen. The

experimental procedure requires the formation of tert-butoxyl

radical (B) from the irradiation of di-tert-butyl peroxide (A) at

355 nm (Fig. 2). This radical reacts with triethylamine (TEA,

C) to generate an aminoalkyl radical (TEA�, D). The ami-

noalkyl radical leads in presence of O2 to the peroxyl radical

TEA-O2
� (E), which exhibits a very long lifetime (4 ms) and

absorbs at 380 nm. Therefore, laser flash photolysis was used

to investigate the interactions between peroxyl radicals formed

during the irradiation of the hybrid sol gel material and the

zirconium complex. The absorbance decay of the peroxyl

radicals was followed at 380 nm.

Fig. 2 Procedure for the production of peroxyl radicals in an oxygen-

saturated solution: (A) di-tert-butyl peroxide, (B) tert-butoxyl radical,

(C) triethylamine, (D) aminoalkyl radicals, (E) adduct product.

2272 | New J. Chem., 2008, 32, 2270–2278 This journal is �c The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2008
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The nanosecond transient absorption setup working at

355 nm is based on the nanosecond Nd:YAG laser (Powerlite

9010, Continuum) operating at 10 Hz with an energy

decreased down to 7 mJ pulse�1 at 355 nm as the excitation

laser. This system (LP900, Edinburgh Instruments) used a

450-W pulsed xenon arc lamp, a Czerny–Turner monochro-

mator, a fast photomultiplier, and a transient digitizer (TDS

340, Tektronix). The beam irradiated a 1-cm cell contai-

ning the formulation. Measurements were done at room

temperature.

Computational procedure. Molecular orbital calculations

were carried out with the Gaussian 03 suite of programs.41

The reaction enthalpies (DHr) of the investigated reactions

were determined at UB3LYP/LANL2DZ level (with ZPE

correction).

Results and discussion

Influence of the MAPTMS : zirconium complex molar ratio

Structure of the inorganic network. The structural evolution

of the inorganic part of the different formulations, at room

temperature, was first investigated by Fourier-transform infra-

red spectroscopy and silicium nuclear magnetic resonance

spectroscopy (29Si NMR) in the liquid state, which is also an

appropriate technique to describe the condensation state of the

silicate network. The chemical control of metal transition

alkoxide hydrolysis and condensation reactions was achieved

by complexation with a carboxylic acid (MAAH) that

promotes the preparation of stable, uniform and transparent

sols. Under the stoichiometric molar ratio between Zr(OPr)4
and MAAH used in this study, there are still some free

zirconium propoxide molecules in the sols. Fig. 3 exhibits an

overview of the infrared spectra of the sols spin-coated onto

the silicon wafer before the UV irradiation. The vibration

band corresponding to Zr–OPr bond can be identified in sols

2–4 at 1006 cm�1 showing that hydrolysis of free Zr(OPr)4 is

limited. A broad band at 3425 cm�1 and a band at 910 cm�1

can be identified and are attributed to the presence of free

silanols42,43 (n(Si–OH)). These band absorbances are twice as

high in sol 1 (without Zr(OPr)4) compared to the other sols.

The broad band between 1000 and 1150 cm�1 corresponds to

the –Si–O–Si– asymmetric stretching.44 For sols 2, 3 and 4, this

band appears larger and the corresponding peak absorbance is

higher than in sol 1.

These results clearly demonstrate that inorganic network is

more condensed in Zr(OPr)4/MAAH containing sols. 29Si

NMR results (Fig. 4) confirm the trend observed with FTIR:

for sol 1, the percentage of T1 and T2 species are, respectively,

58 and 42% whereas in sol 4, T1 species totally disappear and

only T2 (24%) and T3 (76%) species remain.

The addition of Zr(OPr)4 /MAAH complex contributes to a

rapid consumption of the silanol group (Si–OH), resulting

from the hydrolysis of MAPTMS, and the creation of siloxane

bonds, as a consequence of the condensation of MAPTMS.

Fig. 5 displays the influence of the MAPTMS : zirconium

molar ratio on the frequency characteristics of the Zr(OPr)4/

MAAH complex. Vibration bands were identified at 1580,

1550 and 1460, 1427 cm�1 for the antisymmetric and sym-

metric stretching frequencies45 of the MAAH acetate group,

respectively. According to the MAPTMS : zirconium molar

ratio, different coordination modes can be adopted by the

carboxylate ligands (monodentate, bidentate bridging and

Fig. 3 Overview of the infrared spectra of the different formulations

spin-coated onto silicon wafer with (A) sol 1, (B) sol 2, (C) sol 3 and

(D) sol 4. Sols are aged for 1 day at room temperature.

Fig. 4 Liquid 29Si NMR spectra of (A) monomer MAPTMS, (B) sol

1 and (C) sol 4 after 24 h ageing at room temperature.

Fig. 5 Influence of the MAPTMS : zirconium complex molar ratios

on the frequency vibration mode characteristics of the zirconium

propoxide/MAAH complex at room temperature: (A) sol 1, (B) sol

2, (C) sol 3 and (D) sol 4. Sols are aged for 1 day at room temperature.

This journal is �c The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2008 New J. Chem., 2008, 32, 2270–2278 | 2273
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bidentate chelating). As reported in some studies,46,47

methacrylic acid is bonded to zirconium atom as a bidentate

chelating ligand and the frequency difference between

n(COO)asym and n(COO)sym is 100 cm�1. For sol 2, two bands

appear at 1580 and 1550 cm�1 but only the one at 1580 cm�1

disappears by increasing zirconium propoxide concentration.

According to these results, MAAH can adopt three coordina-

tion modes in sol 2, namely monodentate, bidentate bridging

and bidentate chelating. For both sols 3 and 4, it is likely that

all methacrylate groups are in a chelating or bridging

coordination mode.

It can be also noticed that the hydrogen-bonded interactions

between the acrylate carbonyl group and the acidic silanol

group,43 expressed by a shoulder at 1700 cm�1, decreases from

sol 1 to sol 4 as the consequence of the increased condensation

of the inorganic network.

Kinetics of photopolymerisation and characterisation of the

cured films by pulsed force mode. Low molecular weight

organoalkoxysilanes R0Si(OR)3 used as precursor for the

sol–gel reaction allow to produce a liquid organic-based

polysiloxane network at the end of the maturation time

(24 h). After this preliminary step, sols coated onto substrates

were exposed to UV irradiation in order to obtain a final

dry-coating. This subsequent photopolymerisation affords a

solid cross-linked organic–inorganic system.

Kinetics of photopolymerisation for the different photosen-

sitive formulations are reported in Fig. 6. Table 2 displays

both the final conversion ratio and the surface characteristics

of these films for different irradiation times.

These results demonstrate that the final conversion ratio is

almost independent of the presence of zirconium propoxide. In

all cases, after 510 s irradiation, a conversion ranging from 50

to 60% was reached, which is in good agreement with the data

already reported in the literature.23,24 The decrease in poly-

merisation rate from sol 1 to sol 4 is attributed to the decrease

in photoinitiator concentration in the formulations. Indeed, an

UV absorption difference appears between sol 1 and sol 4 in

the Irgacures 651 absorption region: the optical density of

sol 1 is almost twice as high than in sol 4. This difference can

be explained by a dilution effect of a factor 1.8 of the

photoinitiator.

Photopolymerised films were investigated by atomic force

microscopy in pulsed force mode for different illumination

times (15, 200 and 510 s).

Interestingly, the pulsed force mode response of the films

after 510 s irradiation (end of the kinetic study) was found to

strongly depend on the content of the Zr(OPr)4/MAAH

complex (Fig. 7).

For sol 1, a signal very different from the typical pulsed

force mode response was recorded. Such a signal corresponds

to a very soft and sticky surface and characterizes a surface

with very low polymerisation. The greater amplitude of the

signal is thus not significant. This result is in accordance with

the observation of a tacky surface. The addition of Zr(OPr)4,

even at low content, allows switching to a non-sticky surface,

as demonstrated by the pulsed force mode signal. It is worth

noting that the polymerisation process is not characteristic of

the global conversion ratio of the whole layer determined by

infrared spectroscopy. Even if the final conversion ratios of the

investigated sols range between 52 to 62% (for 510 s

Fig. 6 Photopolymerisation kinetics of the different formulations

under atmospheric conditions at room temperature: (A) sol 1, (B)

sol 2, (C) sol 3 and (D) sol 4.

Fig. 7 Pulsed force mode signals of the cured films after 510 s

irradiation at room temperature: (A) sol 1, (B) sol 2, (C) sol 3 and

(D) sol 4.

Table 2 Final conversion ratio (%) of the different formulations after 15, 200 and 510 s irradiation under atmospheric conditions, at room
temperature, and surface characterisation of the cured samples as determined by atomic force microscopy in pulsed force mode

Sol 1 Sol 2 Sol 3 Sol 4

Irradiation
time (s)

Final
conversion
ratio (%)

Surface
characterization

Final
conversion
ratio (%)

Surface
characterization

Final
conversion
ratio (%)

Surface
characterization

Final
conversion
ratio (%)

Surface
characterization

15 48 Tacky 32 Tacky 25 Tack free 18 Tack free
200 57 Tacky 49 Tack free 48 Tack free 42 Tack free
510 55 Tacky 62 Tack free 59 Tack free 52 Tack free

2274 | New J. Chem., 2008, 32, 2270–2278 This journal is �c The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2008
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illumination time), the polymerisation process at the surface of

the film can be highly inhomogeneous due to the presence of

oxygen that inhibits the radical polymerisation and leads to a

gradient of conversion within the film.

The same trend in pulsed force mode response was observed

for 200 s irradiation time. The approach of the atomic force

microscopy tip to the surface was not even possible for sol 1

because the surface remained liquid provoking a crash of the

tip due to the capillarity force. The adhesion peak becomes

stronger when the content of Zr(OPr)4 increases. This result

can be attributed to the presence of Zr(OPr)4 that leads to an

increase in condensation of the inorganic backbone in which

Si–O–Zr bonds can be formed.48,49 Since these bonds are

known to be relatively unstable,48 Si–OH and Zr–OH bonds

can be generated during irradiation, under atmospheric con-

ditions, giving rise to a more hydrophilic surface responsible

for greater adhesion.

For the pulsed force mode signals after 15 s irradiation

(Fig. 8), sols 3 and 4 exhibit a tack free surface although the

conversion ratio does not exceed 25%. It appears that there is

a limitation of the oxygen inhibition at the film surface for

Zr(OPr)4 formulations. Interestingly, the adhesion is higher

for 15 s than for 200 or 510 s. In this case, the indentation

depth is greater for low irradiation time due to the lower

reticulation of the organic network. In consequence, the pull

off force is more important since the contact surface between

the tip and the surface increases.

Influence of the atmosphere on the pulsed force mode signals and

photopolymerisation

Due to the fast diffusion of oxygen from the atmosphere,

inhibition of the polymerisation is the most pronounced at the

surface of the photosensitive film. Therefore, it was interesting

to compare the pulsed force mode response of the films

photopolymerised under air atmosphere and laminated con-

ditions as a function of the MAPTMS : zirconium complex

ratio. Laminated conditions avoid diffusion of atmospheric

oxygen within the sample and were achieved by putting a

polypropylene film (also transparent to the UV radiation in

the considered IR range) on the top layer of the liquid film.

Fig. 9 displays the photopolymerisation kinetics of both sols

(1 and 4) under air and laminated conditions and Fig. 10

presents the pulsed force mode response. Table 3 summarises

the corresponding final conversion ratios and the

polymerisation rates.

For sol 1, the results are in accordance with those obtained

for all organic formulations.23,24 Indeed, in a laminated sol,

the final conversion rate reaches 83% and drops to 55% under

atmosphere conditions. The free radicals created from the

photolysis of Irgacures 651 at room temperature, under air

conditions, are not efficient enough to counterbalance the

oxygen inhibition and the initiating process is reduced. The

polymerisation rate in sol 1 is effectively more important in a

laminated sol. More surprisingly are the results for sol 4. There

is no significant increase in Rp/[Mo] for the laminated film in

comparison with the air-cured film. In addition, the

Fig. 8 Pulsed force mode signals of the cured films after 15 s

irradiation at room temperature: (A) sol 2, (B) sol 3 and (C) sol 4.
Fig. 9 Photopolymerisation kinetics of (A) sol 1 in laminated condi-

tion, (B) sol 1 under air condition, (C) sol 4 under air condition and

(D) sol 4 under laminated condition at room temperature.

Fig. 10 Pulsed force mode response of the cured films, after 510 s

irradiation, corresponding to: (A) sol 1 in laminated condition, (B) sol

4 in laminated condition and (C) sol 4 under air condition.

Table 3 Rate of polymerisation (Rp/[Mo] in s�1) and final conversion
ratio (%) of sols 1 and 4 after 510 s irradiation under laminated and
atmospheric conditions

Sol 1 Sol 4

Air Laminated Air Laminated

Rp/[Mo] (�100 s�1) 30.5 42 1.6 2.4
Final conversion ratio (%) 55 83 47 50
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polymerisation rates in sol 4 (laminated or air condition) are

15 to 20 times lower those in sol 1. Further, the final conver-

sion ratios in both laminated and air formulations are similar

(around 50% after 510 s irradiation).

The results of pulsed force mode experiments (Fig. 10) seem

to demonstrate a significantly different reactivity towards

oxygen linked to the presence of zirconium complex. Poly-

merisation of sol 1 under laminated conditions leads to pulsed

force mode signals that correspond to a well-crosslinked

surface. It is interesting to note the presence of adhesion of

the film, which can be interpreted by the hydrophilic proper-

ties of the hybrid film due to the Si–OH bonds.

The photopolymerisation of laminated sol 4 film as expected

produced a well-crosslinked surface. However, its adhesion is

low. On the contrary, under atmospheric conditions, the

adhesion peak increases. These results tend to demonstrate

that the origin of the hydrophilic properties of the film is

linked to an interaction between the zirconium complex and

the atmosphere.

Mechanistic approach of zirconium effect for polymerisation

under air

The tacky surface is attributed to the reaction of O2 with the

initiating and propagating radicals that form peroxyl radicals.

These latter are unreactive toward double bonds and so the

polymerization is inhibited. As regards to the photopoly-

merisation and pulsed force mode results, the addition of

zirconium complex leads to tack-free surface after photopoly-

merisation under atmospheric conditions. It seems that a

mechanism involving these species contributes to reduce O2

inhibition at the sample surface. With a stoichiometric ratio

between Zr(OPr)4 and MAAH, some zirconium propoxide

molecules are expected to be free in formulations and the

following mechanistic approach only considers such zirconium

propoxide molecules. At first glance, this effect may be attri-

buted to the reaction of zirconium complex with peroxyl

radicals. In order to confirm this hypothesis, the reactivity of

an observable peroxyl radical formed from an aminoalkyl

radical (TEA-O2
�) was studied by laser flash photolysis. This

is a technique which involves the observation, through absorp-

tion or emission, of an excited state generated by an intense

pulse of laser radiation.35 At a given wavelength, using a fixed

time window, the evolution of the absorbance of the short-

lived intermediates can be examined. Photochemical phenom-

ena such as quenching reactions of transients lead to the

comprehension of photophysical mechanisms.

Fig. 11 exhibits the reaction of the peroxyl radicals

TEA-O2
� by addition to the zirconium complex. Experiments

were conducted in the presence of a small amount of propanol,

which is the solvent of Zr(OPr)4. This compound does not

interfere with the mechanism depicted in Fig. 12. Indeed, the

reaction rate between peroxyl radicals and a proton resulting

from H abstraction on propanol is very slow. Therefore, it

cannot compete with the proposed mechanism.50

Addition of Zr(OPr)4/MAAH complex drastically affects

the observed peroxyl kinetics: both the quantum yield and the

lifetime of TEA-O2
� strongly decrease. Through a Stern–

Volmer treatment (eqn (3)) of the peroxyl lifetime vs.

zirconium complex concentration, an ‘‘apparent’’ quenching

rate constant of 1.6 � 103 M�1.s�1 can be obtained:

t0
t
¼ 1þ kqt0½Q� ð3Þ

where t0 is the lifetime (s) of the exited state in the absence of

the quencher Q (zirconium complex) and kq the quenching rate

constant (M�1 s�1).

This result is in agreement with the studies by Brindley

et al.51 on autoxidation of alkylzirconocenes of the type

Cp2ZrR2 and Cp2Zr(R)X (Cp = p-cyclopentadienyl; R =

methyl, benzyl or substituted benzyl; X = Cl or Br). It

highlights that zirconium propoxide reacts with peroxyl

radicals (resulting from the photoinitiator photolysis or grow-

ing chains) to give pentavalent alkoxides. These intermediate

species lead, through molecular rearrangement, to the forma-

tion of PrO�, which are initiating species for the radical

polymerisation. PrO� can also abstract hydrogen atoms to

create R0� radicals that initiate a new chain reaction.

It should be mentioned that addition rate constants onto

acrylate bonds are usually very low for peroxyl radicals and

much higher for RO�. In light of these results, a general

mechanistic approach between Zr(OPr)4 and oxygen can be

developed. This mechanism is described in Fig. 12.

In order to confirm this mechanism, molecular orbital

calculations were carried out and simplified by replacing

Zr(OPr)4 by Zr(OEt)4. When considering the geometry opti-

mization of ROO�Zr(OEt)4 through quantum mechanical

calculations, the direct formation of the oxide ROO–Zr(OEt)3
+ EtO� in Fig. 12 is observed. This shows that the cleavage

process in this adduct radical is fast. Therefore, application of

Fig. 11 Kinetic decays observed at 380 nm for TEA-O2
� in a O2

saturated solution of hexane–di-tert butyl peroxide (50 : 50 wt%) after

the addition of, respectively 50, 350 and 950 ml of zirconium complex.

Fig. 12 Mechanistic approach between RO2
� and zirconium

propoxide; R is an organic group.
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the mechanism from the model to the sol–gel system is

possible. This model of reaction is one of the possible routes

for the mechanistic reactions in sol–gel materials. However,

other species (water, methanol,. . .) can affect the process and

other radical reactions could be involved.

Conclusion

In this paper, atomic force microscopy in pulsed force mode

coupled to real-time Fourier-transform infrared spectroscopy

was successfully used to obtain information on surface

chemical changes occurring during the free-radical photo-

polymerisation of hybrid sol–gel films containing metal

alkoxides.

The pulsed force mode response was found to strongly

depend on the Zr(OPr)4/MAAH complex content: for the

non-doped film, a signal corresponding to a very soft and

sticky surface was reached. Addition of zirconium complex,

even at low concentration, allows switching to a well-

polymerised surface. It was demonstrated that the significantly

different reactivity of the photopolymerisation to molecular

oxygen, which is known to be a strong inhibitor, is linked to

the presence of zirconium complex. One of the possible routes

for the mechanistic reaction in sol–gel materials, under atmos-

pheric conditions, has been proposed: radicals induced under

UV irradiation react with O2 to form peroxyl radicals, which

add to Zr to form a ROO�Zr(OR)4 complex. In a further step,

ROO� are converted into RO� that acts as initiating species for

free-radical induced photopolymerisation. This paper empha-

sizes a new method to reduce the detrimental effect of atmos-

pheric oxygen in radical induced photopolymerisation. Since

Zr(OPr)4 acts on both the inorganic and the organic polymeri-

sation, it is an attractive alternative compared to the conven-

tional routes52 involved to overcome O2 inhibition and that

usually consist of (a) adding a protective cover, (b) deactiva-

ting the irradiation setup with CO2 or N2, or (c) using specific

oxygen scavengers such as amines or thiol compounds.

The approach developed in this paper can be assumed as

general for radical induced polymerisation processes and will

be developed in further studies.
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24 O. Soppera and C. Croutxé-Barghorn, J. Polym. Sci., Part A:

Polym. Chem., 2003, 41, 831–840.
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