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Chapter 1

General Introduction



A concept of inhomogeneity is ecrucial in understanding
properties of condensed matters.l Numerous studies concerning
inhomogeneity have been made for various systems, such as
colloidal solutions, colloidal powders, natural and synthetic
high polymers, alloys, glasses, and so on.l:2

Agqueous mixtures often show anomalous behavior in various
transport and thermal properties.3 and formation of some kind of
molecular aggregates or (micro)inhomogeneity has generally been
invoked for explaining these peculiarities. Studies on
inhomogeneity of the mixtures are, however, few and accordingly
details are not clear as yet. Inhomogeneity in aqueous mixtures
is also a clue to monitoring progress of some chemical reactions
such as polymerization. Studies along this line are also scarce.

In this thesis, the author has tried to examine static as
well as dynamic inhomogeneity in several aqueous mixtures by
using the small angle X-ray scattering (SAXS) method. The SAXS
method has been one of the most direct methods to investigate
inhomogeneity in condensed matters since early 1930'5.4'5

Accurate SAXS data must be collected in a short period of
time for the present purposes. Traditional SAXS diffractometers
with line-focusing optics are inadegquate to obtain accurate data
because of errors due to the collimation effect. A new SAXS
diffractometer was accordingly constructed by employing a point-
focusing optics with a double-bent monochromator. The

diffractometer has been tested for several pure liquids and

aqueous solutions, It was found that the diffractometer can



supply intense enough incident beams and minimize errors due to
the collimation effect. The design and performance of the
diffractometer are described in detail in Chapter 2, as well as
analytical procedures of SAXS data obtained.

The use of the diffractometer has opened up two new
possibilities: thorough understanding of static inhomogeneity and
pursuit of dynamic inhomogeneity.

Improvement in accuracy of the SAXS data by using the
diffractometer has made it possible to extract a new parameter
about inhomogeneity. For an isotropic sample such as aqueous
organic solutions, SAXS intensity curves (I(s)) can be
approximated by a polynomial for small scattering angles.2 The
parameters used in previous SAXS studies for aqueous organic
solutions, such as concentration fluctuation® and correlation
length,l*7 are related to coefficients of the 1lst and 2nd terms
in the polynomial. Now the coefficient of the 3rd term caﬁ be
accurately obtained and a new parameter x , derived from
coefficients of the 1st, 2nd, and 3rd terms in the polynomial, is
proposed. The physical meaning of x is discussed in Chapter 3.

SAXS data for aqueous organic solutions of 2-butoxyethanol
(BE) and l-propanol (NPA) are analyzed in Chapters 4 and 5,
respectively. BE aqueous solution has a lower critical solution
temperature (LCST) near room temperature.s'9 and its correlation
length showed very large variations with temperature and
concentration. On the contrary, NPA aqueocus solution has no

ecritical temperature (i.e., NPA mixes with water at any



temperature and concentration), and its correlation length showed
slight variations with concentration and almost no temperature
dependence. Thus the mixing states of the two systems are
markedly different; local structure in BE/NPA agueous solutions
changes drastically/modestly with temperature and concentration.
The difference is sensitively reflected to x. In terms of the
obtained ¥ 's, new aspects of mixing states of BE and NPA aqueous
solutions are discussed in Chapters 4 and 5, respectively.

In Chapter 6, dynamic inhomogeneity has been studied for
several aqueous mixtures composed of metal ethylene glycolates
and tetraethoxysilane. In the systems studied, metal silicates
slowly grow, eventually forming g:els.l0 The change of I(s) with
time, due to the growth of the metal silicates, was evaluated
through Guinier radius2 and Porod slope.ll'l2 Time dependence of
these parameters has shed some light on the mechanism of the

growth of the silicates or the dynamic inhomogeneity.
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Chapter 2

Construction of a Point-Focusing SAXS

Diffractometer




2.1 Introductlion

The small-angle X-ray scattering (SAXS) method is one of the
most direct ways to obtain Information on the structure of
Inhomogeneitles In a system. A varlety of SAXS diffractometers
or cameras have been developed for various purposes, each having
its own advantage with respect to resolution and intensity.

In studles of solutlons composed of molecules with low
molecular welght, SAXS provides various measures concerning
microinhomogeneities In liquids, such as concentration

rluctuation.l the Kirkwood-Buff paramntnrs,z

and Debye's
correlation length.3 Inherently weak SAXS intensities lrom thosc
solutions require an Intense Incident beam. Line-focusing
diffractometers therefore have been used in this field: Kratky
cameras,4'5 diffractometers with a single bent LiF

7.8 and those with a focusing bent mirror.?:10

monochromator
Although relatively weak in intensity, point-focusing
diffractometers are more advantageous to obtaln accurate SAXS
data due to the collimatlon effect. For conventional X-ray
sources, a diffractometer with a double-bent LIF crystal
mnnonhromatorll'lz may be the only point-focusing one Lo provide
sulfliclently intense incident beams to measure SAXS on molecular
solutions. The difficulty of preparing the double-bent crystal,
however, has prevented the general use of this opties so far.

Now, this difflculty has been alleviated by the development of

computer-controlled milling machines by which toroidal convex and

concave molds can be easily made. Thus, the author has




constructed a point-focusing diffractometer with a double-bent
LiFF erystal monochromator and has measured SAXS on molecular
solutions by using point-focusing optics for the first time.

In this chapter, the author describes the design of the
diffractometer, and reports SAXS measurements for several pure
liquids and aqueous solutions to evaluate the performance of the

diffractometer as well as the analytical procedures of SAXS data.

2.2 General Layout of the Diffractometer

A schematic representation of the diffractometer is given In
Fig. 2-1. It consists of an X-ray source, an fonlzation chamber,
two X-Y apertures, a double-bent LIF (200) erystal, a cell
holder, a beam stopper, a vacuum chamber, and a detector.

A rotating-anode generator (RU-200, Rigaku Denki) with a Cu
target was employed. The generator was operated at 50 kV and 180
mA. The intensity of white X-rays was monitored by an ionization
chamber placed at the opposite side of the monochromator, and the
fluctuation of X-rays was corrected by assuming that the spectral
distribution remalned constant.

The radius of curvature of the double-bent LiF cfystal in
the horizontal plane Ry is 18320 mm and that In the vertical plane
Ro Is 378 mm. The crystal was made of a cleft LIiF (200) single
crystal with a slze of 50 mm # 40 mm #= 2 mm. Detalils arec as
follows: The LITF crystal was sandwiched between toroidal convex
and concave molds. Then it was heated In a sllicon-oil bath up

Lo 250 " C, pressed gradually and annealed for 8 h, The molds

were made of aluminum metal and the toroidal surfaces were formed
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Figure 2-1. | A schematlic representation of the polnt-focusing
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by using a computer-controlled milling machine. The radii of
curvature of the double-bent crystal determine the focal length,
which is the distance between the monochromator and the detector,
to be 700 mm for Cu Ka radlation. The camera length, which 1is
the distance between the sample and the detector, was chosen to
be 415 mm as a compromise between the intensity and the small-
angle resolution.

To ascertaln the uniformity of the bent erystal, the shape
of the monochromatized beam was photographed at various
positions. The primary white X-rays have a focal size of 1 mm *
1 mm. The cross section of the X-ray beam is about 5 mm * 5 mm
near the crystal surface. Images of the beam shown in Fig. 2-2
indicate the uniformity of the crystal.

To remove any parasitic scattering from the crystal, two X-Y
apertures are set: one before the c¢rystal and the other close to
the c¢ell holder. The apertures are made of 1 mm-thick tantalum
blocks which are movable independently in the horizontal
direction. In the SAXS measurement, the aperture before the
crystal was adjusted to 10 mm (vertical) * 1.5 mm (horizontal)
and the one close to the cell holder was adjusted to 5 mm
(vertical) # 0.8 mm (horizontal). 1In this setting, the
irradiated area on Lhe sample is 2.8 mm (vertlcal) * 0.8 mm
(horizontal), and the diffractometer can cover scattering anglcs
ranging from 0.42° to 5.62° . The range corresponds to s = (.03
0.40 g_l for Cu Ka radiation. Here, s is the scattering

parameter deflned by s= 4zsin@ /A, where 28 1s the scattering

10
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angle and A is the wavelength of X-rays. Although the small-
angle resolution of this diffractometer is inferior to those of
high-resolution SAXS diffractometers for the study of polymers (s
= 0.002 g_l 13 or s > 0.00014 g_l 14y it is sufficient for SAXS
measurements of solutions composed of molecules with low
molecular weights. Indeed, the resolution is comparable to or
even better than those of other line-focuslng SAXS
diffractometers employed in previous studies on molecular
solutions (s > 0.025 A-1,15 0.0a3 A-1.4.6,8 ¢ o5 A-1,10 g o7 a-1.9
and 0.15 g'l T).

The cell holder made of Cu is coupled to a bath circulator,
with which the temperature of a sample is variable from ca. -5 Lo
70 " C and can be kept constant within 0.5 "C. The sample cell
with a ¢ 10 mm-window 1s also made of Cu. To avoid erosion, the
cell was coated with gold and the O-rings "Kalretz" (Dupont),
which show excellenl corrosion resistance, were adopted as
packing material. Twe 0.) mm-thick mica films were employed as
window material. The films were superior to the Al sheets in
regard to corrosion resistance, tolerance to vacuum, and
transmittance of X-rays. The tolerance to vacuum is especially
important. In the cell with the Al windows, leak started after
several measurements, but no leak was observed in the cell with
the mica windows, even after repeating 50 measurements.

Moreover, the distortlion of the windows under a reduced pressurc
in the X-ray path, which causes large errors in the correction of

background scattering, was smaller in the cell with the mica

12




windows than In that wlth the Al windows.

Unfortunately, mica gives stronger background scattering
than Al; the Intensity of background scattering in the small
angle from 0.1 mm-thick mica fl1lms was over 1.5 times than that
Trom the 25 pm-thick Al sheets previously used,-15 al though 1t
was 1/10 of that from the 0.2 mm-thick Be windows and 1/3 of Lhat
from the 25 pm-thick Myvlar windows. The influence of the
background scatterlng., however, can be corrected as shown in the
section 2.4,

The double-bent LiF c¢rystal, the cell holder, two X-Y
apertures and the beam stopper are placed In a vacuum chamber in
order to reduce scattering by alir.

The author adopted a PSPC probe (PSPC5, Rigaku DPenkl) and a
position analyzer system as a detector. Details of this system

15

are the same as those reported previously, except for the use

of a 35 plus (Canberra) multichannel analyzer.

2.3 SAXS Measurements of Solutions

The SAXS spectra on water, methanol, and 1-propanol
(abbreviated to NPA) were measured at 25 ‘C Lo ensure the
performance of the diffractometer as well as the validity of the
analytical procedures. The SAXS spectra on the following aqueous
solutions, which are known to show a large collimation effect,
were also measured to ascertaln the lmprovement by using the
point-focusing optlies: an NPA aqueous solution (Cl= 0.20, Cy: the

mole fraction of alcohcol) at 25 "C and a t-butyl alcohol (TBA)

aqueous solution (Cl= 0.20) at 25 and 40 " C.




Water was delonized and distilled. Organlc chemicals of
recagent grade with a 99.9% purity were used after drying by
molecular sleves (3A 1/8, Aldrich). Aqueous solutions were
prepared by weighing the components.

The count rate of SAXS signals from water, the SAXS
intensity of which is very weak, was 0.12 count/(s.channel). The
rate iIs about 5 times as large as that obtained by a line-
focusing diffractometer combined with a 0.9 kW X-ray generator,
which has been used in previous works.l'® The result shows that
the beam Intenslty on the present diffractometer is intense
encugh to measure SAXS on solutions composed of molecules with

low molecular weight; in an accumulation time of 10000 - 20000

"

the total count number per channel amounts to typlcally 5000 -
20000 counts.

In addition to the increased Iintensity, the ecross section of
the X-ray beam on the sample is also reduced. 1t is 2.24 mm? and
is about 1/6 of that of the previous diffractometer, indicating
that the collimation effect can be minimal. The extent of the

collimation effect will be discussed in detail later.

2.4 Analytical Procedures
2.4.1 Correction of background scattering and conversion
into absolute scale
All SAXS data were treated as Tollows: The measured
intensities were collected In terms of the count rate of

scattered X-rays from the sample (1 as a function of s in Lhe

s)

O
range of 0.03 to 0.40 A"l. The I, includes Intensities of

14




scattered X-rays by the cell windows (I,) and the dark count
(I4). Iy and 14 were determined by measurements with the empty
cell and with X-rays off, respectively. The correction for the
background scattering and the conversion of the measured
intensities Into absolute scale can be performed by the fTollowing

cquation:

I,(s)= Z2-P{(Ig(s)~-14g(s)) ~ (Ip(8)-I4(s))-exp(-ugtg)}

/ exp(-g cta—nptyl)y (2-1)

where p o and pp, are the llnear absorptlon coefflclents of the
sample and the windows, respectively, tg and t are the thickness
of the sample and the windows, respectively, and P is the
conversion coefflclent. Z 1is the factor which corrects for
intensity fluctuation of the primary beam and is defined as Z=
Lop/log- Here, I, and Iy, are the average intensities of the
primary beam in measurements of the scattering from a sampie and
an emply cell, respectively. The product gt was determined
from intensily measurements by an lonization chamber with and
without the cell. The value of p. was calculated by using
atomic mass absorption ccoefflcients tabulated in the
International Tables.l®

A precise tg-value is required in the analysls of SAXS,
especlally in the case of intense background scattering. The t_-
value determined by a simple measurement of the attenuation of

the beam was, however, fTound not to be sullTiciently precise,

probably due to the distortion of windows. The values, ts and P,



were accordingly determined by the least-squares method as
Follows: The absolute scattering Intensity from the ideal
pinhole collimation extrapolated to s = 0 (T(0)) on a pure Liquid

is linked to thermodynamic parameters by the Ornstein-Zernike

er;nul_lon:17

= () ¥ -

I(0)= Z 2N%x phgT/V, (2-2)
where K Is the isothermal compressibility of the Liguid, Zo I8

the number of electrons In a molecule of the ligquid, N Is Lhe
number of molecules in the volume V, kn Is the Boltzmann constant
and T is the absolute temperature. The 1(0) values of three purao

liquids (water, methanol and NPA) were calculated from eq. (2-2)

by employing the literature values of ETJB-22 and densitLy

23,24 The I(0) values were experimentally determined after

data.
the correction as described in the section 2.4.2. Then, the
values of t, and P of 0.245 cm and 1.57, respectively, were

obtained by the least-squares calculation.

2.4.2 Correctlion of Lhe collimation eflect
A measured SAXS Intensity curve (11[5]] includes
contributions of Compton scattering and multiple scattering.

25 and the experimental SAXS

They were estimated theoretically
intensity curve [12(5}} was obtained after subtraction of the
contributions.

The 12(5) should be further corrected for the collimation

elfect and the wavelength effect. The former comes from a [inilLe

spot size and the latter Is caused by overlapping of the Cu Ka

16




and Haz lines in the beam of the present diffractometer.

The SAXS intensity curve on solutions composed ol moleculoes
with low molecular welght usually varies slowly, and therefore it
is reasonable to analyze the SAXS data ol the solutions by a
polynomial function of 52. as has been done by Walter and

SuhmidL.zs The author approximated that ecach Tz(s) in the range

O
0.03 < 58 < 0.2]1 A~Ll can be expressed as fTollows:

2 4

Iz(s}= a + bs® + ¢s57+ dsﬁ. (2-3)

The coefficients {(a, b, ¢, and d) were determined by the least-
squares calculation, and the R-Tactor defined in eq. (2-4) did

not exceed 00,0001 in all of the measurements:
g BT o 100085 1] 00RyE, (2-4)

where lzvbs is the measured intensity corrected for the terms as
described in 2.4.1 and Izcal is the intensity calculated by eq.
(2-3). The SAXS intensity curve Trom the ideal pinhole

collimation (I(s)) is also an even function of the 6-th order:
I(s)= A + 852 + qu * Dss. (2-5)

This derlivation Is so complicated that 1t will be shown in

another section (2.4.3). The coefflicients in eq. (2-5) are
related to those of eq. (2-3) as shown in eqs. (2-6) through
(2-10). The relations will also be discussed in the section

2.4.3.

17




D= d/Gg, (2-6)

C= (e - 3KGzD(5w? + h?))/6,, (2-7)
B= (b - 2KG,C(3w? + h?))/6,, (2-8)
A= a - KG;B(w? + n?), (2-9)
K= 4z 2/(324%.2), (2-10)

where w and h are the half-widths on the irradiated plane in the
horizontal direction and the vertical direcction, respeclively, 1.
is the camera length, Agp Is 1.5405 E (Cu Ka1j. and Gi= 0.9984,
Go= 0.9967, and G4= 0.9951. Equations (2-8) - (2-10) are an
extension of Walter and Schmidi's equations,?® and include the
collimation effect in the horizontal plane and the wavelength
effect. By eqs. (2-6) - (2-10), the collimation effect and

wavelength effect can be corrected.

2.4.3 Derivation of eqs. (2-6) - (2-9)
The slit-smeared SAXS intensity curve (To(s)) is related Lo
Lhe SAXS intensity curve Trom the ideal pinhole collimatlon 1(s)

as follows (see Filg. 2—3}:27

IQ{SLJ]];(XJQ(y)W[l'J](znf(m~sz+y2}“-5f(1'L))dxdydlv,{gulﬂ

where p(x) and g(y) are the weight functions for the X-ray
intensity on the irradiated plane of a sample in the horizontal
direction x and the vertical direction vy, respectively, and
w(i") is the weight function for the wavelength 1' of the
monochromatized beam. Here, m ls the distance between the

scattered beam and the center of the monochromatized incident
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Figure 2-3. Geometrical description of the collimation effect.
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beam on the detector plane.

Strictly speaking, eq. (2-11) holds only for parallel
incident beams, and the effect caused by beam divergence must be
taken into consideration under the experimental condition
employed here. The error due to the effect is, however,
estimated to be about 1/3 of that due to the colllmation effect
and is accordingly neglected.

In order to derive egs. (2-8) - (2-9), the I(s) approximated
by eq. (2-5) Is substituted into eq. (2-11) under the seLting of

the welght functions as follows:

1/(2w) (-w < x < w)
p(x)= 2~12)
0 otherwise,
1/(2h) (-=h £ ¥ £ h)
qa(y)= (2-13)
0 otherwise,

wld')= (2/3)-6(1"'-1.5405) + (1/3)-6 (1 '-1.5443). (2-14)

Here, the above setting of p(x) and q(y) (eqs. (2-12) and (2-13))
and that of w(i1"') (eq. (2-14)) correspond to the approximation
Lhat the incident beam is perfectly parallel and uniform on the
irradiated p]an325 and that only Cu Ka, and Kao, lines exist in

the monochromatized incident beams in the ratio of 2 : 1.

respectively. From egs. (2-11) to (2-14), the following




equations are obtalned:

Ig(s)= a + bsZ + es? + dsB, (2-3)
a= A + 4z2GB(w2 + h?)/(32,%L2), (2-15)
b= GB + 87 20,C(3w? + h?)/(31,%L2), (2-16)
e= GoC + 127 2G4D(5w2 + h2)/(324%L2), (2-17)
d= GgD. (2-18)

The terms above the 1/L4—tnrm were neglected in the derivation of
eqs. (2-15) - (2-18). Equation (2-3) shows that the slit-smearcd
SAXS intensity curve, as well as the SAXS intensity curve [rom
the ideal pinhole collimation, is expressed as an even Tuncltion
of the 6-th order.

Fquatlions (2-6) - (2-9) can be obtained from egs. (2-15) -

(2-18);

2.4.4 Paramelers obtained [rom S5AXS

The zero-angle scattering intensitylu from the ideal plnhole
collimation (I1(0)) and Debye's correlation _l.nnth3 [LD} are
important measures for the microinhomogeneity in liquids. They
can be obtalned through the use of coeffleients in egs. (2-8) and

(2-9) as follows:

I(0)= A, (2-19)

Ly= (-6B/A)0-5. (2-20)

The I1(0) values obtained for water, methanol, and NPA are
tabulated in Table 2-1, TFor comparison, the 1{(0) wvaluecs

calculated by eq. (2-2) for these pure liqulids are also tabulated

21




Table 2-1. Zero-angle scattering of pure substances at room

temperature (25 C).,

reale g 1(0)
Sample f1023e.u.cm_3 flozse.u.cm_a
Water 2.099 2.08
Methyl alcohol 3.62P - 3.70¢ 3.74
n-Propyl alcohol 3.079 - 3.13¢ 3.13

Icalc{ﬂJ ts the value calculated by means of the Ornstein-Zernike
equation by using the literature values: a) cited from refs. 17
and 22, b) from refs. 18 and 23, c¢) from refs. 19 and 23, d) from
refs. 20 and 23, and e) from refs. 21 and 23. I(0)'s are the

experimental values.

22



in Table 2-1. The B value of the pure liguids is too small to
determine LD' The 1(0) and Lp values of aqueous solutions are
shown in Table 2-2 with the values before the correction of Lhoe

collimation effect.

2.5 Discussion

The accuracy of the calculated values in Table 2-1 depends
on the uncertalinty of the thermodynamic values. Although
difTerences among the literature values on V are less than 0.03
%, those of g amount to as much as 2.5 - 3 %, which result in
Lhe change in the IT(0) wvalues calculated on methyl alcohol, lor
example, from 3.62 to 3.70 at different x. values. Thus, it can
be concluded that the observed 1(0) values agree well with the
calculated ones within Lhe uncertainty resulting from errors in
thermodynamic data.

The collimation eflfect can be estimated from eqs. (2-6) -
(2-9). Since a nlte size of the X-ray beam causes errors duc
to the collimation effect, the errors are more significant for
line-focusing optices than point-locusing one. It is also known
that the collimation effect is large for the SAXS inténsity curve
wilh a steep slopGAZG The 1{(s) curve Tor a 20 mol% TBA aqucous
solution Is known to have the steepest slope among I1(s) curvoes
f'or the solutions with no critical point so far studied.

The collimation effect on [1(0) in the TBA solutlion at 40 * C
is significant in the line-focusing optiecs. The error due to the
el lfect can be evaluated from the coefficients (A and B) obtained

by the present measurement and eq. (2-9), and the error at w =

23



Table 2-2. Comparisons between the SAXS data on aqueous
solutions before and after Lhe correction of the

collimation efflect.

The SAXS data after The SAXS data helore

the correction the correction
Sample 1(0) Ly 1(0) LD
23 = 23 g 9

/104%e.u.cm * /A /10%%e .. cm /A

NPA 20% aq.
solution 16.31 12.
at 25 C

16.28 L2

@
3

TBA 20% aq.
solution 19.45 13.2 19.42 13.2
at 25" C

TBA 20% aq.
solution 24 .42 14.3 24 .38 14.3
at 40" C

24




0.5 mm amounts to 15 % for h = 20 mm, 9 % for h = 156 mm, and 4 %
even for h = 10 mm. On the other hand, the error due to Lhe
collimation effect In the present point-focusing optics, shown in
Table 2-2, is less than 0.2 %. The results for other solutions
also show a negligible collimation eflfect. Hence, solutions with
no critical point, whose I(s} curves are not so steep, can he
studied without correction of the collimation effect. Even
solutions with critical point may be studied after a minor
correction, unless it Is close to the crlitical point.

Since the possible errors caused by the finite beam size are
minimal with the present diffractometer, the principal origin ol
crrors must come from the background scattering. Water has Lhe
largest background scattering among the samples studied here.

The slgnal/noise ratio on the SAXS intensity was 1.0 Tor waler,
2.5 Tfor lower alcohols, and 3 - 5 for alcohol agqueous solutions.
Although no result 1s presented here, various organlic llquids
have been tested and found to give less background scattering
than water. Thus, accurate SAXS data on molecular liquids can be

obtailned with the diffractometer described here.

2.6 Conclusions

A point-focusing diffractometer for measurements of SAXS
from molecular solutions has been constructed. This
diffractometer consists of a double-bent LiF monochromator whose
focal length is 700 mm for Cu Ka radiation, a sample cell with
0.1 mm-thick mica windows, a bath circulator coupled with a cell

holder, and a PSPC system. A small-angle resolution of better



Lthan 0.42° 1is achieved with this diffractometer. To evaluate the
applicability of the diffractometer, SAXS intensities on several
pure liqulds and aqueous solutions were measured. The results
show that the diffractometer can produce incident beams intense
enough to measure SAXS on the solutlons and reduce errors arising

from the collimation effect to a negligible amount.
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Chapter 3

A New Parameter Rellecling the Shape ol SAXS Curve: y
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3.1 Introduction
At small scattering angles, Lhe SAXS intensity curve
obtalned from an isotropic sample (T(s)) ecan be approximated hy

the following polynomial:'

I(s)= rg -ros? srys? -rgsb + ..o (3-1)
where
Pop= (1/(28+1)1) | <8 p (0)Apo(r)> r2i 4zr? ar. (3-2)
Here, s is the scallering parameter (8 = dzsin@ /i, 20:

scaltering angle, 1: wavelenglh ol X-ravs), ﬂpe(r) is the
difference In the electron density from Lhe average at the
position r, and < --- > denotes the ensemble average. The
‘moment' determined through a SAXS measurement (ro;) reflects
various aspects of microinhomogeneily in the solution. The zoero-
angle X-ray scattering (1(0)) is equal to ro- The concentration

rlucLuuLinn2

and the Kirkwood-Buf?f parameter53 can be obtained
from rg (=1(0)). The Debye's correlation length (LD}4 Is defined
by [3!-r2/ru)0'5.5 The so-called correlation length (¥F) is
related to ry and ry as {rgfrn)“'S.ﬁ The chiel concern in
previous SAXS studies of the aqueous organle seolutions is Lhese
Lwo (rg and 1'2).
Bale, et al..® who first measured SAXS spectra of aqueous
solultions as far as Lhe author knows, investigated the
concentration dependence of 1(0) values of t-butyl alcohol (TBA}
T

aqueous solutions. hey compared [(0) values thus obtained
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experimentally with those calculated from thermodynamle data
using the Kirkwood and Buff solution theory3 and found a good
apgreement between their experimental and theoretical results.

I)onl{erslm;[T

measured the concentration dependence of 1(0)
values of methancl aqueocus solutions and the measured intensltles
agreed fairly well with those calculated from the theories. Ile
also obtained experimentally the Kirkwood-Buff parameters> Ffrom
the 1{0) values of methanol/ethanol aqueous solutions.8 Kogug
studied SAXS spectra of TBA aqgueous solutlons and derived
concentration fluctuations of the mixtures from the T(0) values
by using the Bhatia and Thornton theary.z lle also obtained the

£ wvalues for several TBA aqueous solutions by applying the
Ornstein and Zernike theory to his experimental data.10
Nishikawa, et al.ll derived concentration fluctuation,
fluctuation in particle numhcrs,2 and the Kirkwood-Bufrf
parameters from the TI(0) data of TBA aqueous solutions at room
temperature and discussed the mixing state of the solutions using
these parameters. They5 investigated the temperature dependence
of the mixing state of TBA aqueous solutions by means of SAXS on
the basis of the fluctuatlion parameters obtained from L1(0) and
LU4 determined [rom the slope of the SAXS intensity curve, By
using the same technique, llayashi, et al. studied the mixing
state of l1-propanol (abbreviated to NPA) aqueous solutions atl

12 They studied also the mixing state of 2-

room temperature.
propanol aqueous solutlions at room temperature on the basis of

[(0) and Ly data.l2
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For understanding complicated mixing states of aqueous
organlc solutions, it is required to use as many kinds of
indicators of microlnhomogeneity as possible. Thus, the author
attempts to apply the coelfllicients rg. not employed in previous
analyses, to studying the mixing state of Lhe aqueous organic
solutions, Here, It should be mentioned that the light
scattering method has an advantage to be able to evaluate 1(0)
more accurately because of smail s in nature, but the method is
not adcquate fTor determining the higher order coefficients,
because the method c¢an not cover a wide s range.

A conslructed point-focusing SAXS diffractometer improved
intensity and resolution as shown in Chapler 2. By using this
diffractometer, it became possible to accurately determine higher
order coeflflicients as well as Lhe o and rq in the polynomial
expansion shown in eq. (3-1). Accordingly, a new paramcler (¥ )

is proposed:

2 -

X = l+“ - r4 ,"‘ 112 {-:il_-:;]

The physical meanlng of this dimensionless parameter is discussead

in the next scetion.

3.2 Physical Mcaning ol x

Being related to rg, x reflects the shape of 1(s). To
clarify the physical meaning of x more deeply, let us compare
the fFollowing theoretical SAXS functions: the exacl function for
spheres with a unlform size dispersed in a continuous medium

(Lg(s)), the Guinler functlion (T;(s)), and the Ornstein-Zernike
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functlon (Igz(s)). Here, Iz(s) is an approximate function for
particles characterized by the radius of gyration (Rg). Ilg(s)
and lg(s) are commonly employed for analyses of SAXS from
colloldal and micellar systems and Ipy(s) is often used for the
SAXS data analysis of critical solutious. Ig(s) iIs given as

follows: 1

Ig(s)= 1(0)[3{sin(sRy) - (sRg)cos(sRy)}/(sRy)3]2, (3-4)

where Ry 1s the radius of Lhe sphere. [G(s) is expressed as

rollows:’

Ig(s)= 1(0)exp(-Rg2s2/3), (3-5)
and lgz(s) 1s wrltten as follows:10

Ioz(s)= 1(0)/(1+(¥s)?), (3-6)

where ¥ is the so-called correlation length.in which is related
to the Debye's correlation lengtlh Lp by £ = Ln/6“'5.5

IS(S] can be expanded for s-RO < 1 as
Ig(s)= I(0)[1 - (Ry2/5)s2 + (19Ry*/1400)s% - .. -1, (3-7)

The x of 1 (s) is, thereby, glven to be 19-25/1400, about 0.34.
lg(s) and lgy(s) are a Gaussian and a Lorenlzian functions,
respectively, and thereflore, the y values of ILg(s) and Igz(s)
are 0.5 and 1.0, respectlively.

The correlation functions for Ig(s), Ig(s), and Lgz(s) can

be expressed analytically as follows:1:10
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SAp(0)Apa(r)>g0C 1 - (3/2)(r/2Ry) + (1/2)(r/2Ry)3, (3-8)

<Apo(0)Ap (r)>g0C expl-3rl/(2Ry) 2], (3-9)
and

<A;3e(ﬂ]Apcﬁr)>ch: expl-r/&8)/r. (3-10)

These functions are shown In Fig. 3-1 in the form of
4nT%<A P (0)Apo(r)>. 4dar3<Ap (0)Ap (r)>,,
4 rzc&pEIO]ﬂpe(r):»G. and 4z ré<a pe[[}-)ﬂ.pe[r]}oz have a maximum
at (r/2Rp) = 0.525, r = {4/3]0'5RG. and r = F, respectively.
The values of R and ¥ in Fig. 3-1 were determined in such a way
that the positions of the maxima appeared at the same r value.
The difference among these functions lies in the decay at
large r, as observed in Fig. 3-1. Here, the steep/gradual decay
curve of the correlation functions should represent the ¢clcar/
obscure boundary of the fluctuating structure. Since y = 0.34
for lg(s), x = 0.5 for Is(s), and » = 1.0 for TDZ(S)’ ¥ Serves
as an indicator of the sharpness of the boundary. The physical
meaning of the boundary of the spheres 1s self-evident, and that
of the structures expressed by egs. (3-5) and (3-6) corresponds
Lo the size-dispersion of aggregates or clusters formed in
solution, Hence, x can be regarded as an indicator for the
size-dispersion of clusters, and a large/small ¥ value Indicates
a large/small size-dispersion of the elusters in solution.

In Chapters 4 and 5, I(s) curves for several aqueous organic
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and 4?:['2{&.:1“(0]:300[:‘]:*02, respectively. Here D

is the diameter of sphere: D = 2R4.



solutions will be analyzed by using y. It should be noted here
Lhat the analysis by using ¥ is based on a polynomial expansion
shown by eq. (3-1) and the expansion is valid only for sE-IrZ/rU]
- s2.¥2 < 1. Since the maximum s-§ is 0.8 in the present work,
the use of eq. (3-1) and the analysis by using ¥ are thus

Justified.
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SAXS Curve Shape Analysis of Z2Z-Butoxyethanol Aqueous

Solutions by Using ¥
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4.1 Introduction

A dimensionless paramecter (y ) has been proposed and its
physical meaning has been discussced in Chapter 3. y reflects
the shapoe of SAXS curve,

In this chapter, the SAXS curve shape of Z-butoxyethanol
(BE) aqueous solutions under various conditions is analyzed by
the use of y as well as the so-called correlation length (f].]
BIE aquecous solutlon has a lower critical solution temperature
2.3

(LCST) near room tempcrature and its correlation length and

fluctuation parameters show very large variations with

2,4 Hence, the solution is a

temperature and concentratlion.
suitable system to examine whether or not an analysis of the SAXS
curve shape In terms of x Is adequate to understand the mixing

state of aqueous organic solutions.

4.2 Experimental

BIF aqueous solutions were preparcd by welghing Lhe
components., Water was deionized and dlistlilled. BE of reagent
grade with a 99.9% purity was uscd aflter drying with molecular
sloves (3A 1/8, Aldrlch). Lach sample was Kept In a cell with
about 0.1 mm-thick mica windows. The thickness of the sample was
2.5 mm.

Measurements of SAXS on each sample were performed by the
diffractometer shown In Chapter 2. The temperature of each
sample was kept constant within 0.5 "C by using a cell holder
coupled to a bath clrculator. The accumulation times ol a

mecasurement for samples were 10000 - 20000 s.
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The data were corrected for background scattering, multiple
scaltering, Compton scattering, and absorptlon according to the
manner described in Chapter 2. They were subscquently converted
into an absoclute scale.

The SAXS curve (1l{(s)) can generally be approximated by the

following Ornstcin-Zernike equation (lgy(s)) for § .s << 1:9
Toz(s)= 1(0)/(1+(£s)2). (3-6)

Thus, £ can be determinced from an Ornstein-Zernike plot ol

l“l(s} Vs, 52:G

1" 1(s)= 1/1(0) + (£2/1(0))s2. (4-1)

Then, each 1(s) in the recgion ¥ s < 0.8 was approximated Lo be
expresscd as the polynomial lunction shown by eq. (3-1), and the
coefficlents (rzi) were determined by using a least-squares
calculation. The R-Tactor defined in eq. (2-4) did not exceed
0.0001 in all data. From these Foy values, y was calculated

according to eq. (3-3).

4.3 Results & Discussion

Figure 4-1 shows a parl of the miscibility curve of BE
aqueous solutions? as well as the measured points in the present
SAXS study. The LCST Is ca. 49 .23 somewhat different valucs
have been reported as Lhe critical compositlion; 5.989 and 7
mol%.z

The ¥ values determined in the present study arce plotted

against the BE mole fraction C; in Fig. 4-2. F is largest
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near the critical composition (BE 5 - 7 mol%) and shows a markod
inerecase with temperature risc at all the c¢oncentrations studied.
In particular, under the condltions very close to the LCST, F
becomes too large Lo be evaluated accurately the value by the
present SAXS diffractometer (the minimum s value measured is 0.03
A,

¥ values arc plotted agalnst Cl In IMlg. 4-3. Contrary to
E, ¥ is smallest (about 0.8) near the critical composition at
all the temperaturcs studied. AL off-critical compositions, x
is much larger, bul sharply decreases with temperature rise and
becomes almost 0.8 near the miscibility curve in Fig. 4-1.

Several studies have been performed concerning Lhe mixing
state of BE aqueous solutions. 1L has been concluded ['rom
Rayleigh and Raman scaltering that two types of clusters are
formed in BE agueocus solulions depending on the concentration;
clathrate hydrate-like gl (Hp0)54BE] and aggregate h[lﬂ2034BE].2
The numbers g and h Inereasce with temperature rise, eventually
leading te phase separation. In accordance with this, an
increase in ¥ at high temperatures has been observed from a

dynamic light scaltering study at 23 and 42 ke

The temperature
dependence ol ¥ shown in FFlg. 4-2 more decisively Illustrates
¢cluster growth with temperature rise, although the form of the
clusters can not be specified.

In addition to &, an analysis of SAXS curves in terms of x

provides another piece of information about the c¢lusters formed.

In Chapter 3, this parameter has been Interpreted to represent
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Figurc 4-3. ¥ plotted against the BE meole fraction (1] al

various tempecratures.
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the size disperslon ol fluctuating clusters formed in solution;

a large/small y correspond to a large/small size dispersion.
Hence, the results illustrated in Fig. 4-3 show that, near the
critical composltion (around 5 mol%), clusters having a lrfairly
well-delined size arc lformed at all the temperatures studied,
because ¥ 1is always small and Is about 0.8. The size depends on
temperature and increases with temperature rise as Is indicated
by E.

On the other hand, at higher or lower concentrations than
the ceritical composition, x becomes very large at room
temperature and ¥ is only about 5 g. meaning that clusters, ifl
exist at all, are nolt well-delined. With temperature rise,
however, x becomes smaller, accompanied by an increase of ¥ .
That is, well-defined size clusters become dominant and they prow
with temperature rise,

It is known that the 1(s) near the critical condition is
expressed by the Ornstein-Zernike (0Z) function (eq. (3-6G)) over
a relatively wlde region ol ¥ -5 (¥F'8 < 35 or 43]. In that c¢ase,
¥ is ecalculated to be 0.8.7 ¥ is experimentally observed to be
0.8 not only near the c¢ritical condition (LCST) but also near thoe
miscibility curve and below the LCST. These lacts suggesi Lhat
I1(s) of off-critical solutions may also be approximated by the 07
equation, if some conditions are satisflied. [ndeed, the 072
equation has been lfound Lo be adequate to express l1(s) of t-butyl

aleohol (TBA) aqueous solulions l'or a concentration range ([from

THA 6.906 mol% Lo 29.68 moJ%’.]8 and employed to analyze 1(s) of




SANS (small-angle neutron scattering) near the miscibility curve

of K/KBr molten solutiuns.ﬁ

4.4 Conclusions

The SAXS data of Z-butoxyethanol aqueous solutions have heen
measured over wide concentration and temperature ranges and
analyzed with a polynomial expansion by taking up to the 4-th
order term into consideration.

It has been experimentally shown that x, which relleectls (he
SAXS curve shape, Is very sensitive to the mixlng state and

accordingly may be employed as a useful parameter.
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Chapter 5

Mixing States of 1-Propanol Aqueous Solutions Studied

by SAXS
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5.1 Introduction

1-Propanol (abbrevlated to NPA hereaftler) aqueous solulion
is one of the most notable systems Iin the study of mixing states.
The aqueous solutlon has no critical temperature in spite of its
relatively large microinhomogeneitly. Recently, several
measurements of the microinhomogeneity in this solutlion have been
performed using ultrasonic absorption,l light scattering.2 small-
angle neutron scattering (SANSJ.H and small-angle X-ray
scattering (SAXS) mcLhods.4 Details of the microinhomogeneity
are, however, not c¢lear yet. This 1s In part due to elither the
insufficient range of the concentration and temperature cmployad
in previous studies, or to a lack of measures of
microinhomogeneity. In this chapter, the mixing state of NPA
aqueous solutions 1s discussed in terms of the concentration
Tluctuation and correlatlon length, as well as y , derived [lrom
SAXS data obtained over wide concentration and temperuturel

ranges.

5.2 Experimental

NPA agueous solutions of ten different concentrations {mole
fractions of NPA: C;) were prepared by weighing the components:
21 = 0.051, 0.071, 0.089, 0.111, 0.122, 0.137, 0.167, 0.200,
0.253, and 0.299. Water was deionized and distilled. NPA of
rcagent grade with a 99.9% purlty was used after drying with
molecular sieves (3A 1/8, Aldrich). Each sample was kept in a
cell with about 0.1 mm-thick mica windows.

Measurements of the SAXS spectra on ecach sample were
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performed at 15, 25, 35, and 40" C. The temperature of each
sample was Kept constant within 0.5°C by using a cell holder
coupled to a bath circulator. The diffractometer shown in
ChapLer 2 was used for the SAXS measurements. The accumulation
times of one measurement were 10000 - 20000 s.

The data were corrected for background scattering, multiple
scattering, Compton scaltering, and absorption. They were
subsequently converted Into an absolute scale by using the valuc
obtained in Chapter 2. Zero-angle X-ray scattering (I1(0)) and
correlation length (¢ ) were determined from an QOrnstein-Zerniko

pIUL.5

Then, each SAXS intensity curve (I(s)) in the region ¥ s
< 0.8 was approximated by using eq. (3-1), and the coefflficicnty
(ro;) were determined by a least-squares calculatlon. TFrom these

roj. x was calculated according to eq. (3-3).

5.3 Results

The temperature dependence of 1(0) is shown in Fig. 5-1.
The magnitude ol the error Iin the I(0) value was estimated to bo
3%. By using I(0), together with the [sothermal compressibhility
and partial molar volumes, the mean square fluctuation in
concentration (<N>{(QC112>) shown in IFig. 5-2 and other
fluctuation parameters could be obtained, as was described in
ref. 6. llere, N Is the total particle number. The phrase "mcuan
square"” is omitted hereafter. The partial molar volumes and
isothermal compressibilities at 15, 25, and 35 C were calculated
from the data of Benson and Kiyohara.” 9 The fluctuation

paramelers at 40 "C were not obtalned because of a lack of datla
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concerning the partial molar volumes. The Lotal magnitude of the
error in <N><(ﬁcl)2} was cstimated to be 5%.

The temperature dependences of ¥ and y are shown in Figs.
5-3 and 5-4, respectively. The ¥ value calculated from the S5ANS
data3 {at Cq= 0.114, at 25°C), which is in good agreement with
ours, is also shown in Fig. 5-3.

€N>{(ﬂC]J2> shows no marked temperature dependence and
varies with concentration with a maximum at about 20 mol%. £ isg
essentially independent of temperature and varles only slightly
with concentration, having a small maximum at about 15 mol%. On
t.the other hand, x depends on both temperature and concentration
and shows different temperature dependences al higher and lowor
concentratlions than about 15 mol%. Hence, NPA aqueous solutions
can be classifled by using y Into the feollowing three
concentration regions:

(a) Cygw: (€7 < 0.12). 1In this concentration reglon, ﬁhe
¥ values are relatlively large and decrease with either an
increase in the temperature or concentration.

(b) Chiddire’ (0.12 < Cy < 0.20). 1In Lhis concentration
region, Lhe y wvalues are relatively small, and insensitive fo
the temperature and concentration. <N><{&Cl)2} and £ take
maximum values at each temperature in this region.

fa) Chigh: {Cl > 0.20). In this concentration region,
the y wvalues are relatively large and Increase with elther

increase in the temperature or concentration.

5.4 Discussion
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The mixing states of NPA agqueous solutions can be classifliecd
by ¥ into three regions: Cilow' ®middler and chigh'

In the Chmiddle regilon, <N><(ac1)2> and ¥ show maxima and vy
takes a minimum. The results suggest that the microinhomogencity
is large and has a sharp boundary. llence, the Formation of some
kind of aggregates Is expected.

A large microinhomogeneity characterized by a large
concentratlon fluctuation and a long correlation length has been
observed in several aqueous solutions of nonionic¢ amphiphiles
with relatively short hydrophobic tails, e.g., N[’A,1_4 t-butyl
alcohol (TBA),10-12 2-butoxyethanol (BE),9:13.14 444
tetrahydrofuran {THF).15 The mixing states of these solutions
have been described by assuming either clathrate hydrate-like
aggregates (TBA, BE, and THF) or micelle-like aggregates (NPA and
BE); such aggregate formation must also be the origin of the
observed microlnhomogeneily.

Although 1t 1s not possible to determine which 1s the case
for the NPA solutlons, a micelle-like aggregate Is more 1llkely
than a clathrate hydrate because of the molecular structure; the
hydrophobic tall ol NPA without a branch should work effectively
for a hydrophobie interaction, while a large distortion of the
hydrogen bond is required if an NPA molecule is caged by water
molecules.?

Grossmann and Ebert (GE) found that varlous physical
properties, such as the translational diffusion constant and the

hydrodynamic radius of a cluster, show either a maximum or a
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minimum at a molar ratio of 1 NPA and 5 water (ca. NPA 17 mol%).
and they proposed the existence ol micelle-like aggregates
comprilsing (:1—{:3]]7011}3[l120)40 with a diameter of 18 E.z Although
this model is considered to be qualltatively correct, a more
detail picture of the aggregates should be given in view of Lhe
present SAXS study with various reasons In the following. First,
although the formation of aggregates with a uniform slze proposcd
by GE must lead to an extremocly small concentration flu-:rl!:ual‘.l()n‘4
the Tluctuatlon experimentally found is lairly large and close to
the maximum at the concentration of ca. NPA 17 mol%, as shown in
Fig. 5-2. Second, the y value is about 1.1, suggesting that Lhe
sizes of aggregates are not uniform. TFor a system comprising
spheres ol a uniform size dispersed in a continuous medium, »
was calculated to be 0.34 (as described In Chapter 3). For the
analysis of I(s) [from micellar systems, l;(s) has been usually
used.1® In this case ¥ 1s 0.5, which is still much smaller than
the observed value, 1.1. Thus, the size dispersion among
micelle-llke aggregates ls concluded in the NPA solution in (he
Chmiddle region; it should be much larger than that of ordinary
micelles.

The temperature dependence of an aggregate near NPA 17 mol%
is somewhat pecullar. Micelles of nonlionic amphiphiles are known

17

te grow in size with a temperature rise, and aggregates of

nonionic amphiphiles such as BE, TBA. and TIFF have been reportLod

3,10-156

to behave In a similar fashlon. However, no marked

Ltemperature dependence of {N><(Au1}2> and of ¥ has been observed
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near NPA 17 mol%, as shown in Figs. 5-2 and 5-3. In accordance
with the present observatlon, GE also observed that the
hydrodynamle radius is essentially Iindependent of the
temperaLure.2 The reason lor the lack ol a marked temperature
dependence 1s not clear.

In the Cy,, region, {N>{(£Cl]2> and £ increase with an
increase in the concentration. The trends are very similar to
those observed with other aqueocus solutions of amphiphiles, and
the result indicates the growth of (probably micelle-1ike)

ﬂggregutes.4’1ﬂ_12'lg

The x wvalues at Clow decrease with an
increase in the concentration, also suggesting the formation of
agpgregates with certain sizes.

In the Chigh region, <N>€{AC1}2> and ¥ decrease with an
increase In the concentration. x also increases. The result
means that the size of Lhe aggregates at Chigh decreases and the
size distribution becomes wide with the conecentration. The
change in the size of aggregates must be due to an insuflliciency
in the number of water molecules available to form stable
micelle-like aggregates consisting of, on the average, a molar
ratio of 1 NPA to &5 H,0.

On the other hand, there are surplus water molecules in the

. 2 o % X 3 B i A
Ciow reglon. <N><(AC;)“> is much smaller in Cy,,. than in Lhigh'
as shown in Fig. 5-2. This result Indicates that the aggregates
in Chigh should not be the same as those in C]ow- and that the

number of water molecules forming aggregates should be larger in

Uhigh than in ClOW' The temperature dependence of ¥ In Chigh



1s opposite to that in Ciow @8 shown in Fig. 5-4, which also
indicates the difference of the aggregates.

For comparlson, a y vs. Cy plot for BE aqueous solution
(Fig. 4-3) Is Inserted in Fig. 5-3, where y markedly changes
with both concentration and temperature. BE aqueous solution has
a lower critical solution temperature, and the ¥ value becomes
large with temperature rlse (see Fig. 4-2). Clearly,
modest/drastic local structure changes with temperature and

concentration of NPA/BE are reflected by x.

5.5 Conclusions

SAXS spectra of NPA aqueous solutions were measured over a
wide concentratlion range at varlous temperatures. A parameter x
has been found to be a good indicator to study microinhomogeneity
in NPA aqueous solutions, as well as in BE aqueous solutions (see
Chapter 4). By using », the mixing states ol NPA aqueous-
solutions can be classified into three regions, and the large
microinhomogenelty around NPA 15 mol% ls altrlibuted to the

Tformation of micelle-like aggregates.
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Chapter 6

Growth of Metal Silicate Clusters in Solution Studicd

by SAXS
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6.1 Introduction

It is well-known that the activity and selectivity of a
metal-supported catalyst depend on Cthe size of metal partlcle,l
and hence, many attempts have been made to develop techniques to
control the metal particle size. 1L was found by Ueno, et al.
that catalysts with a homogencous metal size can be obtained by
hydrolysis of the mixed solutions ol metal ethylene glycolates
and tetraethoxysilane, Si(OEL), (TEOS) .2 This is called the
Aalkoxide method. In this procedure, metal is integrated into Lho
silicate network through the lformation of the metal silicate,

cventually transforming to ge].3

/ 0-Cll, / 0-SL(OEt)4
Me | + S1(OEt) 4 ===Me + (CHy-0-Cylig) 5 (6-1)
\()—CHE \-ﬂ—s[(nEL}3

llere, Me means metltal.
Structural changes al sevcral stages of the catalyst
preparation procedure have been studied by the EXAFS spectroscopy

and eleectron microsccpy.3

Unfortunately, the three-dimensional
growth of silicate polymers in the mixed solution can not he
probed by thesc melhods.

The SAXS measurement is one of the most direct ways to study
the structure of polymers in solution. In a recent study. the
SAXS technigue has been shown to be uscful to know the fractal

structure and the size of polymers.4

In this chapter, the author
reports SAXS measurements of mixed solutions including nickel and

iron silicates., which are typleal metal sllicates, and discusses
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the growth of metal silicates in the solutions.

6.2 Experimental

Two kinds of solutions including nickel silicates, named NiA
and Nil, were prepared as [ollows: 2.478 g of Ni(NDB)z-EHEO Wi s
dissolved into 20 ml of ethylene glycol at 25 ¢ (p-1), and
subsequently 28.7 ml of water was added within 2 min. after p-1
(p-2). Filnally, 16.7 ml of TEOS was added within 2 min. after
the p-2 at 25 "C with vigorous stirring (p-3). 1In the case of
NiB, 0.5 ml of HNOa was added after p-2. A solution including
iron silicates, named FFeA, was also prepared in the same manner
as NiA, except Lthat 83.617 g of Fe(N03]3-9H20 was dissolved into
athylene glycol., The weight ratio, Me : 5109, Is 1 : 9 in all
samples, Water used for the preparation was deionized and
distilled. Ethylene glycol and TEOS of reagent grade with a 99.9
% purlity were used without further purification.

The dissolutlion times of TEOS were as follows: NiA = 16.7 +
0.1 h, NiB = 0.8 + 0.1 h, and FeA = 0.6 + 0.1 h. Hence, SAXS of
each sample before the time indicated above could not be
cbserved. The pH values of each sample, measured by-a glass
clectrode Immediately after TEOS was dissolved, were as follows:
NiA = 3.8, NIB = 0.9, and FeA = 1.0. After dissoluticn of TE0S,
each sample was kept in a cell made of Cu having about 0.1 mm-
thick mica windows. The temperature of the sample was kept at 25
+ 0.5 "C by the cell holder coupled to a bath circulator.

The gelation time tg was determined from the time when the

solution was solidified after TEOS was added into the solution:

64



NiA = 29 h, NIB = 185 h, and FeA = 37 h. As far as the same

cell was used, the error in ty was within 3%, but the L depended
on the volume of the cell and showed large values for the sample
in a large vessel. llence, the present Lg values are not absoclute
but relative.

The diffractomeLer shown in Chapter 2 was used for the SAXS
measurements. The s-region ranging from 0.038 to 0.40 ﬁ_l was
covered by the diffractometer. The maximum length scale of the
present S5AXS measurement [dmux] was roughly estimated as dmax =

o
A/(28in0 pin0) = 28 /Spn 165 A (Syip 1s the minimum s value,

O
0.038 A'l}. The accumulation time in a measurement was 6000 -
12000 s. The data were corrected for background scattering and

absorption.

6.3 Results & Discussion
In the region sR; = 1, the SAXS intensity (I(s)) follows Lhe

well -known Guinier 'Iztw:5

T(s)ocexpl (-1/3)R;%s?], (6-2)

where Rg Is the radius of gyration of Lhe scatterer (Gulnler
radius), reflecting the size ol Lhe small isolated clusters. In
the later stage of the gelation, however, RG increases and
becomes sometimes comparable with the present maxlmum length
scale. In this ease whalt Rg means is not so clear, but Rg
corresponds to a correlation length.

2

R; can be calculated from the slope of In I(s) vs. s~ plot

(Guinier plot). Figure 8-1 shows typical examples of Guinier
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Figure 6-1. Guinier plots for NiB. The t/tg is 1)0.24, 2)0.45,
3)0.87, and 4)0.92. The R values are obtained from

the slope of the stralght lines.
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plots for NiB, and Ry values thus obtained in each sample are
plotted against normalized time L'/L‘g In Filg. 6-2. Figure 6-2
shows that RG ilnereases with time, suggesting that the cluster
size Iincreases as expected,

In the region SRg; >> 1, the 1(s) depends on the geomctric
structure of Lhe scatterer and follows the Porod law as

follows:4: 6.7

I(s)OCc s 4, (6-23)

where p is called the Porod slope.8 When g is less than or
cqual to 3, p c¢an be related to the mass fractal dimension of
Lthe scatter (D): yx = p.4.8

# can be obtalned from the slope of the double logarithmic
plot of I(s) vs. s (Porod plol). TFigure 6-3 shows typical
cxamples of Porod plots for NiB, and the x values obtained for
each sample are plotted agalinst L/tg in Fig. 6-4. The u values
in the final stage are listed in Table 6-1.

IFor cach sample, ux increases with time in the early stage
ol gelation, indicating an apparent [ractal geomelry change.
Then g reaches constant, which shows that the geometric

(8]
siLructure in a relatively short scale (< d 1656 A) remains

max -
unchanged while the gelation is still in progress, The result
suggests that the gelatlon in the later stage proceeds by

coagulation of small clusters generated in the early stago.

A S5AXS study has been made on the polymerization ol TEOS
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Figure 6-2. R; values plotted against L;"Lg: 1) NiA, 2) Nill, and

3) TFeA.
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Figure 6-3. Porod plots lor several data of NiB. The L,’l;g is
1)0.24, 2)0.45, 3)0.67, and 4)0.92. The ux valucs

are obtained from the slope of the straight lincs.
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Figure 6-4. u values plotted against t,o'Lg: 1) NiA, 2) NiB, and
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Table 6-1. # values of metal sllicate clusters in the [inal
stage.
Porod slope
sample

i
NiA 1.61
NiB 1.50
FeA 1.27
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over a wide pH range (0.8 - 8.2) by Schaeler and Keefer,ﬁ

and p
has been reported to be 2 + 0.1, irrespective of pll or Lhe extent
ol reaction. 0Out of several fractal models whlch are consistent
with the value, they regarded the lattice animal? as the most
likely model for the polymer. Since the lattice animal is the
randomly branched analog ol sell-avoiding linear chains, it is
compatlible with the chemical intuition that growth of the
tetrahedral 0-5i-0 network takes place during the polymerization
rcaction. -

In this study g values observed are somewhat smaller than
2, indicating the structure of the gels containing metals is
different from that made ol pure TEOS and water. Several reasons
can be concelved; the inclusion of metal atoms expressed by cq.
(6-1) partly truncates the growih of the tetrahedral network, or
metal alkoxides has a tendency Lo polymerize with each other. No
matter what is the reason, the difference of the gel structure
is rellected to p .,

Ueno, et a].2.3.10

observed thal catalysts with small metal
clusters with a uniform size distribution can be prepared by the
alkoxide method and attributed it to homogeneous dispersion of
metal atoms In the precursor gel. It depends, however, on
several factors, such as metal speclies employed and the
concentration of metal lons. For example, In the case ol 10 wt%
Fe, the average slze of metal particles In the catalyst was 183 E

0

o]
with large distribution.l whercas, it was 60 - 70 A with much

small distribution in the case of 9.2 wt% Ni.1l1 Thus, metal

T2




atoms are expected to be distributed more homogeneously in the
case of N1 than Fe. It is enticing to try to correlate g valucs
with homogeneity of the gels. A further work should be done,

however, to substantiate this consideration.

6.4 Conclusions

Growth of metal silicale clusters in mixed solutions of
nickel and iron ethylene glycolates, water, and telraethoxyslilane
has been observed through changes of SAXS intensity curves witlh
Lime. As-thn polymerization proceeds, the Guinier radius
increases. AL an early stage of the polymerization, the [ractal
dimension or the Porod slope also increases., and then reaches
constant, while the reaction Is still in progress. A relation
hbetween the fractal dimension and the properties of the gel has

been discussed.
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