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Structural studies on an ORMOCER system 
containing zirconium 
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The modified precursor Zr(nOPr)3OOMc (McOOH =methacrylic acid) has been successfully 
used to synthesize organically modified ceramics (ORMOCERs) via a sol-gel process and via 
ultraviolet (u.v.) curing. The precursor and the ORMOCERs were investigated by the 
measurement of X-ray absorption fine structure (XAFS) and by electron microscopy. A model 
for the structure of the precursor is proposed. In the case of the inorganic synthesis of the 
ORMOCER~ a first indication of a bond of the type Zr-O-Si was found. 

1. Introduction 
New quality standards in materials science can be set 
by combining organic and inorganic materials on a 
molecular level. To avoid high temperatures in the 
manufacture of these hybrid materials, a sol-gel pro- 
cess was envisioned as a possible route [1]. Partially 
hydrolysing alcoholic solutions of metal alkoxides 
leads to a sol which eventually condenses to a gel. The 
resulting material (ORMOCER, organically modified 
ceramic [2]) proved to have a rich potential for future 
applications. Indeed it was found that while the 
sol-gel process was an inorganic route of forming an 
inorganic-organic material organic links could also 
be sought via unsaturated organic ligands attached to 
the metal alkoxides. Therefore a model system was 
chosen (Fig. l) which enabled both of the above ap- 
proaches to be studied. This model system also has 
practical importance as it forms the base system for a 
scratch-resistant varnish [3]. With some alterations it 
can also be appfied to protect historic stained-glass 
windows [4]. 

To picture the structural differences using the in- 
organic route via the sol-gel process or the organic 
route via u.v.-irradiation, scanning transmission elec- 
tron microscopy (STEM) and X-ray absorption spec- 
troscopy (XAFS) were chosen as methods of probing 
the samples. 

One of the earliest theories about the structure of 
metal alkoxides was advanced in 1958 by Bradley [5]. 
He predicted a trimeric structure for all zirconium 
tetra-alkoxides. This was confirmed for Zr(OPr)4 in 
benzene, whereas in iPrOH Bradley found dimers to 
be the smallest units. The latter was explained by the 
formation of a complex between the alkoxide and the 
solvent: Zr(iOPr)4iPrOH [6]. An interesting question 
to answer is how the formation of the complex and the 
subsequent reaction with the silicon compound alters 
the zirconium compound. 

2. Experimental  s ec t ion  
2.1. S a m p l e s  
Referring to Fig. 1, zirconium n-propoxide (Zp), pur- 
chased from Hills AG as a 2.2 M solution of Zr("OPr)4 
in n-PrOH, was reacted with methacrylic acid 
(McOOH) in a molar ratio. Care was taken that the 
temperature during the forming of the complex, did 
not rise by more than 10 degrees. McO O H  allowed 
the controlled hydrolysis of the metal alkoxide and 
u.v. Curing of the system at the 'same time. Because it 
was not possible to react vinyltriethoxisilane (VTEOS) 
with Zp via the sol-gel route or to use vinyltrimeth- 
oxisilane (VTMOS) for u.v. curing, the system had to 
be slightly modified for the two routes (Fig. 1). 

In the first case, the Si-component (VTMOS) was 
partially hydrolysed by adding water and the catalyst, 
methylimidazol (MI), in a molar ratio of 1 : 1.5:0.1 and 
stirred until the mixture became clear, then it was 
added to the complexated Zp. The sol started to gel 
and resulted in a transparent monolith within two 
days. Without losing transparency, the molar ratio of 
Zr :Si  could be varied from 0:1 upto 1:1. For this 
study, an ORMOCER with the composition Zr:Si  
= 2:5 is shown. 

Following the organic route, the Si-compound 
(VTEOS) was added together with a radical initiator 
( IRGACURE 184) to an equivalent of the com- 
plexated Zp. The mixture was then applied to a glass 
slide and irradiated under nitrogen by two u.v. light 
bulbs (LOCTITE UVA 1000) to avoid the entry of 
moisture. 

2.2. XAFS 
X-ray absorption measurement at the Zr K edge was 
performed on beam-line R6M01 using synchrotron 
radiation delivered by DESY (Hamburg). The energy 
of the electrons in the beam was 5.3 GeV and the 
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Figure 1 Schematic description of the inorganic (sol-gel) and or- 
ganic (u.v. curing) modes of synthesizing mixed organic-inorganic 
hybrid materials (ORMOCERs). (McOOH = methacrylic acid, 
VTEOS = vinyltriethoxisilane, VTMOS = vinyltrimethoxisilane, 
IRG 184 = IRGACURE 184, and MI = methylimidazol). 

stored current varied from 50 to 20 mA. The X-ray 
beam was monochromated by a (3 1 1) Si double- 
crystal monochromator  and detected with ionization 
chambers filled with nitrogen gas. 

The solutions were kept in steel cells containing two 
Kapton windows, which were sealed against moisture 
(Kapton 120 F 612, 25 g, DuPont  Electronics). The 
thickness of the cell was adjusted to cause a jump of 
gx ~ 1.5 at the Z r - K  edge in the XAFS spectra. The 
solid samples were grained under nitrogen and filled 
into a steel block also sealed with Kapton windows. 
The absorption was, in this case, adjusted by mixing 
the substances with boro nitride. 

The energy interval of 17.85-18.90 keV was scanned 
in such a way as to give an average resolution in 
k-space of 0.5 nm-  1. For  each run ( ~ 12 min) the 
energy was rescaled taking the maximum of the first 
derivative for the edge (17.998 keV). The spectra were 
deconvoluted using a Gaussian monochromator  res- 
olution function with a half-width of 7.5 eV and the 
algorithm of Sauder [7]. The width was estimated by 
measuring the width of the edge. Following the stand- 
ard procedure [8], the pre-edge was subtracted using 
an apt victoreen function. The continuous absorption 
background, go, was calculated using a smoothing 
spline technique [9]. Without weighting the data 
points, good results were obtained with a smoothing 
factor, SM, of 50 %. A smoothing factor of 100 % was 
defined by fitting a straight line. At this stage several 
runs were averaged to improve the signal-to-noise 
ratio. Estimating the experimental error on the basis 
of shot noise only results in a ratio of better than 
10000:1 for the raw data. 

The near-edge fine structure (NEXFS) was simply 
plotted and compared, since no exact theory currently 
exists. From the normalized and k3-weighted fine 
structure (EXAFS extended X-ray), structural in- 
formation was extracted using the computer program 
EXCURV'90 [!0]  with rapid curved-wave theory 
[11]. The mean free path of scattered electrons was 
calculated from the imaginary part of the potential 
(VPI = - 4 eV), the amplitude-reduction factor was 
fixed at 0.8 and an overall energy shift was introduced 
to best fit the data (AE o = 24-26 eV). 

2.3. STEM 
Supplementing a conventional scanning transmission 

electron microscope (Philips, CM 12) with a cryogenic 
sample holder (Gatan, type 626) allowed frozen liquids 
( - 160 ~ to be viewed in the vacuum of the electron 
microscope. To prepare the samples, a closed-environ- 
mental cell was constructed following the ideas of 
Bailey et al. [12]. Inside it, a copper grid coated with a 
holey carbon film (Plano, S-166) was inserted into the 
liquid sample and then blotted, to leave only a very 
thin film of the sample on the grid ( ~ 100 nm). The 
grid was then plunged into liquid propane which was 
cooled by liquid nitrogen. 

Using an energy dispersive spectroscopy (EDX) 
detector (EDAX, PV 9800) in addition, the chemical 
composition of the sample was analysed. Subtracting 
the background and relating the peak area of the 
Zr-K~ line to the area of the SiK~ line at various spots 
(qb = 7.5 nm) along a line through a particle resulted in 
a line scan of the elemental distribution of that particle 
(qb ~ 300 nm). 

3. Resul ts  and discussion 
3.1. Zirconium n-propoxide (Zp) 
Fig. 2a gives an experimental EXAFS spectra k3[x(k)] 
of Zp. The Fourier transform of the signal shows the 
phase-corrected radial distribution function (Fig. 2b). 
Using a minimum of six shells, the EXAFS spectra can 
be simulated by a dimeric model (Fig. 4). With less 
shells, there was no success in reproducing the EXAFS 
spectra and the radial-distribution function simultan- 
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Figure 2 (a) (--) Normalized EXAFS spectrograph, kaD~(k)], versus 
k (nm 1), of a solution ofZr  ("OPr)4 in n-HOPr compared with ( 0 )  
a theoretical model using six shells, and (...) the filtered experi- 
mental EXAFS results. The latter were generated using a Gaussian 
window: e x p { -  0 . 5 [ ( R -  0.3)10] 2 nm -2} in R-space. (b) Phase- 
corrected Fourier transform (FT) of (a) and the Gaussian window: 
(--) experimental, ( 0 )  six shells, ( - - . - - )  Gaussian curves. 
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eously. The discrepancies between the experimental 
and theoretical spectra in the range 30-50 nm-  1 and 
70-90 nm-  1 may be attributed to the atomic EXAFS. 
The latter is responsible for the signal at low R-values 
( < 0.15 nm) in the radial-distribution function. These 
signals can only be separated by Fourier filtering (with 
a Gauss• window from 0.1 to 0.5 rim). The back- 
transformed EXAFS function is in excellent agree- 
ment with the theoretical-model function. 

By normalizing and weighting the EXAFS spectra, 
the signal-to-noise ratio for high k-values is much less 
favourable. In Fig. 3a the effect of the outer shells is 
compared to the noise level. A subdivision of the outer 
shells into two carbon and one zirconium shell is not 
advisable since the various contributions partially 
cancel each other. This can clearly be seen in R-space 
if the zirconium shell is omitted in the model function 
while the other shells are left unchanged (Fig. 3b). 

The fitting results are given in Table I. The findings 
can be fully explained if it is assumed that the oxygen 
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Figure 3(a) (--) Normalized-EXAFS k3x(k) versus k (nm -1) of a 
solution of Zr("OPr)4 in n-HOPr (as in Fig. 2a) compared with 
( 0 )  a model function (diff), of the three outer shells only (two 
carbons, one zirconium), ( - - . . . . - - )  an estimated weighted noise. (b) 
Fourier transform of (--) the experimental EXAFS in (a) compared 
with ( + ) a model function in which the zirconium shell has been 
omitted, to show the effect of interference. 

of the alkoxide bridge is positioned asymmetrically 
between the two zirconium atoms (cf. Fig. 5). Though 
only a dimeric model is needed it cannot be dis- 
tinguished from a trimer because the co-ordination 
numbers are rather  vague. Firstly, they cannot be 
taken as absolute numbers because of the uncertainty 
in the amplitude-reduction factor. Secondly, they are 
too strongly correlated with the Debye-Waller factors 
and the number of shells to be treated separately. 
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Figure 4 Dimeric model for Zr("OPr)4. n-PrOH based on a similar 
model by Vaarstra et al. [6]. For the differences between these two 
models refer to Fig. 5. 
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Figure 5 Construction of the geometry of the bridging alkoxide in 
Zp, based on the distances as they were obtained from EXAFS 
measurements. 

T A B LE  I EXAFS fit parameters for zirconium n-propylate (cf. Fig. 2) found using the computer program EXCURV'90. The errors were 
estimated by comparing the fit parameter for different starting points. For clarity, the back scatterers in the various shells are assigned to the 
ligand they belong to. 

Back Distance Co-ordination Debye-Waller 
scatterer R(pm) number amplitude 

N cr (pro) 

Assignment in Zp-model 

O 194 • 1 2.8 • 0.6 
210 • 2 2.9 • 0.8 
224 • 2 3.2 • 0.4 

C 307 • 2 1.9 • 0.4 
347 • 4 3.7 ___ 0.9 

Zr "348 • 3 1.0 4- 0.4 

4 i 2 Terminal OPr  
5 • 2 Axial/bridging OPr  
9 • 3 Bridging/co-ordinated OPr  

10 i 5 Bridging OPr  
2 ___ 5 Bridging OPr  

6 + 3 Bridging ZrOZr 
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Fig. 6 (a) An image of a 0.6 M solution of Zr("OPr)4 
in n-PrOH taken with an electron microscope at 

- 178 ~ C. An analysis of the size of the particles in 
Fig. 6a gives the distribution in Fig. 6b, with the 
smallest particles having a diameter of about 1 nm. 
Since the phase contrast results from a fluctuation in 
the electron density the locations of the zirconium 
atoms are mostly seen and thus there is a tendency to 
underestimate the size of the particles. We therefore 
propose the smallest units to be dimers or trimers. 

3.2. Complexation of zirconium 
n-propoxide with methacrylic acid 

Although zirconium tetra-acetate was investigated as 
early as 1972 [133, it was not realized until 1987 [14] 

that organic acids might modify the stability towards 
hydrolysis of the metal-alkoxide precursors. 

Zr(OR)4 + McOOH ~ Zr(OR)3(OOMc ) + ROH 
(1) 

Generally there are three possible types of complex: a 
monodental, a bidental and a chelating complex. Ac- 
cording to an infrared measurement, the first type can 
be excluded [15]. 

The EXAFS signal kS[%(k)] and the phase-corrected 
Fourier transform of a solution of complexated Zp are 
shown in Fig. 7. In simulating the signal, a new carbon 
shell had to be introduced, which can only be under- 
stood if the McOOH is assumed to act as a chelating 
ligand. 

Potentiometric titration of the complexation of Zp 
with McOOH at ambient temperature resulted in 
saturation at an uptake of about 1.8 equivalent of 
McOOH [15]. Following the reaction with a vapour- 
pressure osmometer, a steep increase in temperature 
was detected at about the same molar ratio. With 
infrared, the rise in temperature can be correlated with 
the presence of free McOOH. Observations over a 
period of some weeks showed that the free acid reacts 
with the solvent, liberating water by esterification and 
initializing the growth of crystals. Isolating the reac- 
tion compounds, it was found that only a maximum of 
2 mol McOOH per mole Zp can be co-ordinated [15]. 

One could explain this limit by assuming that each 
McOOH increases the co-ordination number of oxy- 
gen around zirconium by one. Such a change in the 
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Figure 6 (a) Cryogenic TEM image of a 0.6 M solution of_Zr("OPr)4 
in n-PrOH at - 178 ~ The dark particles are oligomeric zircon- 
ium-propoxide molecules. (b) Particle-size distribution in a frozen 
solution of Zr("OPr)4 in n-PrOH. The contrast arises from in- 
homogeneities in the electron distribution function. 
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Figure 7 (a) Normalized-EXAFS k a ~(k) versus k (nm-1) of a 
solution of complexated Zp and a model function: (--)  experi- 
mental, and ( 0 )  six-shells model. (b) Phase-corrected Fourier trans- 
form of (a): (--) experimental, and ( 0 )  theoretical results. 
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TABLE II EXAFS•itparametersf•rc•mp•exatedzirc•niumn-pr•py•ate(cf.Fig.7)f•undwithEXCURV'9•.Theerr•rswereestimatedby 
comparing the fit parameter for different starting points. For clarity, the back scatterers in the various shells are assigned to the ligand they 
belong to. 

Back Distance Co-ordination Debye-Waller Tentative assignment 
scatterer R(pm) number amplitude 

N ~ (pm) 

O 191 _+ 2 1.7 __+ 0.6 2 _+ 2 Terminal OPr 
208 _+ 4 3.1 + 0.8 4 + 2 Axial/bridging OPr/OOMc 
221 + 4 3.6 + 0.6 4 _+ 3 Bridging/co-ordinated OPr/OOMc 

C 238 + 3 1.3 + 0.5 5 + 5 Chelating OOMc 
314 _+ 4 0.9 + 0.8 7 + 5 Bridging OPr 
348 _+ 2 5.1 + 1.1 8 + 5 Bridging OPr 

Zr 345 + 3 1.0 + 0.4 5 _ 3 Bridging ZrOZr 

co-ordination number would also explain the ob- 
served changes in the near-edge (NEXFS) region. 

3.3. ORMOCERs conta in ing z i rconium 
If a reaction is postulated for the inorganic route 
leading to a bond of the type Z r - O - S i  a Zr-Si  
correlation in 365-375 pm would be expected accord- 
ing to the angle of the bridge. Since the probing was 
from the Zr side, an excess of the Si compound should 
increase the probability of finding the correlation. If 
on the other hand a linking is postulated of the 
M c O O -  ligand with the vinyl group of VTEOS dur- 
ing u.v. curing, no Zr-Si  correlation is expected before 
R = 550 pro. In Fig. 8 the radial-distribution func- 
tions of the ORMOCERs prepared by an inorganic 
sol-gel route and by an organic u.v.-curing process 
are compared. Since the first reaction is started by 
hydrolysing VTMOS, the resulting ORMOCER is 
denoted by _OHY(VTMOS) whereas the latter 
OR MOC ER  is called _OUV (VTEOS). 

Simulating the spectra and comparing them to the 
spectra of complexated Zp it is found that, in both 
cases, the first six shells were hardly affected by the 
reaction with the silicon component. However, includ- 
ing a seventh shell with Si at a distance of 377 pm then, 
in the case of OHY(VTMOS), the fit index (FI) can be 
slightly improved from 3.57 to 3.55 

1 N X_it-~) 
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Figure 8 Comparison of radial-distribution functions of ORMO- 
CERs prepared: (�9 by an inorganic sol-gel route 
(QHY(VTMOS)), and ( , )  by an organic u.v.-curing process 
(QUV(VTEOS)). 
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Figure 9 Line scan of two grains of the ORMOCER _OUV(VTEOS) 
using the ratio of the ZrK= and the SiK, absorption-peak area of an 
EDX detector. 

(cf. [10]). A similar improvement was not observed in 
the case of the O_ UV(VTEOS). This could be taken as 
a first indication of a bonding of the type Zr -O-S i .  
Both types of ORMOCERs were ground and ana- 
lysed with the EDX detector of the STEM. Analysing 
a line scan (Fig. 9) with an estimated experimental 
error of about 10 %, the composition of each particle 
was found to be more or less uniform. However, the 
composition showed large fluctuations from particle 
to particle. These observations were made on both 
types of ORMOCERs. 

4 .  C o n c l u s i o n  
Inorganic-organic hybrid materials (ORMOCERs) 
can be synthesized by an inorganic sol-gel process or 
by an organic u.v.-curing process. The microstructure 
is influenced by the structure of the precursors and by 
the synthesis route. 

Zirconium n-propoxide (Zp) was found to consist of 
dimers or trimers which were formed by bridging 
alkoxide ligands. In complexating Zp with metha- 
crylic acid, a terminal alkoxide group was exchanged 
by the methacrylic ligand, which formed a chelate 
complex within the aggregate. 

Using hydrolysis and condensation to form an 
ORMOCER, a first indication was found of a bond of 
the type Zr -O-S i .  Although on a scale of a few 
hundred nanometres the ORMOCER has a rather 
uniform composition, there are huge differences on a 
grain-to-grain scale. 
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