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= ABSTRACT: The correlation distance, as determined by small angle X-Ray scattering (SAXS) in systems

which scatter according to the Debye, Anderson and Brumberger (DAB) model, is compared with the

I8 classical Porod’s inhomogeneity length. Both parameters have the same value and the same physical

| means in compact two-phase systems. The inherent problems to fit the Porod's law in DAB model

systems, as well as the deviation in the determination of the associated Porod's inhomogeneity length,
are discussed .
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Introduction

The structural parameter often obtained by small angle X-Ray scattering (SAXS)
In non-particulate systems in the colloidal dimension range is a certain correlation
distance.! Direct experimental determination of the correlation distance in isotropic
Systems requires an appropriate theoretic model fitting the scattering intensity I(h)
data as a function of the modulus of the scattering vector h = 4r sin(e/2)/A, being €
the scattering angle and A the radiation wavelength. Porod's law! and the Debye,
;@wamaoa and Brumberger (DAB) model? are classical ones frequently fitting the data
Of porous systems. However, the exact physical meaning of the DAB correlation
stance in dense packing systems and its relationship with the classical Porod
goao@ou&% length are not always understood.?
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In this work, direct determination of the DAB correlation distance, without _
desmearing the data from studies under experimental conditions of slit collimation, is
considered, and the relationship of this parameter with that Porod inhomogeneity

length is discussed together with the inherent difficulties expected to fit the Porod's
law in a typical DAB model system.

Scattering by isotropic porous systems

The small angle X-ray scattering power I(h) by an isotropic porous system is
related with the Fourier-Transform of the correlation function y(r), which is defined as
the mean value of the product of the local fluctuations in electronic density, with
respect to some average value, separated by the distance r. The limite y(r =0) gives
the interface surface area by unity volume of the irradiated sample.?

(8/V) = -4¢(1-) v'(0) (1)

where ¢ is the pore volume fraction.

Under experimental conditions of “linear and infinite” cross section beam
collimation (slit collimation), the observed scattering intensity is a certain smeared
<mEmwAE due to the infinite height of the beam, which is described by a variable t,
and will be given by the following integration along t*:

I(h) = ._. Hg I[(h2 + ©2)1/2]dt @)

The Porod's law

According to Porod’s law, under slit collimation conditions, the assymptotic |
dependency of I (h)h at large values of h decreases proportional to the reciprocal thirth |

power of h*; -

litp oo 1 (1) = K 3)

where K , is the so-called Porod-law constant for slit collimation. The Porod-law
constant is related to the surface/volume ratio of the irradiated sample as it follows®

(S/V) =46 (1-$)K ,/Q )
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where

Q = himdn (5)
JorIm
is the integrate intensity over the h space, a parameter so-called invariant which is

helpful when the intensity measurements are obtained in relative units. One defines
the Porod inhomogeneity length®

lp= m \mn (6)

which yields the average sizes of the solid phase (1) and pores (1,), if the pore volume
fraction is known, with the help of the equations®:

L=(1-9)k=0l ot L={+p 0

The Debye, Anderson and Brumberger (DAB) model

According to Debye, Anderson and Brumberger,? when the porous system shows
a distribution of holes of random shape and size, so (1) is an exponential function:

(1) = exp (-1/a) (8)

where a is the DAB correlation distance. The system will scatter according to the law:2
Ipagth) = A/(1+a%h?)?, where A is a constant. Under slit collimation conditions, this law
yields,” after the appropriate integration throught equation (2),

Ipap (h) =B/(1 + aZh2)e/2 ©)

where B=n/2a. The plot of I%® vs.h? is linear and the correlation distance a can be
obtained from the slope-intercept ratio directly without smearing the data.
By using the correlation function of the equation (8), equation (1) becomes?

(S/V) =4 ¢(1-dp)/a

From equations (4), (6) and (10) one concludes that the correlation distance in
the DAB model is equivalent to the Porod inhomogeneity length, or

(10)

Iy (11)
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Another evidence of this result can be obtained directly from the calculus of K, ﬁ found in the systems studied in ref. 2. Rigorously, the Porod's law could be observed

and Q for a DAB system, i.e., a system which scatter according to the equation (9). . _just for ah >> 1. Often, that law is fitted in a h-range so that ah >~ 2r. Fitting equation
So, from equations (3) and (5) we have (14) in a typical experimental h-range comprised between h,=2.15 nm! and h.= 3.0 nm™,
it yields the parameters in Table I.
Kp =lmp_ o Ipas (W% =B/2d (12)
and
. o Table [ — Fitting equation (14) in a fixed h-range between h; = 2.15 nm' and h« =
Q = -_. hlpap (h)dh=B/a2 (13) 3.0 nm! for distincts DAB model systems
0
and by using these last equations in the equation (6) it yields the equation (11) again. ——
amm K, /au b/au correlation Q' /au. I'p / nm M.lnmllm (%) an,
coefficient
Discussion 3.00 255 3.52 0.978 11.0 3.11 3.7 6.5
2.00 11.4 25.3 0.877 246 217 8.5 43
The DAB correlation distance obtained by SAXS for non-particulate systems 1.50 25.1 99.3 0.978 42.7 1.70 14.0 3.2
have a precise physical meaning which is closely related with the mean size of 1.26 40.4 230. 0.979 60.0 148 19.0 27
individual phases, as it is the Porod Enoaoogmﬁ Hmb_odw. Porod's law is more | 1.00 69.7 620. 0.981 88.8 127 27.0 2.2
generic than the DAB model and so the calculation of 1, is almost always possible —
for isotropic two-phase systems with sharp boundaries interface. The advantage Q = h hipas ch +%mmwn = apparent invariant value

in the application of the DAB model, when it is possible, is that the value of the
DAB correlation distance can be obtained even at regions of small h values, where
a more accurate measurement of the intensity is possible. Experimental determina-
tion of DAB correlation distance can be carried out directly under slit collimation
measurements without smearing the data.

Finally, we speculate if both models could be successful to fit the scattering data
from a typical DAB system and what about the experimental difficulties to carry it out.
In addition, we consider if the positive deviation® from Pored's law found in some
cases might be due to and inappropriate choosen for the Porod's law regime in a
supposed DAB model system.

For a system with tridimensional electronic density fluctuations, the Porod’s law §
can be written as® :

Iy = mm v m p' = apparent inhomogeneity length

The experimental data in the Porod's law regime are often within about 5% in
error. The resulting parameter lp obtained from the approximation by the equation
(14) would be within the same experimental error if an adequate h-range had been
@oo%b for the Porod's law fit. The condition ah >~ 2x is just held for the straight
g.m fitting the curve e) in Figure 1. Meanwhile, if the fit is carried out in a wrong
-nterval, the resulting error in the apparent Iy value can be relevant in precise works.

.m.oémqmr even in the last case, that is yet a reasonable estimation of the correlation
- distance of the heterogeneities.

2 The Figure 1 shows that there is not a distinct crossover on passing from a regime
= ‘described by the equation (9) to another by the equation (3) in a DAB model system.
_ the distinct crossover for h = 2.06 nm as appearing in Figure 2 from a sample of
= N oxi-hydroxide wet gel® could not be associated to a sharp transition to the Porod's
B S regime (equation (3)) of a simple DAB model system (following the equation (9)),
Gespite the good fit of both equations yielding a=0.95 nm and 1,=1.31 nm. The
Multaneous observation of both regimes (eq. (9) and eq. (3)) in a typical 123 ys. h?
0 ‘Would be incompatible for a simple DAB model system.

limy e T () = 1P+ b (14)

where WU. is the apparent Porod-law constant and b is the fluctuation magnitude. mo,,,
equation (14) could apparently be a reasonable fit to the experimental data from a DAB
system if the h-range is relatively small. The Figure 1 shows I (h)h?® vs. h? plots for
DAB scattering systems with several a values. This interval covers the a-range valuess
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2 — Slit collimation DAB model plot from a wet sample of tin oxi-hydroxide gel’. (a) DAB model fitting (a=0.95 nm)

FIGURE 1 - Porod's law plots for typical DAB systems with (a) a=1.0 nm, (b) a=1.25 nm, (c) a=1.56 nm, (d) a=2.0 nm i
. (b) Porod's law fitting (13=1.31 nm).

and (e) a=3.0 nm.
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Conclusions

i) The DAB correlation distance which is obtained for systems with a distribution
of pores of random shape and size have the same value of the inhomogeneity length
defined by the classical Porod's law when the scattering intensity is measured in
relative units.

il) Experimental determination of DAB correlation distance can be done directly
under linear and infinite collimation conditions without smearing the data.

ili) A sharp crossover in the 123 yg, h? plot due to the transition from a DAB
scattering behaviour (eq. (9)) to a Porod's law regime (eq. (3)) is not expected for a
simple DAB model system. In this case, adequate Porod's law fits depends on the DAB
correlation distance and on the h-intervals to fit the data, while direct DAB model fit
is prefered.

iv) Assuming a wrong tridimensional electronic density fluctuations model in
an inadequate interval for the Porod's law fitting a typical DAB scattering system, leads
us to an inhomogeneity length which is greater than the real value, but yet a reasonable
estimation of the size of the heterogeneities.

VOLLET, D. R., ADORNO, A. T. Sobre a distancia de cormrelagao obtida por espalhamento de
Raios X a baixo angulo, em sistemas compactos de duas fases. Ecl. Quim., Sao Paulo,
v. 17, p. 53-61, 1992.

m RESUMO: A distancia de correlagéo obtida por espalhamento de Raios X a baixo dngulo (SAXS), para
sistemas que espalham segundo o modelo de Debye, Anderson e Brumberger (DAB), ¢ comparada com
o cldssico comprimento de inhomogeneidade de Porod. Fica evidenciado que ambos o0s pardmetros
tém o mesmo valor e o mesmo significado fisico nes sistemas compactos de duas fases. Os problemas
de ajuste da lei de Porod em sistemas que espalham segundo o modelo de DAB, bem como os er1os
acarretados na determinagdo do comprimento de inhomogeneidade de Porod associado a estes
sistemas, também séo discutidos.

= UNITERMOS: Espalhamento de Raios X a baixo angulo; comprimento de inhomogeneidade de Porod;
distancia de correlagéo de Debye, Anderson e Brumberger (DAB).
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