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Hybrid organic-inorganic materials, silica-poly(ethylene glycol) (PEG) blends, were
prepared by the sol-gel process from mixtures of tetraethoxysilane and PEG of low
molecular mass. The synthesis scheme (acidic [HCI] or nucleophilic [NH4F] catalysis)
influences the structure of these materials and consequently their properties. Two different
methods were used to investigate the structure of these blends: a) X-ray diffraction
techniques; b) 2°Si NMR spectroscopy. A new x-ray diffractometry technique identifies
precise interference functions and radial distribution functions of these blends. The
comparison of predicted radial distribution functions of the Bell and Dean’s physical model
refined by Gaskell with the radial distribution function obtained from this technique is
implemented to identify the structure of these blends. Analysis by amorphography has
identified the existence of SiO, silica grains and provides only about the positional disorder
of these grains in continuum random network. The NMR spectroscopy discriminates the
different silicon sites and demonstrates the changes of the morphology and structure when
the nature of the catalyst is modified. These results indicate that the structure of
non-crystalline SiO, aggregates inside nanocomposites differs from fused glass by their
compositional disorders. These nanocomposites could be described as an agglomerate of
SiO, objects with the pores filled by disordered polymer chains. When these materials are
obtained under acidic conditions, the polymer chains are linked to the SiO; grains forming
an ideal composite. © 1999 Kluwer Academic Publishers

1. Introduction techniques characterize material “granulity” indepen-
The design of organic-inorganic nanocomposites is alently from the atomic structures of these nanograins
fascinating topic for science and technology and many7]. It was reported that these silica nanograins are
applications are expected in the fields of optics, mechawrapped by the polymer phase [8]. However,ak@mic
nics, iono-electronics, biosensors, membranes [1].  structureof these nanograins and of the polymer phase
Nanocomposite materials are prepared by the solin such mixtures is still not known.
gel process. Inorganic molecular precursors (silicon In this paper, a new X-ray diffraction technique, the
alkoxides) and polymer (poly(ethyleneglycol), PEG)anomalous diffractometry, has been used to determine
are mixed and a solid matrix is obtained by hydrolysis-theatomic structure®f nanograins and polymer phase
condensation [2]. These reactions could be performe®hile the chemical local order of silicon sites have been
using different catalysis conditions. These materialsestablished by°Si solid state NMR. Using these two
also named “hybrids”, have been reported as diphasitechniques, it can be shown that the morphology and the
media. This diphasic morphology was recognized usatomic structure both are affected by varying the catal-
ing experimental techniques such as scanning electroysis conditions. The effects of the synthesis conditions,
microscopy [3], atomic force microscopy [4] or small especially those coming from the nature of the cata-
angle X-ray (SAXS) [5, 6]. Itis a known fact that these lyst which could be acidic (hydrochloric acid; HCI) or
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nucleophilic (ammonium fluoride; NAF) are dis- nique. Hence, the scattered radiation for a very small
cussed. Bragg anglef, is not overshadowed by direct beam.
The following section discusses the usefulness of such
an option for new materials.
2. Experimental sections Depending ontheinformation required fromthe sam-
2.1. Synthesis ples, the geometrical condition and optical arrange-
All chemical reagents were purchased at Fluka oments of the diffractometer can be optimised. In this
Aldrich companies; these includes tetraethoxysilanespecial set-up, the goniometer can be used in disper-
(Si(OGH5)4; TEOS) as silica precursor and poly sive and non-dispersive modes. In the dispersive mode,
(ethylene)glycol (H(OCKHCH,),OH; PEG,) wheren  a polychromatic component of x-ray radiation is used,
is the molecular weightn(= 200, 300 and 600) as or- ¢ and 2 can be fixed. In the non-dispersive mode,
ganic polymer; hydrochloric acid and ammonium fluo-the monochromatic component of x-ray radiation is
ride (NHsF) as catalysts. Deionized water was used inused in order to obtain x-ray diagrams with different
all experiments. wavelengths, in the same experiment. The energy se-
The following nomenclature was applied for the ma-lection can be performed by two different procedures.
terials: A,; where A represents the type of catalyst, H or The first procedure is to use a flat monochromator pro-
N respectively for acidic (HCI) or nucleophilic (N\f¥)  viding rapid tunability over a white spectrum. The sec-
catalysis andh the molecular weight of the PEG. For ond procedure is performed by a scattered beam from
all materials, the catalyst ratio [catalyst]/[Si] has beena substance that can be selected by a programmed mul-
kept constant and equal to 1) the hydrolysisratiowas tichannel software as an energy window.
chosento be [BO]/[Si] = 10 and the silica contentwas  We have used a non-energy dispersive technique us-
23 wt %. ing high intensity, different wavelengths and a paral-
The synthesis of the representativegfimaterial lel beam to obtain the x-ray patterns of the different
is described as follows: TEOS (1 g, 4802 mol)  nanocomposites. This technique facilitates the impor-
was added to PEfg (0.97 g, 4.810°2 mol) and tant background and Compton scattering corrections
0.86 g of water-catalyst solution (4.80-2mol H,O, for obtaining high quality x-ray diffraction patterns
4.8-10-% mol HCI) under vigorous stirring. One ml of with very high resolution. The parallelism of incident x-
EtOH was then added and the mixture was heated toay beams and the geometry of the diffractometer help
60°C and stirred for 10 min. The liquid was cast in to eliminate several corrections such as the effect of the
an open air PTFE vessel at room temperature for twgample size or the effect of sample shape.
days. The samples were aged for 5 days at@Bahen This ease of wavelegth selection allows us to acquire
60°C under vacuum (16 mm Hg) for three days and the patterns with a chosen wavelength, consequently
the solvents allowed to evaporate. Transparent mongaermitting an easy absorption correction and Compton
lithic materials were obtained for acidic catalysis, while correction for reflection and transmission geometries.
white powders were obtained when MHwas used as This possibility results in obtaining a high quality in-
a catalyst. terference function with a very high range 6t
It is well known that such an interference intensity
can be registered from the correlation of the first and
2.2. X-ray diffraction techniques second atomic shells, especially in disordered materials
2.2.1. The Guinier camera such as nanocomposites. But the intensity of interfer-
X-ray patterns of each samples were obtained in @&nce beams beyond the second shell is not very high
vacuum with a sensitive photographic method using aspecifically for the second phase of this substance (a
monochromatic X-ray beam at the Cy Mvavelength. polymer with very light atoms). Therefore the aberra-
Because of the high contrast of the X-ray diagrams, thé¢ion can be cause of error in analysing the x-ray pattern.
glassy state of each sample can be checked easily by In order to separate fluorescent and incoherent radia-
this technique. tion from the coherent componeh{(K), the scattered
beam is recorded by a protoype energy dispersive de-
tector which is connected to a preamplifier and a pulse
2.2.2. X-ray diffractometry processor. The pulse processor is a sophisticated sig-
The diffracted intensityl (K) (K is the scattering vec- nal processing unitwhich provides linear amplification,
tor, K =4 sind/1), was obtained by a novel design noise filtering, pulse pile-up and life time rejections.
which was modified according to the X-ray source The combination of these functions is an essential pre-
and the sample shape. This novel diffractometer camequisite for achieving accurate x-ray analysis of non-
be adapted to the parallel beam of a high intensitycrystalline materials. The pulses are accumulated in a
source (rotation-target diffraction tube or synchrotronmultichannel analyser interfaced with a computer. The
radiation) [9]. The diffractometer consists of three mainsolid state detector has an energy resolution of 150 eV
parts: a goniometer, an energy calibration and data a@t 8 keV and 230 eV at 20 keV. Such high resolution in
quisition with a processing software. In transmissionenergy not only permits the elimination of fluorescence
and reflection geometry, the goniometer can be usethdiation from the sample but it also partially removes
for 6—20 scanning with a resolutiod =0.001°. The the incoherent Compton scattering.
parallel beam is obtained by a slit system proposed by This experiment was mounted on a rotating target
Guinieret al. [10] for the small angle scattering tech- Rigaku of an Ag x-ray source. In the present study,
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Ake =0.5609A and Axs=0.4907A wavelengths

were used for X-ray analyses. The sample was scanne .

from 20 = 1° to 90 (i.e. fromK = 0.4 A-1to 15A-1) - ' - l
in transmission geometry and froréi 2 1° to 140 (i.e.

fromK =0.4A~1to 20A~for K& and 242~ for K ) (a)

in reflection geometry. The value &f =24 A~! can
be considered as an optimum for analysing interferenc

function with respect to other analytical parameters.
Hence, the part of the diagram 42 60°] ob- ” ‘ '
tained by transmission and another part of the diagran .
[26 > 60°] obtained by reflection geometry were used
to achieve a more precisgK) interference function, (b)
J(K)=I¢(K)/Nf?(K) was obtained by scaling the
atomic form factorf (K) on the largeK data, where
N is the number of atoms. The small errors in the ' ' ‘ ]
normalization ofJ(K) or more likely of the reduced '
interference functionf(K) = K[J(K) — 1] were de-
tected and corrected, with the help of the léwdata (©)
in such a way that below the first correlation peak,
the radial distribution functionN(r) = (r (P(r)— 1) =
(272p0) L [ ™*F(K) - sinKr -dK would have a .
slope of—1 (i.e. below this peak there is a probabil- ' ' ”
ity P(r)=0 to find an atom at a distance iofrom a
reference atom) [11]. This novel design and the chang:
in correction paramaters such as density have resulte

in achieving the slope value efl. Further details have
been described in [12].

(d)

2.3. Solid-state 2°Si NMR

Solid state NMR spectra were recorded on a Brukel (e)
MSL-200 spectrometer at 39.73 MHz f§6i. The sam-
ples were filled in fused zirconia rotor fitted with Kel-F
caps and spun at 4 kHz at the magic angle (942?Si I l I |||||”|”| I “”” ”I |
chemical shifts were referenced relative to the TMS
. beam 1510876 5 4 3 25
(0 ppm), which was used as an external reference. CP-
MAS (Cross Polarization-Magic Angle Spinning) Spec- rigure 1 Guinier patterns of five nanocomposite samples obtained un-
tra were obtained using a cross-polarization sequencer: a) acidic catalysis (HCI), PEg; b) acidic catalysis (HCI), PE§3o;
and broadband high power decoupling during a_cquisic) nucleophilic catalysis (N_lr_F), PEC:g(?o; d) nucleophilic cata_lysis
tion. For these experiments, the NMR parameters werf&H4F): PEGoo €) nucleophilic catalysis (NEF), PEGoo (sharp lines
. . come from aluminium which was used as an internal reference). [d] spac-
a 20 s recycle delaya 5 msmixing time and a 4..us  jygsin A
proton 90 pulse. HP-MAS (High Power decoupling-
Magic Angle Spinning) spectra were recorded using .
permanent broad band high powet decoupling with  to the first principal diffused halo atoZ=11.74A
arecycle delay of 60 s. The 96ilicium pulse was equal (K = 0.9A~1). The two materials prepared under acidic
to 6 us. conditions (with PEGyy and PEGpo) show a simi-
lar diagram with a pronounced pre-peak, while those
prepared under nucleophilic catalysis (with Pig&3

oo oo |
12

2 15 14 13 11

3. Results and discussion PEGo and PEGqg) have only broad and diffuse ha-

3.1. Sample characterization and atomic los. The presence (or absence) of pre-peak in the x-ray
structural determination diffraction patterns distinguishes between the two dif-

3.1.1. Characterization ferent atomic structures obtained after acidic or nucle-

All the samples were first verified by the Guinier ophilic synthesis conditions. However, from these dia-
camera. Fig. 1 shows a series of Guinier patterngrams, the incorporation and the nature of each phase
of nanocomposites which were prepared by usis not really clear in these type of compounds.

ing the two catalysts: acidic (HCI, Fig. 1a,b)) and

nucleophilic (NHF, Fig. 1c—e)). These two patterns

are rather different. Both of them present similar diffu- 3. 7.2. Anomalous diffractometry

sive rings, which are characteristic of amorphous comTo identify the provenance of these pre-peaks and ha-
pounds, while a strong and narrow peak (called prelos, X-ray diffraction patterns of pure polymers, liquid
peak) is observed only for the material prepared unand solid, (PEGy, and PEGgog have been recorded
der acidic catalysis in the smaller angle region, priorusing anomalous diffractometry and the representative
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Figure 2 a) X-ray pattern ¢(20) of solid PEGogo recorded at room temperature £ 22°C). Contrary to the X-ray pattern of liquid PEG, there are

sharp lines superimposed on the broad difuse rings. This type of pattern can be numerically resolved into broad diffuse rings and sharp lines (cf.

Fig. 6); b) X-ray patterri;(20) of nanocomposite obtained in acidic catalysis (HCI).
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Figure 3 Reduced interference functior5(K), for nanocomposites obtained under a) acidic (HCI) catalysis; b) nucleophiligh)\tatalysis.

diagram for PEGygo (at T =22°C) is presented on this technique has been referred as amorphography.
Fig. 2. When the sample is solid, typical lines are su-Such a technique has been used for determining in-
perimposed on large halos, while only broad halos oteratomic distances, short range order (SRO), medium
low intensity are observed when the PEG is liquid. Onrange order (MRO) and the number of the neighbour-
the other hand x-ray patterns of different nanocomposing atoms of the atomic shells inside the different com-
ites shows large halos without appearance of any finpounds. This technique requires high quality interfer-
lines (Fig. 2b) as it can be observed in x-ray patterns oénce functionsk (K).
pure solid PEG Fig. 2a. The absence of sharp lines, in The reduced interference functio®y,K), of 5 sam-
first approximation indicates the atomic rearrangemenples prepared under different synthesis conditions have
of PEG. Therefore, because of the low scattering factobeen analyzed, derived from(20) (acidic catalysis,
of the polymer, we can assume that gidas a major PEG 200 and 300; nucleophilic catalysis, PEG 200,
contribution to the intensity of the X-ray diagramd. 300 and 600) Fig. 2b. Thede(K) curves look rather
can be suggested that the observed breadth of diffracsimilar and they are presented in Fig. 3. The peak po-
tion patterns can be derived from microcrystallites or sitions in the different samples are almost identical but
the random array modelin order to interpret these certain details, such as the profile of the principal peak,
patterns, the total interference function have been imthe presence or the absence of the pre-peak and differ-
plemented to identify the atomic arrangement of atomsnt shoulders on the second and third peaks are slightly
responsible for diffuse patterns. different. These differences indicate the variation of
“degree of disorder” in different types of nanocompos-

. . . ites and is related to the mode of preparation.
3.2. Atomic structure (positional atomic

arrangement)
3.2.1. The reduced interference 3.2.2. The reduced radial distribution
function, F(K) function W(r)

Another approach used to describe the atomic arrangén order to obtain more structural information from the
ment of amorphous nanocomposites is the determinasarious nanocomposites, the interference functions ob-
tion of theW(r) functions. In our previous studies [11], tained with Ag K, were analyzed by Fourier transform.

5948



TABLE | Interatomic distances measured in nanocomposites samples and derived from scientific literature

Si-O O-0 Si-Si Si-O 0O-0 Si-Si Ratio 1st distanges:
1st (A 1st (A 1st (A 2nd (A 2nd (A 2nd (A [0-0]/[Si-0]

This work
HCI catalystr = 0.5609 A 1.52 2.49 3.05 3.75 4.13 5.0 1.638
This work
NH4F catalyst. = 0.5609 A 1.60 2.62 3.06 3.80 4.09 5.0 1.637
Experimental X-ray glass, Mozzi-Warren [13] 1.62 2.65 3.12 b37 4.15 5.12 1.635
A=1542 A, 1 =0.6147 A
Theoretical, glass Mozzi-Warren model [17] 1.638 2.666 3.0 ¢ — 4.09 5.07 1.627
Theoretical, glass Bell-Dean model [19] 1.57 2.58 3.15 3.75 4.2 5.1 1.643
Experimental X-ray diffraction of 1.55 2.5(5) 3.07 c 3.95 < 1.645
glass Henningeet al. [18]
A =0.71A
Experimental neutron diffraction of 1.59 2.62 3.22 3.7 4.09 5.03 1.647
glass Henningeet al. [18]
A =0797A

aTetrahadron ratio.
PNot mentioned in the text, but appears as a tiny shoulder on the experimental curve.
¢Missing in pair correlation functions.

W(R)

0 5 10 15 0 5 10 15

(@. (b)

Figure 4 Reduced radial distribution®y(r ), derived from Fig. 3 for nanocomposites obtained under a) acidic (HCI) catalysis; b) nucleophilieXNH
catalysis.

Fig. 4 shows the reduced radial distributioé(r),  units, as was reported in the structural studies of all
derived fromF(K) for the 2 samples (one obtained the different amorphous and crystalline forms of silica.
by acidic catalysis and other group obtained by nu4n these networks, each silicon atoms are tetrahedrally
cleophilic catalysis). These functions present maximaurrounded by four oxygen atoms. However, we should
which are characteristic of the different paiteratomic ~ note that in these samples the Si—O bond lengths are
distancesThe five samples of nanocomposites give risevery short in regard to those which are reported for
to atomic radial distribution functions with substantial amorphousilica glasses and are generally in the range
similarities. Six maxima corresponding to the differ- of 1.57-1.62A as itwas recently reported from neutron
ent atomic distances can be observed for these diffeiscattering [14] or using high energy x-ray beam [15].
ent samples. The first maximum is characteristic of theSuch shortening has been already measured by Ohsaki
shorter distance corresponding to the silicon-oxygeret al. in some thin films of Si@ prepared by sol-gel
pair, with lengths of 1.52 and 1.68, respectively for process [16]. They used high energy electron diffrac-
HCI and NH,F catalysis conditions. The second peaktion technique and observed that shorter bond lengths
located respectively at=2.49 and 2. 6% canbeiden- are observed for thin films, down to 1.B4for 4 A thick
tified as an O—O atomic pair. films. This feature could be related to the higher number

The ratio of the secondV(r) maxima to the first of surface Si—O bonds when film thickness is decreas-
one (249/1.52=1.638 and 262/1.60=1.637) are ing, (leading also to numerous O—H bonds). Thus, in
the same in both samples and correspond exactly tour samples, the short bond lengthes observed ia-SiO
what is expected for regular tetrahedral bonding (i.ePEG samples prepared in acidic conditions could be
4/8/3=1.633). This ratio was already observed in arelated to the smaller size of the silica nanograins and
sample of pure fused quartz (Sivalidating the refine  larger interface area.
tetrahedal structural model proposed by R. L. Mozzi The third peak ranges in the distancerct 3.05-
and B. E. Warren for vitreous silica [13, 17] (Table I). 3. 09A for the different samples, which logically
Therefore, the silica nanograins inside these materieorresponds to the silicon-silicon contribution. Re-
als are based on tetrahedral structural Si@lecular garding this bond length, the Si-O-Si bond angle,
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a, can be assumed in average to be about®180grally in the range of 2.15 to 2.20-gm 2. It means
(2x1.52=3.04 A) for the sample obtained in acidic that silica obtained by the sol-gel process inside these
conditions and less than 18fbr NH4F catalysis. The nanocomposites is porous. The average coordination
radial distribution functions of these samples presenhumber of the first atomic shell using this estimated
three other well resolved maxima and beyond theselensity is 3.8-4.0.
peaks, the oscillations vanish. The disappearance of By comparing the theoretical and experimenftt ),
these oscillations beyondAvindicates that there is itcan be concluded that all maxima are attributed to the
no evidence of long range ordering in these grains. Ilbond length of the Si@phase. The following argu-
seems, then, that the atoms of these grains have a mearents demonstrates why the radial distribution func-
position which ressemble the specific points of the nettions do not reveal any structural information on the
work described by the continuum random model (C.second phase (polymer). The absence of the structural
R. N.) proposed by Mozzi and Warren [17]. The struc-(atomic arrangement) information of this phase could
tures of these grains are identified, meaning that twde explained by very high mobility of polymer. Such
distances at=4.13 and 5.1\ are expected from this a liquid like character (disorded) has been previously
model and these two maxima can be contributed to th&entified by'3C NMR reported in previous work [8].
mixture of all types of pairing, as they were proposedHence, the polymer phase has a disordered atomic ar-
forfused SiQ. However, this model does not predict the rangement with an unknown degree of disorder. On the
shoulder at 3.2 observed in our experimentd/(r)  other hand, it is well known that in periodic substances,
curves (Fig. 4). This shoulder cannot be considered amaximum structural information can be deduced from
an experimental artifact, and also cannot be neglected ithe Patterson distributiorP[(r )]. In case of disordered
the global interpretation of atomic structure. This kind material it is reduced to the atomic distribution. If dis-
of a shoulder has been observed in other experimentafibutions were perfectely disordered? (r )] would be
radial distribution functions such as tiié(r ) functions  equal to unityandno peaks will be presenas in the
proposed by Henninget al. [18]. In this current work, case of perfect gases. In the case of real material with
such a shoulder appears as a well resolved maximunaisordered atomic arrangements, the average scattered
On the other hand, the distancerof 3.7 A is a sig- intensity,l, of ‘N’ randomly oriented molecules is ob-
nature of the crystalllne form of S B-cristoballite  tained by the Debye formula. It is well known that the
or tridymite) and in this case comes from the seconddouble summation is taken over all atom pairs. This sig-
Si—O distance. Nevertheless, the microcrystallite modenifies that in, for example in bulk polymers, we should
can not be proposed for atomic arrangement of thestake f2 . =36 and for the Si-O pairs in the grains
grains due to the absence of any long-distance maxfZ ,=196. Thus, the absence of structural informa-
imum and the vanishing oscillations @¥(r) beyond tion about the atomic arrangement (structure) of this
7A(see Fig. 4). very disordered phase can be explained by the signifi-
The theoretical continuum random network (C.R.N.)cant difference of ‘fcz_c” and “ fSZi_O” [21]. Hence the
refined by Mozzi and Warren [17] predicts two more short range order is not revealed in the peak and is not
distances (4.15 and 5.1&) but the small shoulders observed beside th&(r) of the silica phase.
observed at 3.Ain the experimental atomic pair dis-
tribution function W(r)) cannot be explained by this
structural model. Another approach has been proposed
by Bell and Dean [19] for the structure of amorphous3. 2.3 22°S;i NMR
Si0,. They constructed physical modelThis theo-  The results obtained from NMR spectroscopy would
retical model provides information about the local en-ajso provide a better understanding of the behaviour of
vironement of the silicon atoms inside the continuumpelymers (PEG) inside such blends (see section and
random networks. The total radial distribution func- ref. [4] and [5]).Theideal silica random network is
tion, W(r), derived from this geometrical model indi- characterized by Si atoms surrounded by four oxygens,
cates a strong correlation between the theoretical agyhich are themselves bridging atoms in between two
proach and our experimentd/(r) functions of these  silicon atoms (Si(OSi), units; @ in NMR terminol-
nanocomposites. ogy). In these ideal CRN, oxygen’s atoms bridge be-
The comparison between theoretical and experimentween two silicon atoms, which means there are some
tal atomic distribution functionsW(r), demonstrates possibilities to deviate from an ideal network through
that all the different peak positions, even the peak apgsitional disorderingMoreover, point defects such as
r=3.7A match. In the refined model structure by broken bonds could be also observed leadirmptapo-
Gaskellet al. [20], this peak (3. m) was predicted to  sitional disordering Therefore2°Si solid state NMR is
be more pronounced as observed in our experimenta powerful technigue to describe the local environment
W(r) (Fig. 4). The calculated density is the same asf the silicon atoms inside these kinds of disordered
the assumed one used for obtaining a slope-af)( networks. Fig. 5 presents the MA3Si NMR spec-
before the first peak olN(r). The density obtained in tra of materials Hyg and Nygg Obtained using the CP
the Bell and Dean model is 1.99 gm~2 and the esti- and HP decoupling modes. On both spectra, two wide
mated density used in this work is 2.00an™2. This  signals centred around101 ppm and-111 ppm are
value is much less than that of crystalline cristobaliteobserved. These signals are characteristicbftiyee
or tridymite (2.32 gcm~2 and 2.26 gcm 3, respec-  bridging oxygens; XOS{OSi), X=H or C) and @
tively) or even amorphous structures which are gen{four bridging oxygens; S{OSi);) environments [22].
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Figure 5 29Sj MAS NMR spectra of a) Hog; b) N.2oo Samples obtained in CP (top) and HP (bottom) decoupling mode.

TABLE Il ?Si MAS-NMR spectroscopy: results of the deconvolu- cific surface of these aggregates. These measurements
tion of HP decoupled and CP decoupled spectra fobdind Neoo  demonstrate that the lower degree of condensation of
hanocomposite materials the silicon atoms inside these materials and the corre-

295 (1H) sponding silica aggregates could be described in terms
TEOS  decoupling & Q! Area  Degree of of divided materials with larger specific surface. Con-
catalyst mode linewidth linewidth Q* condensation versely, more numeroué@ites and wider signals were
Hel HP-DEC 170 270 15 a5 pbserved inside nucleophilic catalyzeq materials. Thls
HCl cP 170 290 3.0 is related to the more compact nanograins of these silica
NH4sF  HP-DEC 930 520 0.7 90 aggregates and the lower specific surface [24].
NHs,F  CP 500 600 1.0 These results are in accord with those already dis-

cussed in previous papers in which the properties of
the PEG phase are described on the basis of NMR, EPR
(electron paramagnetic resonance) and DSC (differen-
The presence of these two different families of sitestial thermal analysis) methods [6, 8]. These experiments
implies that the atomic structures of these grains deviatpoint out the dynamical inhomogeneity of the polymer
from the perfect compositional order of an ideal CRN.phase. On spectroscopic timescales (NMR and EPR),
In the acidic catalyzed sol-gel materials, defect pointanost of the polymer segments have reorientational rates
such as dead-ended bonds with hydroxy or alkoxysimilarto the those of the liquid polymers. Only the seg-
groups are presentinside the silica network. The signalments which are near the silica surface show restrained
were deconvoluted with two Lorentzian shaped signalsnobility, which is related to the possible formation of
and the results of the data treatments are summarizedd/drogen bonds between both phases. PEG polymer
in Table II. chains that resemble a super-cooled liquid, then run
In both samples, the ratio¥* is larger for CP into the voids, fill them tightly and become intermixed
decoupled experiments than for HP decoupling condiwith the covalent grains in which sample form an ideal
tions. CP enhances the magnetization of the & nanocomposite.
spin from that of the abundahil spins of the polymer. Such materials prepared under acidic catalysis are
However, the efficiency of this transfer precludes thetransparent. They present more compositional defects
proximity of the two phases, meaning that principally and their Guinier patterns show a tiny peak prior to the
silicon atoms near the interface of polymer (PEG) andorincipal peak.
SiO, grains are probed by this technique. On the con- The origin of such a pre-peak in X-ray diffraction
trary, the low spatial selectivity of the high-power (HP) techniques, as an evolution of amorphous structure,
radio frequency decoupling allows complete visualiza-is a difficult aspect of structural study in disordered
tion of the chemical structure of the silica aggregatesmaterial. However, alike evolution is an indication of
The comparison of HP and CP decoupling experimentsnedium range correlation or geometrical inhomogene-
thus proves to be a useful way to distinguish betweerty. In acidic prepared materials, the correlation length
silicon atoms at the silica-polymer interface and thosewvas found to be 28, which corresponds to the regions
of the core of the Si@aggregates [23]. of compositional disorder (non stoichiometric compo-
Larger G/Q* ratio and important differences be- sition and chemical inhomogeneity). The interpretation
tween HP and CP decoupling modes were measurecbuld be true since the prepeak cannot be observed in
for the acidic catalyzed materials, probing the large spethe Guinier patterns of materials prepared withJ8H
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Figure 6 Amorphous diffractometry: Deconvolution of the X-ray pattern (Fig. 2) of solid Rfig§3ecorded at room temperature £ 22°C). These
two X-ray diagrams are numerically resolved from X-ray pattern of solid B3EEig. 2) into broad diffuse ring spectrum (a) and sharp line spectrum
(b). Fig. 6a indicates similarity with liquid PEG polymer and nanocomposite (Fig. 2a,c).

as a catalyst and their NMR spectrum indicates a more Nevertheless, thé/(r) of other types of sol-gel mate-
compositional ordering (see Fig. 1). rials, prepapred under the NHcondition, indicates the
The arguments and results discussed in previous seemall distance of 2.8. The latter can probably be asso-
tion explain the absence of the structural informationgijated to the C1-C3 2.6A of the polymer chain. This
in the second phase (PEG) of the RDW/(()) and  resulthasto be treated with reservation due to the limita-
also explain the usage of the NMR technique for com+ion in the structural information. The x-ray diffraction
pletion of structural information associated to theseconfirmes that second phase (polymer) in two types of
blends. sol-gel materials are different in their morphology. The
Nevertheless, in order to acquire direct informationw(r) curves derived from thE (K ) of sol-gel acquired
about the polymer (PEG) phase, it is necessary tQinder acidic conditions, present only the characteristic
introduce another analytical method. The anomalou%{istance of the silica aggregates. Thus, it appears that
diffractometry technique was used to study the strucin such diphasic materials, the second phase (the PEG
ture of the PEG (polymer) inside the voids of nanocom-component), is not observable. Although, tNér) of
posites and an analogy between the x-ray patterns ghaterials, observed under the MNFcondition, does not
nanocomposites and pure, PEG, in the form of liquidpehave in the same fashion.
and solid was made. Flg 2b showsthatthe X-ray diffrac- Despite the above analogies, other methods such as
tion patterns of nanocomposites do not have any Brageinomalous scattering effects or neutron diffraction (by
reflection similar to the x-ray patterns of pure solid replacing hydrogen by deuterium) should be utilized
PEG. The superimposition of lines on halos (Fig. 2a)so that the behaviour of the second phase polymer
illustrates that the second phase PEG (polymer) in th@ould be understood in detail. These methods change
nanocomposites do not have the same atomic arrangghe contrasts between the different components of these
ments as solid PEG (polymer). On the other hand, theypes of material (work in progress). They would per-
x-ray patterns of solid PEG demonstrate the same feamit us to obtain more precise information about SRO

tures as any other polymer x-ray diagram, in which linesand medium range order of polymer chains in pores.
are superimposed on rings. By the separation proce-

dures described by Laridjani [12, 25], these diffraction

patterns have been numerically resolved into rings and. Conclusion

sharp lines using computer analysis. Fig. 6a and b shovithe X-ray diffraction techniques determined the pres-
respectively, the ring diagram and the line spectrumence of SiQ grains in silica-PEG nanocomposites.
of pure solid PEG. The comparison of x-ray patternThe positional ordering (geometrical ordering) of these
of the ring diagram i.e. the coherent background withgrains corresponds to the ideal continuum random net-
the x-ray pattern of liquid PEG (polymer) may show, work and not to the microcrystallites. The composi-
at first approximation disordered atomic arrangementsional ordering, measured by NMR spectroscopy sug-
The analysis of the interference function, derived fromgests the existence of two kinds of silicon atoms inside
ring diagrams of pure solid PEG, resulted in radial dis-the silica grains. NMR suggests the existence of two
tribution functions (see details at ref. [12] and [25]), kinds of silicon atoms inside the grains of Si@ne
W(r), with only three maxima at 1.30, 2.4 and 332  type corresponds to the complete silica coordination
These maxima can be attributed to the short range ordehell (¢ species), while the other type corresponds to
of disordered part of polymer. None of the interatomicspoint defects where one of the oxygens is bonded to
distance of C—C distances in the PEG chains does ndtydrogen or carbon atoms {@pecies). In this work,
appear in theN(r) of samples obtained under acidic this type of material has been considered as an ideal
catalysis. nanocomposite.
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For both materials, like in all the crystalline or amor- 4.
phous silica structure, a perfect tetrahedron is the baisc
unit of the silica aggregates. The total distribution >
function,W(r), derived from the geometrical Belland
Dean’s model indicates a strong correlation between the
theoretical approach and the experimem#t) func- 7.
tion of these nanocomposites.

The absence of second polymeric phase can be in®
terpreted as follows: the long polymer chains travel-
ling in the void do not have particular time or condition g
to possess a periodic structure. They are in void with
very high degree of disorder as an interface between

the grains. This results in having very diffusive 1

rings for such disordered as an interface between the
grains.This results in having very diffusive rings for
such disordered chains of light atoms. Their contrast

relative to the scattering of SiQyrains is not enough 12.
13. B. E. WARRENandR. L. MOZZl,Acta Cryst21(1966) 459.

14.
15.

to be observed on the same diagram.
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