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We use optical attenuation spectral measurements and diffraction measurements to examine the struc-

tural evolution of aqueous suspensions of negatively charged colloidal silica particles in thin quariz cells.
The ionic strength in the suspension is monotonically decreased in time by ion-exchange resin. At high
ionic strengths, two-dimensional hexagonal order nucleates near the surface of the cell walls, while the
regions away from the walls show liquid-like order. At lower ionic strengths, regions near the wall show
three-dimensional order, while the interior region shows two-dimensional crystalline order. At the lowest
lonic strengths, the entire suspension shows three-dimensional crystalline order. € 1992 Academic Press, Inc.

INTRODUCTION

Concentrated colloidal suspensions show
colloidal particle ordering which resembles the
gas, liquid, glass, and crystalline phases of
atomic and molecular systems (1-5). Colloi-
dal silica particles can acquire a net negative
charge when dispersed in water due to the ion-
ization of the surface hydroxyl or other func-
tional groups (6). The resultant repulsive in-
teractions (7) between the negatively charged
particles depend on the particle surface charge,
the particle concentration, the impurity con-
centration, the temperature, and the medium
dielectric constant (8-10). Depending on the
extent of the interparticle interactions. these
suspensions will self-assemble into gas. liquid,
crystal, and glass phases (1-4).

The long-range ordering of these suspen-
sions is also influenced by the walls of the con-
tainer (11-15). The self-assembly of colloidal
crystalline suspensions orients the highest
density planes parallel to the walls of the con-
tainer (the BCC (110) or FCC (111) planes)
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(16). This phenomenon can be used to orient
and form single-crystal colloidal arrays for use
as narrow-band optical rejection filters (4, 17).
The orientation of colloidal crystalline sus-
pensions is likely to be sensitive to various
properties of the container walls; for example,
it was recently suggested that the formation of
an image charge in the wall is energetically of
major importance for orientation of colloidal
suspensions (12, 13).

The time evolution of the ordering proceeds
by the way of many intermediate steps, as has
been recently demonstrated by the Kossel ring
pattern analysis by Sogami and Yoshivama
(15). They concluded that ordering of the
monodisperse colloidal suspension contained
in a quartz cell evolved from two-dimensional
(2-D) HCP structure to normal FCC structure
(volume fraction, ¢ > 2%) or normal BCC
structure (¢ < 2% ) through many intermediate
steps. Clark er al. (11) investigated shear-in-
duced melting of colloidal crystals (¢ =~ 1%)
and subsequent reordering on removing the
shear. They reported that 2-D HCP layer array
structure precedes the formation of the ulti-
mate BCC structure.
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The structure, orientation, and lattice pa-
rameters of ordered colloidal crystalline sus-
pensions can be determined by laser diffraction
(18-20) or Kossel-ring analysis (11, 14-16,
21-23). If the crystal contains numerous de-
fects, the Kossel-rings and diffraction spots
may not be sharp enough to characterize the
crystal structure. These defects, which often
arise during the transition from the liquid to
the crystal phase (9, 24-27), may necessitate
the use of additional technigues to determine
the crystal structure, orientation, and lattice
parameters. Optical attenuation spectroscopy
has been used to investigate the ordering in
colloidal crystals (&, 22, 28). We demonstrate
here that angle-dependent optical attenuation
spectroscopy can be easily used to characterize
crystal structure even for crystals with nu-
merous defects.

We examine the structural evolution of an
aqueous suspension of negatively charged sil-
ica particles in a thin quartz cell using optical
attenuation spectroscopy and diffraction
measurements. The regions near the walls of
the container appear to be liquid-like, while
the regions away from the surface appear gas-
like (complete disorder). As the ionic strength
of suspension is decreased by the use of ion-
exchange resin, 2-D crystalline order develops
near the walls, while liquid-like order is ob-
served in regions away from the walls. Upon
further deionization, the suspension shows
three-dimensional ( 3-D) crystalline order near
the walls, while regions away from the wall
show 2-D order. We demonstrate that the
structure, orientation, and the lattice param-
eter of poorly ordered colloidal suspensions
can be unambiguously determined using angle
resolved optical attenuation spectroscopy in
conjunction with laser diffraction.

EXPERIMENTAL

Colloidal silica particles (145-250 nm in
diameter) were synthesized using a modified
Stéber process (29, 30). Spectroscopic grade
ammonium hydroxide (29.2% Mallinckrodt),
tetraethyl orthosilicate (Petrarch), and 2-(4-
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chlorosulfonylphenyl)-ethyltrimethoxysilane
(Petrarch) were used as supplied. The con-
centration of ammonia was determined by ti-
tration with standardized HCI solution, using
methyl red as the indicator. A typical experi-
mental procedure is: 44.2 m] of water (24.43
M), 15.5 ml of 14.10 M ammonium hydrox-
ide (1.75 M), and 58.0 ml of methanol (11.57
M) are mixed in a clean, dry 250 ml Erlen-
meyer flask. The mixture is sonicated using
an ultrasonic bath as 7.5 ml of tetraethyl or-
thosilicate (TEOS, 0.29 M) is added rapidly
to the flask. The reaction mixture shows opal-
escence about a minute after the addition of
TEOS, indicating the initiation of the precip-
itation reaction. The reaction mixture is vig-
orously stirred for about 12 h yielding a turbid
suspension of colloidal silica. To remove ex-
cess TEQS, the suspension was washed with
methanol at least three times and redispersed
in 20 ml of methanol. These silica particles
were functionalized using 2-(4-chlorosulfon-
vlphenyl)-ethyltrimethoxysilane (CETS) ac-
cording to the following procedure. A 20-ml
alcoholic solution of CETS (1/20:v/v) is
added to the silica suspension and stirred vig-
orously for ca. 4 h. The resulting suspension
was centrifuged, washed with methanol several
times, and redispersed in deionized water. The
suspension was then dialyzed for at least 3 days
against deionized water containing mixed bed
lon-exchange resin using 50,000 MWCO
Spectra/Por 6 dialysis tubing (Fisher); the
water was changed every 24 h. Finally, the
suspension was mixed with ion-exchange resin
and gently agitated for 48 h using a mechanical
shaker.

The particle diameter was determined by
quasi-elastic light scattering (QELS, Langley
Ford 1096) and by transmission electron mi-
croscopy (TEM). The particle size obtained
from these two methods agreed to within £3%;
the monodispersity in size was also better than
+3%. We utilized 245-nm and 140-nm par-
ticles in the present study. The concentration
(ny) of silica particles was measured by gra-
vimetry (19) by assuming the density of silica
to be 2.1 (6).
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The laser diffraction measurements were
made on suspensions contained in a quartz
cell, (2.5 X 2.5 X .01 em?) mounted on a cal-
ibrated rotation stage. The incidence angles
(in air) were measured relative to the cell sur-
face normal; i.e., the angle of incidence is de-
fined as 0° when the cell plane normal is par-
allel to the incident beam direction. The angle
measurements are accurate to +0.5°. The an-
gles in the crystal were calculated from the
measured angles (in air) using Snell’s law. The
diffraction angles were measured by rotating
the detector about a vertical axis passing
through the cell. The diffracted angle was also
measured in some cases by placing a screen in
the path of the forward diffracted beams (plane
of the screen being perpendicular to the trans-
mitted beam) and measuring the distance be-
tween the transmitted and diffracted spots on
the screen. Laser excitation was obtained using
argon-ion and He-Ne lasers.

The optical attenuation spectra were re-
corded using a Perkin-Elmer Lambda 9 UV /
VIS/NIR spectrophotometer. A rotating stage
was placed in the sample compartment of the
spectrometer and the quartz cell was mounted
such that the beam was focused onto the center
of the suspension. The cell was rotated about
the vertical axis from the normal incidence
(0°). The refractive index, #, of the suspension
was measured using a temperature controlled
Abbé refractometer ( Bausch and Lomb).

RESULTS AND DISCUSSION

Structural Evolution of a 245-nm Silica
Particle Suspension

The silica suspension (n, = 1.67 X 10'%/
cm?®, n = 1.338) was introduced into a quartz
cell, which contained a reservoir of mixed bed
ion-exchange resin. The suspension initially
showed iridescence under white light illumi-
nation. When illuminated by the 514.5-nm
beam of an argon-ion laser at normal inci-
dence, intense forward scattering (a Debyve-
Scherrer ring) was observed at a small angle
(85) centered around the incident beam (Fig.
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FIG. 1. The scattered intensity pattern of the 245 nm
silica particle suspension with n, = 1.67 X 10'2/cm?, for
f, = 0° and A = 514.5 nm. (a) Schematic representation
of the optical geometry. (b) One h, (¢) 6 h, (d) 2 davs
after cell preparation. (¢) Schematic representation of the
cell showing regions A and B.

la). Speckle fluctuations (ca. 0.5 s) were ob-
served in this broad halo (Fig. Ib).
Debye-Scherrer ring diffraction from col-
loidal suspensions having liquid-like order is
well known (31-33). However, Debye-
Scherrer rings (34) are also observed for po-
lverystalline colloids (19) as well as for a single
polycrystalline 2-D colloidal layer (35). A
Debye-Scherrer ring should also result from
2-D layers which are stacked one behind the
other without any correlation in angle or po-
sition of the spheres in one layer relative to
another layer. Thus, the broad diffuse ring ob-
served for our suspension could derive from
any of these four structures. However, the
particle motion in liquid structures will be
larger than that in the polycrystalline sample,
a polycrystalline 2-D layer, or the 2-D random
stacked structures. Speckle fluctuation results
from particle movement, and fast fluctuations
result from fast particle movement. The ob-
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served speckle fluctuation in the broad diffuse
ring, which was rapid (periodicity == 0.5 s),
slowed down, and eventually disappeared after
I day due to an increased structural ordering.
It is likely that the initial broad diffuse ring
was produced by liquid-like ordering,

The scattering wavevector, ¢, is given by

_dmn g
g = sin| >,

[1]
where 03" is the diffraction angle in the crystal
which is obtained from @, using Snell’s law.
The diffracted intensity from a liquid-like or-
der is maximum for a value of ¢ which is close
to that for the first allowed reciprocal lattice
vector present when the liquid freezes into a
crystalline order (32). Using the experimen-
tally determined value of ¢ and assuming an
FCC structure, we calculate a particle concen-
tration (n,) of 4.7 X 10" /em? (n, = 4/a%, a
= Vﬁ and d is the (111) interplanar spac-
ing). If the liquid crystallized into a BCC lat-
tice, the calculated n, would be 8% lower. In
either case, this calculated particle concentra-
tion is threefold larger than that measured by
gravimetry (1.67 X 10'*/em?). This discrep-
ancy in the particle concentration obtained
from the two techniques (gravimetry and dif-
fraction) indicates a large inhomogeneity in
particle concentration. The region that dom-
inates the diffraction must have the high par-
ticle concentration. By conservation of particle
number only a small portion of the sample
can show this concentration enrichment.
Thus, it is likely that the diffraction observed
is dominated by a thin (<1 um) film of liquid-
like ordered colloids at the wall (vide infra).
For example, we can easily observe diffraction
from the thin films of ordered colloid which
coat the walls of a sample vial containing a
crystalline colloid.

Kesavamoorthy ez al. (12, 13) in a previous
study of colloidal polystyrene suspensions us-
ing optical microscopy observed an increased
particle concentration and an increased par-
ticle ordering near the walls of the container
compared to the cell interior. They attributed
this particle concentration increase to the

191

presence of an attractive potential at the con-
tainer walls due to image charges induced by
the charged colloidal particles on the container
walls. The attraction of the colloidal particles
by the image charge would result in an in-
creased concentration of the particles adjacent
to the walls. Our diffraction measurements in-
dicate that this region of increased particle
concentration initially has a liquid-like order.
Since a decreased ordering of coiloidal sus-
pensions accompanies a particle concentration
decrease, we expect that the lowered particle
concentration in the cell interior correlates
with a nondiffracting gas-like disorder.

As the suspension ionic impurity concen-
tration decreased (due to the presence of ion-
exchange resin), the width of the ring de-
creased (Fig. Ic) and the speckle fluctuation
slowed down (ca. 3 s). One day after filling
the cell a sixfold pattern of bright spots was
observed (superimposed on the diffuse ring).
The sixfold pattern was not sharp but was
spread over a ca. [0° width along the ring, as
shown in Fig. 1d. This pattern did not show
speckle fluctuation.

This pattern of spots indicates the existence
of 2-D hexagonal arrays (15, 18, 35, 36)
which are randomly stacked in the third di-
mension (e.g., ABCBAC, etc.) (15). This 2-D
hexagonal array stacking was previously ob-
served in the structural evolution of colloidal
suspensions by Sogami and Yoshiyama (15).
We did not observe any diffraction spots which
could dernive from 3-D crystalline structure
(19, 21, 35). The sixfold pattern observed
when the incident beam was translated across
the cell surface, confirms the existence of 2-D
crystalline order along the entire cell surface.
Table I lists the measured diffraction angles of
the circular rings and the sixfold pattern, as
well as the average interparticle separation
distance (D) calculated using the 2-D Bragg

* diffraction equation (18)

i 22
V3(sin 6, + sin 6,)

where A is the incident wavelength, 0, is the
incidence angle (6, = 0°), and 4, is the mea-

(2]
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sured diffraction angle. Table I also lists the
interparticle spacing calculated using Eq. [2]
and the gravimetrically determined particle
concentration for both FCC and BCC struc-
ture.

The value of D (670 nm) obtained from Eq.
[2] corresponds to a particle concentration of
4.7 X 10'"*/em?, which is identical to that cal-
culated from the diffuse Debye-Scherrer-type
rings. Thus, it appears that the original liquid-
like film at the wall has crystallized into a 2-
D crystal.

Three days after filling the cell the suspen-
sion became inhomogeneous and iridescence
of the region close to the ion-exchange reser-
voir (region A) differed in color from the rest
of the cell (region B, Fig. 1e). The interparticle
spacing (D) was calculated from the 2-D dif-
fraction patterns (Eq. [2]) to be 948 nm in
region A and 812 nm in region B. These values
of D (948 nm, 812 nm) are larger than the
value 670 nm obtained 1 day after filling the
cell. This D-value increase could be due to the
increased interparticle repulsive interactions
which accompany a reduced ionic impurity
concentration, n; . The interparticle spacing in
region A (948 nm) represents the spacing ex-
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pected for an FCC crystal with the original
average particle concentration of 1.67 X 10'?/
cm®. This indicates that a similar particle
spacing occurs near the wall and in the interior
in region A in an ordered structure where 2-
D hexagonal layers randomly stack. In region
B, the particle concentration calculated from
the measured value of D is 2.6 X 103 /em?,
which is greater than the average particle con-
centration, but is less than that present when
the 2-D crystal just-formed (4.7 X 10" /em?).
Thus, in region B the particle concentration
near the wall remains higher than that in the
interior, but the diflference decreases while the
ordering increases. The better ordering of re-
gion A presumably derives from the lower
ionic strength present due to the proximity of
region A to the ion-exchange resin reservoir.
The optical attenuation spectra from the
two regions (A and B) did not show sharp
peaks. Thus, we observe no evidence of 3-D
crystalline order. Table I lists the interparticle
spacing (D) in the two regions at various times
after filling the cell. The “diffraction observed”
interparticle spacing initially increases in the
period between 6 h and 3 days of filling the
sample. This initial increase probably results

TABLE I

The Measured Diffraction Angles from the Suspension of 245-nm Silica Particles (1, = 1,67 X 10'*/cm?) and the
Calculated Interparticle Separation Distance (D = 2 A/(Y3(sin 8, + sin 8,)) over a Period of 10 Days (A = 514.5 nm

and 4, = 0°)
8y D{nm)
Time elapsed
{days) Homogeneous Region A Region B Homogeneous Region A Region B Structure
lh 56.2¢ Liquid-like
6h 62.4¢ 670 2-D
1 54 734 2-D
3 38.8 47 948 812 2-D
4 41.4 54.4 898 731 2-D
5 58 65.8 700 651 2-D
8 63.5% 664 2-D
9 57.4° Liquid-like

Note. 2-D = two-dimensional; D in the (111) plane of a FCC crystal = 946 nm; D in the (110) plane of a BCC

crystal = 920 nm.
¢ Fast speckle fluctuation.
& Slow speckle fluctuation.
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from a decreasing ionic strength, which results
in increased interparticle repulsion. In addi-
tion, the thickness of the ordered film may
increase. After day three the “diffraction ob-
served™ interparticle spacing decreases, prob-
ably due to an increased impurity concentra-
tion due to exhaustion of ion exchange resin.

Structural Characterization of the 140-nm
Silica Particle Suspension

A quartz cell filled with a 140-nm silica par-
ticle suspension (1, = 1.43 X 10"} /em?, n =
1.339) showed iridescence under white light
illumination and a sixfold diffraction pattern
similar to that of Fig. 1d. Figure 2 shows the
optical attenuation spectrum of the silica sus-
pension at normal incidence, where a well de-
fined diffraction peak was absent but the at-
tenuation increased rapidly for A < 510 nm.
For diffraction from a 2-D crystal, with cxci-
tation at normal incidence (18)

A= E nD sin g3V,
2

For A greater than a critical value (\. =
\@HD/Z), no Bragg diffraction occurs. How-
ever, for A < XA, incident light is Bragg dif-
fracted by the 2-D lattice. A, is obtained from
Fig. 2 by intersecting the straight lines passing
through high and low X regions of the optical

(3]

5—0'3_

—log

0.5

0.2 T

600 700

/ nm

FiG. 2. The optical attenuation spectrum of the 140-
nm silica particle suspension ca. | h after cell preparation,
ny = 1.43 X 10"/em’ and 6, = 0°. T is transmittance.

- ;
Wavelength
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a)

F1G. 3. A schematic representation of the diffraction
measurements. (a) Diffraction from a three-dimensional
crystal in the reflection geometry. (b) Diffraction from a
two-dimensional crystal showing forward diffraction.

attenuation spectrum. A. is determined to be
510 nm, which gives a D-value of 439 nm cor-
responding to a particle concentration of 1.67
X 10" /cm?, slightly higher than the value
(1.43 X 10" /cm®) determined gravimetri-
cally. This result is consistent with the enrich-
ment of the particle concentration for the dif-
fracting parts of the 245-nm particle suspen-
sion discussed above. Thus, we conclude that
the region nearest to the wall of the 140-nm
suspension has an increased particle concen-
tration and is ordered into random stacked 2-
D hexagonal layers.

After 3 days, diffraction measurements
showed a single Bragg diffraction spot spread
over a solid angle of ca. 0.04 steradians around
the Bragg angle of 71° (¢) for 488 nm incident
radiation (see Fig. 3a). When the angle of in-
cidence (f,) was changed to 42°, a bright, dif-
fuse elliptical spot was seen for forward dif-
fraction (Fig. 3b) at 6, = 33.5° (angles mea-
sured in air). Upon translating the cell parallel
to its face, 6, remained constant but the width
of the diffraction spot changed. The intensity
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TABLE II

The Measured Angles of Diffraction, ¢, 8,, 81, in the
Suspension of 140-nm Silica Particles with n, = .43 X
10"/cm? for Different Wavelengths (A) and the Calculated
Interplanar Separation (d = (A/2#n sin ¢*")) and Interparticle

Separation Distance (D = 2A/(y3(sin 6, + sin #,))

diD
X ¢ & ‘A d D Experimental
4379 56 385 295 376 474 0.8
476.5 63 41 31.5 378 468 0.808
488 71 42 33.5 3754 462 0.812
5145 87 445 34 384 472 0.813

Note. diD, expected for FCC = 0.816, for BCC =0.793.

of the spot decreased slightly as 6, was varied
away from 42°. Table II lists the angles mea-
sured for several excitation wavelengths along
with the interparticle spacing (D) calculated
using Eq. [2] and the interplanar spacing (d)
calculated using (4)

B mx
25 sin ™’

[4]
where 71 is the suspension refractive index, ¢*"
is the Bragg angle for diffraction from a 3-D
lattice, and m is the diffraction order. Optical
attenuation spectra of this suspension (Figs. 4
and 5; vide infra) show peaks corresponding
to different sets of planes and indicate the for-
mation of a 3-D crystal structure. The value
of D listed in Table I corresponds to a particle
concentration of ca. 1.43 x 10" cm ™3, which
is the same as that gravimetrically determined.
The same particle concentration is calculated
from the value of d of Eq. [4]. For the 245-
nm spheres above, we observed that the sus-
pension near the wall is more ordered than
that in the interior, and the particle concen-
tration in the cell becomes uniform with im-
proved ordering. The present result for the
140-nm silica suspension suggests that 3-D or-
der develops near the wall, while 2-D order
exists at the interior after the particle concen-
tration becomes uniform in the cell.

The ion-exchange reservoir was removed
from the cell on day 3. On day 6, the sample
became inhomogeneous and different regions
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F1G. 4. The optical attenuation spectrum of the 140-

nm silica particle suspension with n, = 1.43 x 103 /cm?,

6, = 0°, 3 days after cell preparation. 7 is transmittance.

in the suspension showed different iridescence
colors under white light illumination. The 3-
D Bragg diffraction spot observed in the re-
flection geometry became very diffuse while
the 2-D Bragg spot (in the transmission ge-
ometry) became brighter. The intensity of the
2-D Bragg spot decreased slightly upon rota-
tion of the cell around 4§, (8, = 42° for the
488-nm beam), but the diffracted spot oc-
curred at an angle satisfying Eq. [2]. The 8,
intensity dependence on day six is smaller than
that for day three. The 2-D diffraction was seen
over a wide range of incident angles (17° to
67°). Figure 4 shows the optical attenuation
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FI1G. 5. The optical attenuation spectrum of the 140-
nm silica particle suspension with n, = 1.43 X 10" /em’:
(a)8,=8°(b)f, =6°and(c)h, =4° Tistransmittance,
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spectrum of this suspension where the peaks
correspond to 3-D Bragg diffraction (vide in-
Jra). The observed decrease in the ordering on
day 6 presumably derives from an increasing
n; due to leaching of ions from the sample
cell.

These observations of an increased concen-
iration of 245- and 140-nm silica particles near
the wall prior to formation of a 3-D lattice
agrees with Kesavamoorthy ef al. (12, 13),
who observed that the particle concentration
and the degree of order showed a maximum
at the cell container walls. We conclude that
an initial 2-D structure with a higher particle
concentration nucleates adjacent to the con-
tainer walls, while the interior regions of the
cell remain either gas- or liquid-like. With de-
creasing n; the particle concentration differ-
ence between the wall vicinity and the interior
decreases, the two-dimensionally ordered re-
gion near the wall crystallizes into a 3-D FCC
crystal while the interior disordered region be-
comes a 2-D crystal. The appearance of 2-D
hexagonal layered structure in the evolution
of the colloidal crystal ordering is consistent
with other recent investigations (11, 15, 16).
The entire suspension crystallizes into a 3-D
crystal when the impurity concentration de-
creases further.

Determination of 3-D Crystal Structure from
Angle-Dependent Optical Attenuation
Spectra of the 140-nm Silica
Particle Suspension

Figures 4 and 5 show the optical attenuation
spectra of the 140-nm silica suspension at var-
ious incidence angles recorded on day 6. Fig-
ure 4 shows a sharp peak at 1051 nm and a
broad peak around 525 nm. The ca. 1051 nm
attenuation peak shifts to shorter wavelengths
and broadens when the incident angle in-
creases from 0° to 10°, while the broad peak
at ca. 525 nm becomes better resolved. Since
first-order 3-D Bragg diffraction from the
planes parallel to the quartz plate gives rise to
the longest wavelength peak (1051 nm), the
peaks around 525 nm should derive from sec-
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ond-order 3-D Bragg diffraction. The peaks at
525 nm will also have contributions from first-
order Bragg diffraction from planes with
smaller spacings than those giving rise to the
1051-nm peak. The rapidly decreasing trans-
mittance below 400 nm may derive from dif-
fraction by any coexisting 2-D hexagonal lat-
tice. This suspension shows 3-D diffraction as
well as 2-D diffraction as discussed above. We
expect that the 3-D crystal exists near the con-
tainer wall and the 2-D hexagonal layered
structure resides in the sample interior.

In order to resolve the diffraction contri-
butions from various planes to the 525-nm
peak, we fit the optical attenuation spectra for
various incidence angles to a sum of three
Gaussian bands and a linear base line. The
experimental spectra are shown in Figs. 4 and
5, and Table III lists the best-fit parameters.
Obviously, more than three diffraction peaks
contribute to the broad 525-nm peak. How-
ever, three components allow us to unambig-
uously establish the dominant structure, on-
entation and crystal lattice parameter.

The two crystal structures observed in col-
loidal crystals ( body centered cubic, BCC and
face centered cubic, FCC) self-assemble such
that the highest density planes (BCC (110) or
FCC(111)) lie parallel to the container walls.
When the FCC (111) or the BCC (110) plane
is normal to the incident radiation, the second-
order diffraction will overlap with the first-or-
der diffraction wavelengths from the corre-
sponding (200 ) planes. The angle (8) between
two planes in a crystal, (4, k;, [;) and (A,
ks, 1), is given by (23)

h;hz = k]kg + j]’z
VR + K3+ B)(hE+ K + 13)

- [5]

cos § =

Using Eqgs. [4]and [5]. we find that the broad
peak centered at ca. 525 nm will have contri-
butions from first-order diffraction of the
(002), (020), and (200) planes (A = 526
nm), the (220), (202), and (022) planes (A
=525nm), the (311),(131),and (113)planes
(Amax = 478 nm), and the (222) planes ( Az
=525.5 nm), as well as from the second-order
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TABLE HiI

Parameters Best Fit to Simulate the Experimental Optical Attenuation Spectra for the 140-nm Silica Particle
Suspension for Various Angles of Incidence (f)

h X SV x o &3 a3
] a {am™") A Az Ay (nm} (nm) (nm) (nm) . {nm) (nm)

0 53 700 19 .095 — 525 480° — 22 22 —
4 545 673 183 135 044 522 463.5 563 24 27 17.1
5 .601 760 .I85 125 .053 522 453 566 25.5 27.5 18.1
6 .62 763 135 118 05 522 441 573 27 27.5 18.1
7 654 783 A1 107 045 5215 430 578 27 27 19.9
8 14 856 .08 .09 .04 521 419.5 583 24 24 22.6

10 864 1080 .04 063 .03 520 395 600 22 22 30

Nore. The experimental data was best fit to the sum of a linear base line () = a — bx) and three Gaussians with peak
heights A, 4., A5, peak positions x,, x3, X3, and widths oy, o3, 3.

“ This peak splits into three peaks at x;, x5, and x; when the incident angle is changed.

® This peak for normal incidence derives from the (311) set of planes.

diffraction from the (111) planes (A, = 525.5
nm) of FCC.

The values of x; (nm) found from the fits
(Table 111) were used to calculate the angles
between the putative (200) plane and the in-
cident beam (f). The excellent correlation
between 650y and the angle of rotation of the
sample (Table IV) proves the existence of an
FFCC structure. We were also able to account
for the angular dependence of diffraction from
the individual (020) and (002) planes as the
cell was rotated. We were able to use the fitted

X, values to uniquely specify the crystal on-
entation about the (111) direction. From this
crystal orientation we determined the angle
between the (020) plane and the incident
beam (fy20) and that between (002 ) plane and
the beam (g0, ) and we calculated the expected
peak positions, Ay (Table V) which agreed
well with the experimentally determined x;
values.

The values of A; calculated assuming a BCC
structure are also listed in Table IV, but deviate
unacceptably from the experimentally deter-

TABLE IV

The Calculated #y from the Experimental Peak Positions (x;) of the Attenuation Spectra of the 140-nm Diameter
Silica Particle Suspension with n, = 1.43 % 10" /cm? for Various Angles of Incidence () for FCC and BCC Structures

Using the Bragg Law

FCC BCC
A
8 X3 (nm) a0 Ba00=Boaz {nm) 00 Boz0 A3 (nm) X3 (nm)
0 525 353 353 525 45 45 525 525
4 463.5 30.7 37.4 551.7 38.5 51.5 577 563
3 453 29.9 38 539.6 37.6 52.4 585 566
6 441 29 38.6 567 36.4 53.6 593 573
7 430 28.2 39.2 574.5 353 54.7 600 578
8 419.5 275 39.8 581 344 55.6 608 583
10 395 25.8 41.1 597.2 32.1 57.9 629 600

Note. The calculated 8y and flgg; from the geometrical considerations and the corresponding expected Bragg wavelength
(As) for various # for FCC and BCC structures. The experimentally fitted peak positions x; compares well with A; for

FCC structure.
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mined x; values. It is also unlikely that x; de-
rives from diffraction from the (211) BCC
planes (the only other possible diffracting
plane in BCC) because of the large differences
between Az and xj.

To obtain further supporting evidence for
the FCC structure we determined the ratio of
the peak areas at ca. 525 nm and ca. 1051 nm
in the attenuation spectrum. The Bragg dif-
fracted intensity from a set of planes in a 3-D
crystal, integrated over the wavelength, is given
by (37)

ID = -IQQ VJ [6]

where I, is the incident intensity, ¥ is the il-
luminated crystal volume, and Q is a scattering
function defined by (37)

4aln2f]A 1
)\202

4 + cos22¢*!
0=" ) [7]

sinqu'“'

where « is the polarizability of the particle, n
is the refractive index of the suspension, v is
the volume of the unit cell, X is the peak po-
sition, ¢*" is the Bragg angle, A is a constant
(4 for BCC and 16 for FCC) (23), and [ is
the particle structure factor given by

3(sin ga — ga cos qa) |

2 =
f q3a3 2

[8]

197

where a is the particle radius and ¢ is the scat-
tering vector

_4rnsin ¢
A

The integrated diffracted intensity which is a
function of the peak position A and the Bragg
angle ¢ can be rewritten as
1 + cos22¢™\ /2
AL« e

Sin2¢xll }\2

(9]

[10]

where B is a constant.

The attenuation at 1051 and 525 nm is
small. Hence, the ratio of integrated diffraction
intensities at 1051 and 525 nm for small at-
tenuation is approximately equal to the ratios
of the areas of attenuation (—log T°) at the
respective wavelengths, The ratio of the sum
of the first-order integrated diffracted inten-
sities at 525 nm from the (200), (220),(311),
and (222) family of planes compared to that
for the (111) plane at 1051 nm for an FCC
structure is calculated to be 13.7. This agrees
extremely well with the experimental value of
14, confirming the initial crystal structure as-
signment. Table V lists the calculated inte-
grated diffraction intensities for all the relevant
planes of an FCC crystal.

A similar calculation carried out for a BCC

TABLE V

The Calculated Three-Dimensional Diffraction Angles (¢™), the Peak Positions in the Optical Atfenuation Spectra,
X, the Particle Structure Factor (f?), the Diffracted Intensity from Several FCC and BCC Planes and the Calculated
Integrated Intensities Along with the Experimental Ratio of Integrated Intensities for the Suspension of 140-nm Silica

Particles
Ratio of integrated intensities
at 525 and 1051 nm
In/B x 10® for cach
Structure Planes (hkl) ¢ =090 — a A = 2ndusin o™ 52 set of planes Calculated Experimental
FGC (L11) 90 1051 0.588 1.065
(200),(020),(002) 35:3 526 0.328 3.957
(220).(202),(022) 547 525 0.082 0.4945 137
(31D),(131),(113) 60.5 478 0.044 0.3195
(222) 90 525.5 0.037 0.2651
14.0
BCC (110) 90 1051 0.588 1.065
(200),(020) 45 526 0.148 1.067 22
(211),0121) 30 525 0.588 10.646 ’
(220) 90 525.5 0.037 0.2651
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crystal gave a too large peak area ratio of 22.2.
Table V also lists the diffraction wavelengths
that can be expected in the optical attenuation
spectrum for normal incidence, from an FCC
and a BCC crystal. A comparison of Tables
I and V shows that all the expected peaks for
an FCC crystal are observed. In contrast, the
BCC (310) and (130) planes should show
peaks at ca. 420 nm which are not observed.

CONCLUSION

We have studied the time dependence of
the crystallization of order within a colloidal
silica suspension. We find that the formation
of a randomly stacked 2-D crystal is an inter-
mediate stage in the formation of a 3-D crystal.
Nucleation occurs at the walls of the container,
possibly due to the attraction of image charges.
We demonstrate that optical attenuation
spectroscopy can be used to unambiguously
determine the structure of colloidal suspen-
sions.
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