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1. Introduction

In recent years the small angle X-ray
scattering method (SAXS) has been
used more and more frequently in in-
vestigating the profile of electron den-
sity changes on the phase boundary [1-
13]. This is why it can be and is used in
characterising the organic properties of
films on porous materials. The deposi-
tion of such a film undoubtedly changes
the profile of electron density changes
on the phase boundary (i.e. the porous
material skeleton), which also cause
changes in the small angle scattering
values.

Coating processes have recently be-
come more and more important from a
practical and theoretical point of view.
Consequently, it appears useful to find
simple and non-destructive techniques
that allow the physical characterisation
of the deposited films.

Silica gels and controlled porous glasses
(CPG) belong to the most popular sili-
ceous materials used as supports for
coating processes. The most popular
coated silicas are reversed-phase silicas,
a class of materials used in chromatog-
raphy. This class of materials includes
RP-2, RP-8, and RP-18, in which the pore
surfaces of silica gels are fully derived
with ethyl, octyl, or octadecyl chains.

There are also many other systems in

which a transition layer occurs on the
phase boundary (understood as the
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change in electron density) and which
can be successfully investigated using
the SAXS method.

The aim of the following investigations
was to determine the relationships be-
tween the small angle X-ray intensities
and the parameters characterising the
film deposited on porous materials.

2. Theory

The intensity of SAXS for complex, dis-
ordered and porous systems can often
be described by the power law scatter-
ing equation:

I(q) = Lq™ @

where |, o are constants and

4 sin6 . .
q= T m (26 is the scattering angle,
A

A is the X-ray wavelength).
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For many materials which are charac-
terised by the possession of the diffuse
phase boundary caused by, for exam-
ple, the presence of an organic layer,
the a-coefficient is greater than 4. This
means that the existence of a diffuse
phase boundary causes a depletion of
the SAX scattering resulting in a nega-
tive slope for the Porod plot (I1(q)xq*
vs g for the point-collimated system or
1(q)xqg® vs g for the slit-collimated sys-
tem). Hence, this effect is referred to
as the negative deviation from the
Porod law.

For the majority of solid organic sub-
stances the Porod plot, especially at the
end of the Porod curve, does not reach
a constant value. This behaviour can be
caused by the existence of thermal or
other density fluctuations (on the small
scale of several A). The presence of den-
sity fluctuations results in the enhance-
ment of scattering at the end of the scat-

C)
| P

1
|
1
|
|
D3:
|
|
|
|
|

P2

—E

Figure 1. Schematic diagram of materials with different electron density distribution; p, - electron
density of solid skeleton, p, - electron density of medium in pores (air), p, - electron density of organic

layer, E - thickness of transition layer.
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tering curves, giving the Porod plot a
positive slope. For this reason, this ef-
fect is known as the positive deviation
from the Porod law.

There are two approaches to the analy-
sis of the SAXS effect from porous ma-
terials with a transition layer. The first
is based on Ruland’s and Vonk’s work;
they analysed the SAXS effect from
polymer lamellar structures [14, 15, 16].
The other approach was developed by
Ciccariello’s team [11-13].

It is well known that the amplitude of
scattered X-rays is proportional to the
Fourier transformation of the auto-con-
volution of the electron-density profile,
p(n), so that:

1. (q)=F{apz } @)

where F - three-dimensional Fourier
transform, Ap,,, - the difference between
the local electron density and the aver-
age, and *2 stands for auto-convolution.

According to Ruland [14], for a system
with diffuse interface boundaries (transi-
tion layer E), the electron-density profile
(see fig.1) may be represented by a convo-
lution between an ideal electron-density
profile with sharp boundaries p(r), and a
smoothing function h(r), given as

A, (r) = 8p(r)* h(r) @3)

where r is the distance along an arbi-
trary vector inside the scattering vol-
ume. The Fourier transform of a con-
volution product in real space is equiva-
lent to the product of the Fourier trans-
forms in reciprocal space,

Lo (@) = o (e (0} @)

and
lim [ (@)l=1, (@) (a) ©)

where 1,(q) is the Porod-law intensity
and H?(q) is the Fourier transform of the
autocorrelation of the smoothing func-
tion. The term H?(q) represents the
negative deviations from the Porod law
caused by the diffuse interface.

For coated porous materials, the ther-
mal density fluctuations in coatings can
exist, which results in positive devia-
tions from the Porod law. Thus, the
scattering intensity becomes:

lim[T,,. ()] = 1, (@)r* (@) + 1, (0) 0

where
15(q) is the scattering due to electron
density fluctuations within the coating.

So far, two different electron density
profiles presented in Figs. 1A and 1B
have been discussed by Ruland and
Vonk. For the majority of coated porous
materials, the electron density profile
has somewhat of a step character, but
for coated porous materials, where the
transition layer is much smaller than
the diameter of pores, a simplification
can be assumed. The smoothing func-
tions for the cases presented in Figs.1A
and 1B are as follows, respectively:

H(g)=e " )
sin E7q
H(q) = o ®)
2

For both cases, the expansion of the
smoothing function into power series
and the truncation of the series after the
second term for slit-collimated data re-

sults in
1 E°
2 _? 9)

1
This meansthat the plot T (q) 0 vs q7

I(a)my=c

¢ — constant

should be a straight line; from this rela-
tion the E values may be calculated [10].

In several works [11-13] Benedetti and
Ciccariello presented a very interest-
ing procedure which allows the deter-
mination of not only the thickness but
also the electron density of the transi-
tion layer.

They assumed that, within the range of
g attainable in SAXS measurements,
coated materials can be considered as
isotropic three-phase systems, with
each phase having a uniform electron
density. The three phases correspond to
the skeleton (bulk) of porous material,
the voids (pores) characterised by the
electron density of the air (equal = 0),
and the phase formed by the molecules
anchored on the support surface. The
latter phase is characterised by con-
stant thickness, depending mainly on
the length of coating molecules, as well
as by constant electron density. They
also assumed that the thickness of a
coating layer is independent of the sup-
port loading. This means that the pro-
cedure can yield realistic results only in
investigations of materials with signifi-
cant coating close to 100% because, as
has been proved [10], the number of de-
posited molecules determines their ar-
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rangement of the adsorbent surface and,
by that token, the thickness of the coat-
ing layer.

Howvever, further assumptions for the
Benedetti-Ciccariello procedure are re-
quired. The support must have a suffi-
ciently large pores (more than > 50A)
for the Porod plateau to become observ-
able, while the average pore size must
be considerably larger than the length
of coating molecules.

3. Experimental

All SAXS measurements were per-
formed on asslit-collimated Kratky cam-
era using filtered Cu radiation. A pro-
portional counter and a pulse-height
analyser were used to measure the scat-
tered intensity. The investigated sam-
ples were placed in a cuvette of Imm
thickness with windows covered by
plastic foil.

The porous glass used for these investi-
gations has pores of 400A diameter. Fig-
ures 2 and 3 present the volume size dis-
tribution and the Porod plot for this glass.
The porous glass was covered with a
thin layer of high aliphatic alcohol: oc-
tadecanol, heptadecanol, hexadecanol,
and dodecanol. The procedure used for
the preparation was as follows: 10 ml
CH,CI, containing an adequate amount
of alcohol was added to 1g of porous
glass. The suspension was stirred; sub-
sequently the evaporation of the CH,CI,
at room temperature occurred.

In the following sections of this paper,
the amount of alcohol will be indicated
as a % degree of coverage of the glass
surface. It was assumed that one alco-
hol molecule takes up 21A2 of the glass
surface when alcohol molecules form
a 'brush' (monolayer) with the maxi-
mum density.
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Figure 2. The volume size distribution F (D) for
pure CPG glass.
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The samples which had been previ-
ously analysed by Benedetti and
Ciccariello [11] were investigated. This
particularly concerns the RP-18 sample,
as well as a number of silica gel sam-
ples with the increasing amount of
Si(CH,),P(C¢H;), (in Benedetti and
Ciccariello, marked as SiO,-00, SiO,-01,
Si0,-05, SiO,-1, SiO,-5).

4. Results

Fig. 4 shows parts of the Porod plots
for glass samples coated with different
amounts of hexadecanol; Fig. 5 shows
the Ruland plots for two example sam-
ples. The Porod curves presented in Fig.
4 clearly show negative deviations from
the Porod law; an increase in the cov-
erage by alcohol molecules causes an
increase in the negative slope of the
Porod curve.

Also, for other investigated samples
containing octadecanol, heptadecanol
and dodecanol, an increase in the nega-
tive deviation of the curves was ob-
served, accompanying an increase in
the coverage.

The Ruland plots shown in Fig. 5 clearly
manifest an almost ideally rectilinear
run within a relatively significant range
of the 1/g? values. A similar rectilinear
run of the Ruland plot was observed
for all investigated samples. Accord-
ingly, using equation (9), the thickness
of a transition layer (E) for all investi-
gated samples was calculated; the E
values can be treated as the thickness
of an alcohol layer. Table 1 shows the
obtained values of the thickness of the
transition layer E for the samples of
glass covered with increasing amounts
of hexadecanol. Generally, the thick-
ness of an alcohol film deposited on the

1.60—
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carrier surface depends on the alcohol
molecule length as well as on the de-
gree of coverage.

For a small degree of coverage, it can
be assumed that the alcohol molecules
lie on the glass surface, which explains
the rather small thickness of the tran-
sition layer (see table 1), and conse-
quently the insignificant negative de-
viation from the Porod law. A rise in
the degree of coverage causes the al-
cohol molecules to 'rise' (see Fig. 6),
which extends the transition layer (al-
cohol layer) and increases the negative
slope of the Porod curve. A further in-
crease in the degree of coverage causes
further erection of alcohol chains un-
til the molecules form a 'brush’ of alco-
hol chains on the glass surface (Fig. 6).

The data in Table 1 shows a clear in-
crease in the thickness of the layer ac-
companying an increase in the amount
of alcohol. Similar changes in the thick-
ness of the transition layer caused by
an increase in the degree of coverage
for other investigated alcohols were
also observed.

Table 1. Thickness of transition layer (E) for in-
vestigated samples porous glass coated with
hexadecanol

Sample Thickness E [A]
A+10% 10.1
A+30% 14.1
A+50% 16.6
A+75% 19.8
A+100% 20.6
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Figure 4. Porod plots for porous glass coated with hexadecanol.

400—

300

I(a)q [imp/s)A™]

200—

100—

0.00 0.04 0.08 0.12

Figure 3. Porod plot for pure CPG glass.
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Figure 5. Ruland plots for porous glass coated with dodecanol and
heptadecanol (degree of coverage was equal to 100% for both samples).
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Table 2 contains the thickness of alco-
hol layer for 100% degree of coverage
as well as theoretical lengths of carbon
chains. As can be observed, there is good
agreement between the theoretical
length of chain and the values obtained
by the Ruland-Vonk equation. The re-
sults presented in Tables 1 and 2 as well
as in Figs. 4 and 5 strongly suggest that
the thickness of an alcohol layer can be
reliably determined by means of the
Ruland-Vonk relation (9). The useful-
ness of the Ruland-Vonk equation was
additionally confirmed in the analysis
of SAXS data presented in paper [11].

Figs. 7 and 8 present two exemplary
Ruland plots for samples which were
investigated by Benedetti and Ciccariello
[11]. The curves in Figures 7 and 8 clearly
manifestan almost ideally rectilinear run
within a relatively significant range of
1/¢? values. It must also be noted that
the remaining curves analysed also
manifested the rectilinear run.

Table 3 shows the thickness of the tran-
sition layer obtained by the Ruland-
Vonk equation (9) and by the Benedetti
and Ciccariello procedure [11]. The first
line contains values obtained for RP-18;

Table 2. Theoretical length of the alcohol molecule chain and thickness of transition layer E for porous

glass with the 100% degree of coverage

aliphatic theoretical length of thickness of transition
alcohol chain [A] layer [A]
C18H370H 23.6 22.1
C17H350H 22.3 20.3
C16H330H 21.0 20.2
C12H250H 15.7 14.0

Table 3. Thickness of transition layer (E) obtained by Benedetti, Ciccariello [11] and the Ruland-Vonk

equation (9).

SAMPLE E[A]
Benedetti, Ciccariello Ruland-Vonk
RP-18 16.5 18
SiO2-00 16.8 2.2
Si0O,-01 13.0 43
SiO; -05 11.8 6.2
SiO2-1 11.7 13.9
SiO2-5 111 15.6

R

Figure 6. Suggested models for the orientation of alcohol molecules on porous glass.
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Figure 7. Ruland plot for pure silica gel (SiO,).
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Figure 8. Ruland plot for silica gel covered by
Si(CH,),P(C,H,), (5iO,-05).

January/December 2003, Vo.11. No. 5 (44)

a rather good agreement between the
values estimated using the two meth-
ods can be observed. The following five
lines demonstrate the results obtained
for silica gel covered with an increas-
ing amount of Si(CH,),P(C¢H5),. The E
values obtained using the Benedetti-
Ciccariello procedure for pure silica gel
(16.8A) are so large that it is difficult
to explain what kind of species on the
silica gel surface can form a transition
layer of such thickness.

The analysis of the further data in col-
umn 2 shows that an increase in load-
ing causes a decrease in the E value.
The values of E obtained from the
Ruland-Vonk relation (see the third
column of Table 3) are more logical.
For pure silica gel, the value of the
transition layer is small (2.2 A), and it
increases with an increase in loading.
Moreover, the length of the coating
molecule (Si(CH,),P(C.H:),) estimated
on the basis of its chemical structure
is 9A.

Considering this, it can be stated that
the E value obtained for the SiO,-5
sample (in this sample, the degree of
coverage equals almost 100%) using
the Benedetti and Ciccariello proce-
dure is more realistic than that ob-
tained using the Ruland-Vonk equa-
tion. The data in Table 3 demonstrates
the thesis from [11], stating that the
Benedetti and Ciccariello procedure
yields results with a high error mar-
gin for samples with small coverage,
but appears to be more precise for the
sample with the 100% coverage. On
the other hand, the high values for
SiO,-1 and SiO,-5 samples obtained
using the Ruland-Vonk equation can
be explained by the incompatibility of
the profiles of electron density of
Si(CH,),P(C4H5), coverage assumed in
equation (9) (see Fig. 8). The
Si(CH,),P(C¢H;), molecule contains a
‘heavy atom' phosphor containing as
many as 15 electrons, which makes it
hard to assume that changes in the elec-
tron density are compatible with any
profile shown in Fig. 1.

5. Gonclusions

The results presented show that the
SAXS scattering is undoubtedly very
sensitive to the presence of a transition
layer (in context of electron density
changes) on the surface of the porous
materials. The deposit of an organic
layer on silica gel or porous glass re-
sults in the creation of a transition layer
on their surface understood as the
changes in electron density. That is

13



why the SAXS method can yield inter-
esting data concerning coated materi-
als. The determination of the thickness
of a coating film appears to be particu-
larly desirable. The above investigation
has shown that the thickness of a coat-
ing film can be reliably determined by
means of the Ruland-Vonk equation (9).
For selected samples, the comparison
of results obtained using the Ruland-
Vonk relation and the Benedetti-
Ciccariello procedure have been per-
formed (Table 3). It has been deter-
mined that for materials with 100%
coverage (e.g. RP-18, SiO,-5) both
methods yield comparable results,
with the thickness value obtained us-
ing the Benedetti-Ciccariello procedure
being closer to the theoretical film
thickness. For small degrees of cover-
age, the Ruland-Vonk procedure yields
reliable results, which is not the case
with the Benedetti-Ciccariello procedure
(samples SiO,-00, SiO,-01, SiO,-05).
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