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1. Introduction

A number of nanostructured materials and colloidal
liquid solutions with interesting physical and chemical
properties have been recently developed. In order to under-
stand their unusual properties, structural information is
generally required. Knowledge about the structural trans-
formations occurring during materials processing is also
useful. Because of the nanometric and rather disordered
nature of precursors, intermediate materials and final prod-
ucts, their structural characterisation is a challenge for
materials scientists.

Depending on the desired resolution of the structural
study, different characterisation techniques are commonly
used. High-resolution transmission electron microscopy
(HRTEM), electron diffraction (ED), wide-angle X-ray
scattering (WAXS) and extended X-ray absorption fine
structure (EXAFS) yield structural information at an
atomic resolution. If the relevant structural features are at
a superatomic level, from a few tenth up to about 100 nm,
small-angle X-ray scattering (SAXS) and, to alesser extent,
small-angle neutron scattering (SANS) are the most widely
used techniques. These techniques provide statistical and
overall information averaged in a volume on the order of
1 mm?. Very local structural analysis can in many cases be
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performed by TEM, this technique being an extremely
useful complement for scattering investigations.

Because of the high dilution of many nanometric phases
and/or the often rather short transformation time involved
in nanomaterial processing, complete SAXS studies using
classical X-ray sources are generally difficult and very time
consuming. SAXS beamlines in synchrotron radiation
laboratories provide very intense monochromatic X-ray
beams that make studies of weak scatterer materials possi-
ble and, also, in sifu analyses of structural transformations
with a high time resolution. Besides providing a high
photon flux, the white nature of synchrotron radiation
emission spectrum allows one to use the effect of anoma-
lous scattering for many useful applications.

This paper reports the characteristics of the new syn-
chrotron radiation facility of the National Synchrotron
Light Laboratory (LNLS), Campinas, Brazil, describes its
SAXS beamline, recalls the basic scattering theory and
reviews a set of SAXS investigations dealing with structure
and structural transformations of nanomaterials and colloi-
dal solutions. The studied systems are proteins in solution,
suspensions of colloidal particles, nanoporous xerogels,
hybrid organic-inorganic nanocomposites and semicon-
ductor nanocrystals embedded in a glass matrix. Most of



the reported investigations were carried out using the LNLS
SAXS beamline.

2. The LNLS Synchrotron Source' 2

The National Synchrotron Light Laboratory (LNLS) is
located in Campinas in the state of Sao Paulo State, Brazil,
100 km north from the city of Sdo Paulo. The LNLS staff
designed, built and now operates an open synchrotron
radiation facility. They also assist the external users of the
ten already installed VUV and X-ray beamlines.

The LNLS synchrotron source is composed of a
120 MeV LINAC preinjector, a 500 MeV booster syn-
chrontron injector and a 1.37 GeV electron storage ring.
The natural emittance of the source is 100 nmrad, the inicial
current is 200 mA and the beam life time at 100 mA is 16 h.
The spectrum of the emitted photon flux, with a critical
energy Ec =2.05 keV, is illustrated in Fig. 1.

Design, construction and commissioning of the LNLS
synchrotron source and first beamlines were completed by
June 1997. Since then, more than 800 research projects
have been performed by users coming from a number of
Brazilian and foreign institutions. A picture of the synchro-
tron source and beamlines is shown in Fig. 2.

Information on the characteristics of the LNLS electron
storage ring and VUV/X-ray beamlines and on the proce-
dure for user access can be found in the Internet website
www.Inls.br.

3. The LNLS SAXS Beamline”

The photon beam used in the LNLS SAXS beamline
comes from one of the 12 bending magnets of the electron
storage ring. The white photon beam is extracted from the
ring through a high-vacuum path. After passing through a
thin beryllium window, the beam is monochromatized and
horizontally focussed by a cylindrically bent and asymmet-
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Figure 1. Photon flux emitted by the LNLS 1.37 GeV synchrotron source.
The vertical line indicates the energy of the photons (E = 7.85 keV,
A =161 A) used in typical SAXS experiments at LNLS.
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Figure 2. Picture of the LNLS 1.37 GeV synchrotron source (above) and
the SAXS beamline (below).

rically cut silicon single crystal. The focus is located at the
detection plane. The reflection plane is (111), the asymme-
try angle equal to 10° in condensing mode, the energy range
is 6-12 keV (1-2 A) and the energy resolution: (E/AE) is
about 1,000 for typical detector-to-sample distances.

Three sets of slits are used to geometrically define the
incoming X-ray beam and suppress most of the parasitic
scattering. A vacuum tube from monochromator to detector
positions reduces air absorption and scattering. The X-ray
photons scattered at small angles are recorded using a
one-dimension position-sensitive gas detector, a two-di-
mension position-sensitive multiwire gas detector or an
imaging plate. A schematic layout of the SAXS beamline
is shown in Fig. 3.

By using a small incoming beam cross-section and a
narrow detection slit, the recorded scattering intensity func-
tions can be kept essentially free from “smearing” effects.
Under these conditions, no mathematical desmearing of the
experimental SAXS functions is needed.

Figure 3. Schematic layout of the LNLS SAXS beamline. The locations
of the single crystal monochromator (M), sample holder (S) and detector
plane (D) are indicated.
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4. Scattering Theory4

The X-ray scattering intensity is experimentally deter-
mined as a function of the scattering vector q whose modu-
lus is given by q = (4n/A)sin 6, where A is the X-ray
wavelength and 0 is half the scattering angle € (e: angle
between the directions of the scattered and trasmitted
beams) . For small angles q = (21/A) €.

Macroscopically isotropic systems produce a scattering
intensity which only depends on the modulus of q. In the
special case of isotropic systems composed of isolated and
identical particles embedded in a matrix with a constant
electronic density, the normalized SAXS intensity or scat-
tering power I(q) is usually approximated by a product

I(q) =N 1i(q) S(q) ey

where N is the number of particles per unit volume and I1(q)
is the scattering function of a single isolated particle given
by

Ii(q) = [ 4n rzv(r)%dr

0

@

where 7 (r) is the correlation function given by

Y@= <f [p () = pol [p (" + 1) — po]dr’>

where p(r) is the electronic density function inside the
particle, po is the constant density of the matrix and < >
indicates an averaging for all particle orientations. S(q) is
the orientation averaged effective structure function that
accounts for the short range spatial correlation between
them.

Equation 1 is strictly valid for systems of not very
concentrated spheres. It is also generally used as an ap-
proximation for anisotropic particles provided the interpar-
ticle short range order and the orientational order of each
particle are independent. This occurs in real cases when the
particles are not very close one from each other.

If the system is “dilute”, i.e. the particles are far away
from each other and without spatial correlation, S(q) = 1
over the whole g range. On the other hand, S(q) = 1 in the
high q limit for any system of particles with short-range
spatial correlation. Under these conditions, Eq. 1 simply
becomes

I(q) =N LIi(q) 3)

For “two-electronic density systems” consisting of ho-
mogeneous particles with a constant electronic density pi
(except the short wavelength modulation associated to
individual atoms), and an also homogeneous matrix with a
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constant density po, the scattering function for a single
particle is given by
Dmax

1i(@) = (p1 — po) v [4n P 70 (1) % dr 4)
0

where v is the particle volume, Dmax its maximum
dimension and 7Yo(r) is a function defined by <v(r)>/v,
<v(r)> being the orientational average of the intersection
between the volume of the particle and the same volume
displaced by a vector r. The value of the integral only
depends on the shape and size of the particle.

Equation 4 implies that the function I1(q) associated to
particles embedded in a homogeneous matrix is equivalent
to the same function corresponding to pores of same size
and shape as the particles embedded in a homogeneous
material, provided the difference in electronic density be-
tween both phases Ap is in both cases the same (Babinet
principle).

The distance distribution function of the particle,
p(r)=Yo(r) 1*,can be determined from the scattering function
of a single particle by

1
p(r) = - &)
27 (p1 - po)? vI[ Ti(@) g T sin qr dg
0

For dilute systems, the function p(r) has positive non-
zero values up to a maximum value, Dmax, corresponding
to the largest dimension of the particle.

The function I1(q) (Eq. 4) has as asymptotic behaviour
at small q given by

2 2 <R.,>é q
Li(@=(1—po)ve 3 (q—0) (6)

where v is the particle volume and Ry the radius of gyration
of the particles defined by

R, = (%j 2 dv)% )

Equation 3 and 6 lead to the low-q asymptotic scattering
function, I(q), corresponding to an isotropic dilute system
of N identical particles per unit volume, given by

2 2 <Rg>(23 q
(@ =N(p1—po)v-e 3 (q—0) (3)
(Guinier law)

Guinier’s law also applies to a dilute system of identical
particles with a size distribution. In this case, the parameter
<Rg>g corresponds to an average of the radius of gyration,
that weighs much more large particles, given by
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B [Iv(RY GRo)AR,

where G(Ry) is the function that defines the size distribution
of the particles.

For any isotropic two-electronic density systems, dilute
or concentrated (or even for a more general two-phase
geometry), the asymptotic behaviour of I(q) at high q is
given by Porod’s law:

(q— ) &)

where S is the surface area of the interface between the two
phases. Equation 9 holds for all two-phase systems,
provided particles are not very thin disks or cylinders.

In the particular case of a dilute solution of spherical
particles with radius R, the scattering function Ii(q) (Egs.
3 and 4) is given by:

I(q)= N (p1 - po)* v* [® ()] (10)

with ®(q) = [3(singR - R sin qR)/(qR)3]. This function is
characterised by a main maximum at q = 0 and by
oscillations at high q with weak secondary maxima located
at qR = 5.78, 9.05, ... . In the case of identical spherical
particles, the asymptotic scattering function at high q
oscillates around a curve I(q) e q*, as predicted by Eq. 9.
These oscillations are damped for systems of spheres
having a radius distribution with a small non-zero width
and vanish for systems with a wide size distribution.

The scattering function of a dilute set of spherical
particles with a radius distribution defined by G(R) is given
by

1(g) = [ G(R) Ti(q) dR =
0

(1 - o) | GR) [(%) T RIP [BGR)PR (1)
0

The function G(R), whose integral is equal to the num-
ber of particles per unit volume, N, can be determined from
the experimental scattering functions by solving the inte-
gral Eq. 11 using a numerical procedure. The most widely
used is the GNOM package’.

An integral property of scattering function that applies
to two-density systems is given by

Q=] dg=2p1 - po2 61—V (12)
0
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where ¢ and (1-0) are the respective volume fractions of
both phases and V the irradiated volume. For a dilute
system of N particles of volume v, Eq. 12 becomes

Q=21 N(pi-po)°v (13)

The scattering functions of very concentrated or
strongly correlated particle systems exhibit a peak, which
is more pronounced and shifts to higher q for increasing
particle concentration. For concentrated systems, Eq. 3
does not apply. Instead, under the conditions specified in
Section 4, Eq. 1 can be used to fit experimental results and
so to determine the relevant structural parameters. Gener-
ally, the analysis of the results of scattering measurements
of spatially correlated systems is rather difficult, particu-
larly when both, the single particle scattering function I1(q)
and structure function S(q), are not known. One of the
difficulties arising in data analysis is to establish the actual
origin of the peak. The question to be answered is: Does
the maximum correspond to 11(q) (particles with a complex
non-constant electron density), to S(q) (concentrated sys-
tem of correlated particles) or to both functions?

In the particular case of nearly homogeneous particles,
the peaked shape of I(q) corresponds to the structure func-
tion S(q). Semiquantitative analysis of scattering data
yields a structural parameter, ds, corresponding to the av-
erage distance between particles, given by

ds=— 14
O (14)

where qm is the q value corresponding to the maximum of
scattering intensity. Equation 14 is not an exact equation
for disordered system because the average distance also
depends on the particular type of arrangement around each
particle [4]. Nevertheless it can be applied as a useful
semiquantitative estimate in order to characterise trends in
structural transformations.

A particular case of a correlated particle system is that
in which primary particles build up a so-called fractal
object. The structure function associated to this system is
given by®

1 DI'(D-1)
(qa)D (1 4 1/q2 éz)(D— 1)

S(q=1+

xsin[(D - 1) tan™! (q &)] 15)

where a is the radius of the (assumed spherical) primary
particles, £ is the correlation length or size parameter of the
fractal object, D is the fractal dimension of the structure and
I" is the gamma function.
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If primary particles that build up the fractal object are
very small (a << &), the single particle scattering function
Ti1(q) of Eq. 6 can be approximated by a constant value

1i(q) = (p1 - po)* V2 (16)

Assuming the composite material consisting of N frac-
tal objects per unit volume, without spatial correlation
between them, and that each fractal aggregate is composed
of very small primary particles (a << &) of volume v, the
scattering intensity (Eq. 1) is given by

1(q) = N(p1 -po)’ v* S(q) =< S(q) 7)

where S(q) is the intra-aggregate structure function defined
by Eq. 15 and N is the number of fractal objects per unit
volume. Within the range 1/ < q << 1/a, Eq. 17 becomes
a simple power law.

I(q) o< q® (18)

For q values close to or larger than 1/a, the assumption
of a constant value for the scattering function of a primary
particle (Eq. 16) is not acceptable. Using a better approxi-
mation for the single particle scattering function I1(q), the
scattering intensity eventually reaches the asymptotic
Porod range and so becomes proportional to q* (Eq. 9).

Atsmall q (q < 1/8), I(q) exhibits a Guinier-type behav-
iour (Eq. 8) and therefore the radius of gyration of the
isolated fractal aggregates, Ry, can easily be determined
from experimental results. This parameter is related to the
correlation length & of the fractal objets by

R, = [DD + 1)/2]"2 & (19)

The equations mentioned in this section can be consid-
ered as the basic background needed to understand proce-
dures often used to infer low-resolution (superatomic)
structural information from experimental scattering data.
These equations will be applied and referred in the different
SAXS investigations of nanoheterogeneous materials to be
reported in section 5.

5. Structural Investigations of
Nanostructured Systems

5.1. Protein (lysozyme) unfolding process’

The atomic structure of proteins in crystalline state is
determined by single-crystal X-ray diffraction. In aqueous
solution, these macromolecules are expected to have nearly
the same structure as in crystalline state. Many native
proteins (in pure state) exhibit a globular overall shape but
conformational changes (folding/unfolding processes) may
occur when an organic solvent or other type of molecules
are added to the solution or when the pH is modified.
Proteins only crystallise under very special conditions of
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purity and pH and so structural studies regarding confor-
mational variations can only be performed in solution state.
SAXS is one of the most widely used technique for struc-
tural studies of protein/water solutions.

The addition of increasing amounts of an organic sol-
vent, tetramethyurea (TMU), progressively increases the
viscosity of lysozyme/water solutions. This effect sug-
gested that TMU addition promotes protein unfolding.
Lysozyme/water solutions with different TMU contents
were studied by SAXS in order to confirm this hypothesis.

Since the structure function S(q) of concentrated pro-
tein/water solutions is not known a priori, it is advisable to
perform experimental SAXS studies in dilute systems.
Under this condition, S(q) is equal to 1 for all q and so Eq.
3 can be applied. After the preparation of a given solution,
the following step should be to verify if the dilution is high
enough. However, for dilute solutions, the scattering inten-
sity, particularly at high g, is usually very weak preventing
or making SAXS experiments very time consuming using
classic X-ray sources. For this reason, SAXS beamlines
installed in synchrotron radiation facilities are, at present,
widely used for this type of experiments

For native lysozyme solutions (i.e. for TMU content
w = 0, w is given in mass fraction), the single particle
scattering function was calculated (Eq. 2) using the known
electronic density function previously determined by sin-
gle-crystal X-ray diffraction. The calculated scattering in-
tensity function fitted well to the experimental SAXS curve
corresponding to the solution without TMU addition, as can
be seen in Fig. 4a. The same agreement is apparent in the
distance distribution function p(r) defined by Eq. 5 and
determined from the experimental scattering function (Fig.
4b). This indicated that the effect of protein concentration
on the scattering function is very weak over all q range so
that the solution is actually dilute. In order to improve the
quality of the experimental scattering function at high q,
additional measurements were performed using more con-
centrated samples. This could be done because the effect of
concentration at high q is much less important than in the
small q range.

The radius of gyration of native lysozyme was deter-
mined by fitting Guinier law (Eq. 6) over the low q range
of the experimental scattering function. The obtained
value, R; = 15.2 A, is similar to that determined from the
known atomic structure (Rg = 15.4 A). The distance distri-
bution function p(r), obtained from experimental scattering
function by applying Eq. 5, exhibits a Dmax value equal to
50.3 A, in good agreement with Dyax = 49.6 A determined
from the p(r) function calculated using data of the known
atomic structure.

Scattering results corresponding to lysozyme/
water/TMU solutions demonstrated that the overall shape
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Figure 4. Experimental results corresponding to lysozyme/water solu-
tions with different organic solvent (TMU) contents (w). (a) Scattering
functions (b) Distance distribution functions corresponding to the scatter-
ing curves shown in (a). Continuous lines in (a) and (b) for w = 0 are the
scattering and distance distribution functions, respectively, calculated
from the known atomic structure of native lysozyme. Reprinted from Ref.
7 with permission from American Institute of Physics.

of lysozyme varies with TMU content (Fig. 4a and b). For
TMU content w < 0.5, the maximum diameter Dyax and the
radius of gyration Rg are small and approximately inde-

Craievich

Materials Research

pendent of w. For w = 0.6, Ry and Dmax increase sharply
indicating that the protein molecule becomes highly an-
isometric. The increase in Dmax is clearly apparent in
Fig. 4b. This effect is a consequence of an unfolding proc-
ess and explains the results of previously mentioned vis-
cosity measurements.

The next step was to investigate the eventual revers-
ibility of the conformational variation. For that, the added
TMU molecules were extracted from the solution. The
scattering function of the sample from which the organic
solvent was removed was found to be similar to the curve
of native lysozyme. This demonstrated that the unfold-
ing/folding process promoted by the addition of TMU is a
reversible transformation.

The reported experimental results suggest a model of
two different equilibrium states for lysozyme characterised
by a folded conformation and an unfolded one, respec-
tively. According to this model, only folded or unfolded
states are present in significant concentrations for all TMU
content.

5.2. Liquid ZnO suspensions and aggregation processes®

Powders composed of ZnO nanoparticles obtained by
the sol-gel route are used as precursors for the development
of materials with interesting properties. The first step of
sol-gel processing leading to ZnO nanoparticles is the
formation of a liquid suspension of zinc acetate in ethanol
in which LiOH is added under ultrasound treatment. Main-
taining the solution inside a cell at a constant temperature,
the dissolved molecules start to aggregate, yielding colloi-
dal particles of progressively increasing size.

In order to study the first steps of the aggregation
process, an in situ SAXS study was performed. The sol was
placed inside a cell held at 40 °C with the incident X-ray
beam passing through it. The different scattering functions
obtained after increasing periods of time where analysed
assuming that the system is dilute and that the colloidal
particles are nearly spherical. This assumption was con-
firmed by TEM studies of dried solutions.

In order to determine the size distribution of the colloi-
dal particles, the integral Eq. 11 was solved by using the
GNOM package. This numerical procedure was applied to
several experimental scattering functions corresponding to
different periods of aggregation time, yielding a set of
particle volume distribution functions,
D(R) = (4/3)nmR*G(R).

The scattering curves corresponding to suspensions
held at 40 °C during increasing periods of time are plotted
in Fig. 5. The experimental results demonstrate that the
kinetics of ZnO colloidal formation is characterised by two
main stages. In the first one, a growing peak in D(R)
function centred at R = 17 A is apparent, indicating a
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Figure 5. Kinetics of aggregation of ZnO colloidal suspensions in alco-
holic solution. Particle volume distribution functions correspond to in-
creasing periods of time, from 10 to 120 min, with the suspension
maintained at a constant temperature (T = 40 °C) inside the SAXS sample
cell. Reprinted from ref. 8 with permission from Elsevier.

continuous formation of small colloidal particles. The num-
ber of these olygomers increases monotonously for increas-
ing reaction time, while their average size remains constant.
The nature of zinc-based molecular olygomers in ethanolic
solution is not well known but the radius determined by
SAXS seems to correspond to the size of the crystal-
lographic unit cell of a zinc acetate derivative compound.
This suggests that, initially, polycondensation reaction
leads to the formation of trimeric or tetrameric colloidal
objects.

In a second stage, the D(R) functions exhibit a still
growing peak centred at 17 A and the appearance and
growth of a second peak corresponding to an initial average
particle radius R = 60 A. The peak position shifts continu-
ously toward higher R values up to 110 A for a period of
time of 2 h. These variations in D(R) functions clearly
indicate the continuous formation of colloidal primary
particles and their simultaneous aggregation and conse-
quent particle growth.

Electron diffraction experiments demonstrated that pri-
mary particles are crystalline, with a zinc wurtzite structure,
suggesting that they are formed by oxolation reactions
involving small olygomers existing in the early time period
of synthesis.

The progressive clustering of primary particles leads to
the formation of large aggregates exhibiting a fractal struc-
ture. Fitting the function given in Eq. 15 to the experimental
scattering functions corresponding to long periods of time
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yields a fractal dimension D = 1.7. This value is close to
that expected for a mechanism of growth controlled by
diffusion-limited cluster-cluster aggregation.

5.3. Structural transformation in nanoporous NiO
xerogels®!’

Solutions of alkoxides in alcohol can be destabilised by
hydrolysis and polycondensation, promoting the formation
of progressively growing aggregates. Under specific con-
ditions, very small (colloidal) particles are formed and
stable sols are obtained. Addition of water to the initial
solutions promotes the formation and growth of clusters,
which eventually establish contacts and bonds between
themselves. The aggregation process may be controlled by
the mechanism of diffusion of primary species embedded
in the liquid phase or by the chemical reaction associated
to interparticle bonding. Primary species may aggregate
forming progressively growing clusters (particle-cluster
aggregation). Also, diffusing clusters may bond between
themselves (cluster-cluster aggregation). Depending on the
concentration of primary particles, particle-cluster or clus-
ter-cluster aggregation may lead to an infinite sized body,
i.e. a continuous network occupying all sample volume.
This final soft solid is named a gel.

The increasing size of the aggregates progressively
increases the viscosity of the sol, which exhibits a sharp rise
when sol-gel transition occurs. Gels contain an important
amount of solvent inside the pore phase. By extracting the
solvent from the “wet” gel, a fine porous powder (a xerogel)
is produced. Under special conditions, such as hypercritical
drying, monolithic porous gels can also be obtained.

Porous NiO-based powdered xerogels were prepared
using the sol-gel procedure. The precursor sols were com-
posed of nickel chloride, acetic acid and different amounts
of water dissolved in butanol. The liquid solutions were
refluxed and the resulting sols dried and held during one
hour at different temperatures from 150 up to 900 °C.
SAXS measurements were performed on several samples
with different acetic acid and water contents in order to
characterise the nanoporous xerogels.

The experimental results plotted in Fig 6a demonstrate
that, for low-temperature heat-treatments (150 and 300 °C),
the scattering functions exhibit a nonlinear behaviour in
log-log plots. At high temperatures, the logarithm of inten-
sity approaches to a linear dependence on log q.

The pore volume distributions corresponding to xero-
gels heat-treated at different temperatures were determined
from the experimental scattering functions using the
GNOM package and are plotted in Fig. 6b. It was assumed
that the system consists of a non-correlated set of pores
modelled by a polydisperse system of hard spheres. The
results demonstrated that, for low heat-treatment tempera-
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Figure 6. (a) Scattering functions and (b) pore volume distribution
function of NiO based porous xerogels heat-treated during 1 h at the
indicated temperatures. Reprinted from Ref. 10 with permission from the
International Union of Crystallography.
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tures (150-300 °C), the pore volume distribution D(R)
exhibits apeak centred at R =75 A (nanopores). In addition,
it indicates a wide distribution of larger pores, with a size
continuously ranging from 100 up to 400 A (mesopores).
The highest value of R = 400 A is associated to the limita-
tion imposed by the existence of a minimum q value in the
experimental scattering functions.

The volume distribution function of xerogels heat-
treated at temperatures equal to and higher than 500 °C
demonstrates the existence of mesopores (R > 100 A) and
the absence of nanopores with R < 100 A. The same was
concluded for all studied xerogels, regardless their water
content.

The reported results indicate that, for low heat-treat-
ment temperatures (150-300 °C), xerogels exhibit a
nanoporous structure and a minority of mesopores of vary-
ing size. The porosity is produced by the evaporation of
water and progressive elimination of organic compounds.
At higher temperature, the increase in the average size of
nanopores is promoted by the progressive elimination of
structural water and less volatile organic compounds. An
additional effect is the coarsening and coalescence of ex-
isting nanopores, thus increasing the number and size of
mesopores.

5.4. Hybrid organic-inorganic xerogels: formation and
structural properties

5.4.1. Wet gels'!

The development of nanocomposite materials consist-
ing of two phases, one of them organic and the other
inorganic, has recently received the attention of many
materials scientists. These hybrids can be designed in such
a way as to obtain a composite preserving some of the
interesting properties of one of the phases, the second one
contributing to improve others. These materials are pre-
pared by sol-gel processing.

Precursor solutions composed of polyethileneglycol
(PEG) and polypropyleneglycol (PPG) polymers, with both
ends chemically grafted to siloxane molecules, dissolved
in ethanol were prepared. After addition of water and
stirring, transparent sols were obtained. The aggregation in
sol phase and the gelation process were studied by SAXS.
The experimental results indicated that siloxane end mole-
cules aggregate leading to clusters exhibiting a fractal
structure. Fractal clusters are linked between them by poly-
meric chains. Fittings of Eq. 15 to the experimental scatter-
ing functions yielded the fractal dimension, the aggregate
correlation length and their variation with time.

The correlation length, associated to the size of the
silica-based fractal aggregates, increases from 60 to 130 A,
while the fractal dimension varies from 2.4 to 2.7. The
variation in fractal dimension indicates that the growth of
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aggregates is not controlled by a single mechanism. The
results suggest that, simultaneously to aggregate growth,
an internal rearrangement, or ageing, occurs.

5.4.2. Dry gels'?

Dry gels containing siloxane-grafted PEG and PPG
polymers with different molecular weight (or chain length)
were studied by SAXS. Scattering spectra from all of them
exhibited a well-defined peak, the q value corresponding
to the maximum increasing for decreasing polymer chain
length. This trend led us to the conclusion that the observed
peak in scattering intensity functions is a consequence of
interference effects on X-ray scattering amplitude pro-
duced by spatial correlation of closely located SiO> - based
clusters embedded in the polymeric matrix.

5.4.3. Drying process!

The drying process of siloxane-grafted PPG wet gels
was studied in situ by SAXS. Drying was achieved by
opening the cell containing the initially wet gel. The open
cell was maintained at a constant temperature (T =70 °C)
during in situ SAXS measurements. The scattering func-
tions of partially dried samples plotted in Fig. 7 exhibit a
peak at q = 0.15 A™! with a maximum intensity increasing
for increasing periods of time. The average distance be-
tween aggregates, estimated from the position of the scat-
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Figure 7. Scattering functions of PPG-siloxane grafted hybrids obtained
during the drying process at 70 °C. Reprinted from Ref. 11 with permission
from Japanese Journal of Applied Physics.
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tering peak by using Eq. 14, was ds = 42 A. The low value
of the average interaggregate distance (smaller than the
radius of gyration of the fractal silica aggregates in the
precursor wet gels) indicated that both, fractal aggregates
and polymeric matrix, shrink during the drying process.

The constant position of the progressively growing
peak of the experimental scattering function (Fig. 7) and,
consequently, the invariance of average interparticle dis-
tance ds suggested that the drying process can be described
as a first-order phase transition. The basic conclusion was
that the drying plate-shaped sample consists of (i) two
well-defined dry layers of increasing thickness, close to the
both external surfaces, and (ii) a remaining wet layer in the
central part. The increase in scattering intensity, as drying
goes on, would be a consequence of the progressive in-
crease in volume fraction of the dry phase.

5.4.4. Effects of Li salt addition'?

The effect of addition of Li salt on the structure of
siloxane grafted PEG hybrids was also studied by SAXS.
Experimental scattering curves corresponding to several Li

contents exhibit a correlation peak with different maximum
intensity values.

For low-doped samples, the peak position gm and, con-
sequently, the interparticle average distance between silica
clusters, ds, (Eq. 18) remain invariant as doping increases.
The decrease observed in the integral Q (Eqs. 12 and 13)
was attributed to a decrease in electronic density contrast,
p1-po,as a consequence of a progressive filling effect of the
increasing amount of Li* interacting with the ether-type
oxygens and occupying the open space between polymeric
chains.

For intermediate doping level, a decrease in interparti-
cle spacing ds and in the integral Q for increasing Li*
content were observed. The decrease in ds suggests a con-
traction of the polymer structure as a consequence of the
increase in degree of cross-linking O-Li*-O between poly-
meric chains. On the other hand, the contraction of poly-
meric phase increases its electronic density so reducing the
contrast between the electronic density of the two phases
(p1 - po)- This justifies the decreasing tendency of the inte-
gral Q.

For high-doping level, the structure of the polymeric
phase becomes more and more contracted because of the
increase in the cross-linking degree, as suggested by the
decrease in ds. The contraction is high enough to induce a
noticeable increase in silica-rich volume fraction ¢. At the
same time, the polymer electron density po increases as a
consequence of the contraction in polymeric phase. These
two simultaneous phenomena explain small variations ob-
served in the integral Q (Eq. 12).
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The proposed structural model is consistent with the
behaviour of ionic conductivity at room temperature. It is
well established that, in polymer electrolytes, ionic conduc-
tion occurs in the polymeric phase of the material. For pure
PEG and PPG polymers and low Li salt addition, the
increase in conductivity is simply due to the increasing
number of cations. For high salt content, the decrease in
conductivity after the maximum is attributed to the forma-
tion of cross-linking O-Li*-O between oxygen atoms of
different polymer chains, leading to an increase in chain
rigidity.

5.5. Formation and growth of nanocrystal in glass
composites'

Doped glasses containing semiconductor nanocrystals
exhibit non-linear optical properties, making them good
candidates for telecommunication devices. The properties
of these materials are particularly interesting when
nanocrystals are spherical and have a narrow radius distri-
bution.

A doped silicate glass initially containing Pb and Te
ions was investigated by SAXS in order to determine the
shape, size and size distribution of PbTe nanocrystals and
characterise their formation and mechanism of growth
under isothermal condition.

The precursor doped glass was quenched from high
temperature by means of the splat-cooling technique using
two metallic blocks driven one against the other by the
action of a strong spring. Thin 100 pm-thick lames, close
to the optimum thickness for SAXS experiments, were
obtained. The sample was then held at a constant tempera-
ture, T = 650 °C, inside a high-temperature cell installed at
a synchrotron SAXS beamline for in situ measurements.

The experimental scattering functions corresponding to
different heat treatment times at constant temperatures are
plotted in Fig. 8. The scattering intensity produced by
nanocrystals progressively grows and exhibits an oscilla-
tion and secondary maximum at high q values. This maxi-
mum is not clearly apparent in the early stages of crystal
growth because of the rather high statistical errors in scat-
tering intensities. The position and intensity of the observed
secondary maximum are qualitatively consistent with the
theoretical prediction for a set of identical spheric particles
(Eq. 10). The observed small deviations of experimental
scattering function from the theoretical one (Eq. 10) sug-
gest that PbTe nanocrystals are spherical and have a narrow
size distribution.

As can be seen in Fig. 8, the theoretical scattering
functions of a dilute set of growing spheres with a Gaussian
radius distribution (Eq. 11) fit very well to all experimental
curves. The positive deviations of the experimental scatter-
ing functions from the theoretical ones at extremely low q
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Figure 8. Scattering functions of PbTe nanocrystals embedded in a
silicate glass matrix held at a constant temperature (650 °C) for different
periods of time from 10 to 120 min. The sample was placed inside a high
temperature cell during in situ SAXS measurements. The curves were
vertically displaced for clarity. Reprinted from Ref. 14 with permission
from the International Union of Crystallography.

were attributed to the existence of coarse heterogeneities in
the glass matrix. The fittings of Eq. 11 to the different
experimental SAXS curves yielded the values of the aver-
age radius, the variation in the number of nanocrystals and
the parameter ¢ characterising the width of the Gaussian
radius distribution. The average nanocrystal radius in-
creases from 15 to 33 A for periods of time of isothermal
treatment increasing from O to 120 min. The parameter ¢
varies in such a way that the quotient 6/<R> remains
constant and equal to 10% during the whole process of
crystal growth.

The average radii of the nanocrystals were inde-
pendently calculated using experimental optical absorption
data and a simple theory that assumes identical spheric
nanocrystals and a parabolic dependence of energy E on
wave-number k of conduction electrons (Efros and Efros
theory). For a number of other studied nanocomposites, this
theory yielded reasonably good estimates of nanocrystal
radii. However, the nanocrystal radii of PbTe nanocrystals
derived from SAXS experiments and those determined
from optical spectroscopy did not agree. This demonstrates
that not all the simple assumptions of Efros and Efros
theoretical model, namely that regarding the function E(k),
apply to PbTe nanocrystals.

6. Final Remarks

The reviewed investigations are examples of applica-
tion of the SAXS technique using synchrotron radiation to
structural characterisation of a number of different
nanomaterials and colloidal solutions. They also illustrate
the usefulness of the knowledge of the structure at a supera-
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tomic level for a better understanding of many materials
properties.

The photon flux of the LNLS synchrotron source is
maximum for energies close to 1 keV (Fig. 1), not so being
optimised for the emission of 8 keV photons (A ~ 1.5 A)
often employed in SAXS experiments. Nevertheless, the
experimental SAXS results reported here demonstrate that
the flux of 8 keV photons is high enough to make a number
of interesting studies on the structure of solutions, gels and
solid materials possible. It also permits the investigation of
structural transformations, from precursors to final materi-
als, with a resolution time on the order of one minute.

It is also worth mentioning that all reviewed studies
were performed using a nearly “pin-hole” geometry for the
incident beam. This geometry is convenient because, under
this condition, experimental scattering functions do not
need to be desmeared using mathematical procedures, so
increasing the accuracy of the structural information ob-
tained from data analysis.
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