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Characterization of Optical Diffraction and Crystal
Structure in Monodisperse Polystyrene Colloids

ROGER J. CARLSON* and SANFORD A. ASHER

Department of Chemistry, University of Pittsburgh, Pittsburgh, Pennsylvania 15260

Bragg diffraction of laser light from crystalline aqueous colloids of
polystyrene spheres is examined to determine crystal structure, orienta-
tion, and elasticity. A new technique using Kossel rings is described which
simultaneously measures structure, lattice spacings, and crystallite ori-
entation. The monodisperse polystyrene sphere latex dispersions crys-
tallize into large single crystals, which, depending on sphere concentra-
tion, are either face-centered or body-centered cubic. The interparticle
spacings in the crystals are many times larger than the sphere diameter
(0.109 pm). The use of tunable lasers to easily determine crystal struc-
ture is described, and the technique is further illustrated by the exper-
imental determination of the bulk modulus. The bulk modulus is a mac-
roscopic physical constant which can be used to monitor intersphere
potentials and the screening of the particle charges by electrolytes in
the solution. Data are presented which suggest that crystallite orienta-
tion occurs with the closest packed sphere layers parallel to the sample
cell quartz walls.

Index Headings: Bragg Diffraction; Light scattering; Colloids; Polysty-
rene spheres; Latex.

INTRODUCTION

Significant interest exists in elucidating the structure
and physical properties of colloids.™ This interest stems
from their industrial importance?® as well as from the
utility of some colloidal systems as models of liquid and
solid structure,*® and from their usefulness for studying
phase transition phenomenology.o-2! During the pre-
ceeding thirty years a number of groups have demon-
strated that dispersions of charged macromolecules can
adopt ordered crystalline structures.?2-33 Examples in-
clude proteins,® virus particles,?” bacteria,? cell suspen-
sions,” silver iodide particles and other sols,?? and dis-
persions of polystyrene spheres.** The most studied
colloid consists of a dispersion of monodisperse polysty-
rene latex spheres in various solvents such as water,
methanol, benzene, etc. The polystyrene spheres are
prepared by emulsion polymerization, and generally
contain on the order of 2000 SO, functional groups per
sphere.? The sphere diameters which have demon-
strated crystalline ordering range from 200-10,000 A.
These spheres can be prepared as monodisperse samples
with a sphere diameter relative standard deviation of
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less than 1%. The narrow size distribution has led to
the use of these spheres as electron microscopy stan-
dards, and as substrates for clinical diagnostic tests.?

Due to the large number of negatively charged groups,
the major intersphere interactions in these dispersions
are screened coulombic repulsive interactions.’* For
low ionic strengths this repulsive interaction occurs over
distances many times the sphere diameter.* Due to
boundary conditions such as the solvent volume and
gravitational settling forces'®® the spheres crystallize into
an ordered array with intersphere spacings many times
the sphere diameter. Lattice spacings can be comparable
to the wavelength of visible light, and Bragg diffraction
will occur, resulting in an iridescent sample which dis-
plays optical properties similar to those of high quality
opals.*®

The crystal structure of polystyrene sphere disper-
sions depends upon both the sphere concentration and
the presence of electrolytes which screen the repulsive
interactions.?#42 Although previous studies of the poly-
styrene sphere crystals have led to an assignment of a
face-centered cubic structure (FCC) for high sphere con-
centrations and a body-centered cubic structure (BCC)
at low concentrations,” little consistent data have been
presented to quantitatively demonstrate these assign-
ments. Characterization of the crystal structure for var-
ious sample compositions and temperatures is required
to determine the phase diagram of this system.!i221.4
The importance of understanding the phase diagram has
led to recent attempts to theoretically calculate the crys-
tal ordering for spherical particles which interact with
hard sphere repulsive interactions.t®:3.16-184¢ These cal-
culations also attempt to demonstrate a theoretical un-
derstanding of the factors which determine crystal or-
dering in the nobel gas solids (which are important for
matrix isolation techniques) and Wigner electron lat-
tices.®

The polystyrene sphere colloids also undergo a phase
transition between the solid-like crystalline lattice and
an amorphous liquid-like structure lacking long-range
order. This melting can be induced either by an increase
in the electrolyte concentration?'?® or by an increase in
temperature.'*'**3 A number of recent experimental and
theoretical studies have begun to examine this transi-
tion. Significant interest exists in this portion of the
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phase diagram because the polystyrene sphere colloids
are useful for studying the solid-liquid phase transition
phenomenon.

Any detailed understanding of the sphere interparti-
cle interactions will require the determination of crystal
physical parameters such as compressibility, elasticity,
and the phonon mode frequencies.*** These measure-
ments of elasticity and compressibility require monitors
of the crystal structure and lattice spacings. In this re-
port we characterize the optical diffraction phenomena
observed for polystyrene sphere crystals and illustrate
the use of Kossel rings for deducing crystal structure.
We also use this simple technique to reexamine the de-
pendence of crystal structure and orientation on both
sphere concentration and sample boundary conditions
and illustrate utility of the Kossel ring technique by
examining gravitational compression of the colloidal lat-
tice in order to determine the crystal compressibility.
Such measurements should provide useful empirical data
for the theoretical evaluation of the interparticle poten-
tials responsible for the ordering process.

After completion of this work we became aware of
other observations of the Kossel ring phenomenon in the
polystyrene sphere crystals,®+* and of a very recent ex-
tensive theoretical examination of the possible Kossel
ring patterns in these crystals.*” Our Kossel ring tech-
nique is experimentally easier than that of Pieranski et
al.¥ and utilizes a minimum number Kossel ring tech-
nique which simplifies the analysis by utilizing a laser
wavelength which diffracts the fewest Kossel rings re-
quired to uniquely define a crystal structure.

EXPERIMENTAL

Sample Preparation. Monodisperse polystyrene
spheres were obtained from Dow Diagnostics (Lot num-
ber 1A90). The sphere diameter was indicated to be 0.109
pm with a standard deviation of 0.0027 pm. The latex
dispersion was freed of electrolyte and surfactant im-
purities by dialysis against a bath of doubly distilled
water containing mixed bed ion exchange resin. Dialysis
occurred in a sealed glass flask over a three week period,
with the dialysis bath exchanged daily. After the dialysis
treatment the dispersion (approximately 10% by weight)
was stored as a suspension over ion exchange resin. The
exchange resin was supplied by Bio-Rad (Analytical
Grade AG501-X8 mixzed bed resin). Ion exchange resin
has been reported to typically contain polyelectrolyte
impurities. Thus, the resin was cleaned before use by
using a procedure similar to that of Vanderhoff and Van
Den Hul.3 The resin was washed extensively using 85°C
doubly distilled water, room temperature water, and re-
agent grade methanol. This procedure was repeated a
total of three times.

The single crystal samples used for the studies re-
ported here were prepared by diluting the polystyrene
sphere suspensions with deionized, doubly distilled water
in 1.5 mm id. quartz capillaries containing a small
amount of ion exchange resin. Quartz was used to avoid
the leaching of ions as is commonly found when using
glass capillaries. After dilution the capillaries were sealed
and placed in a room temperature water bath for several
weeks during which time the samples crystallized, pre-
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sumably, into their thermodynamically most stable crys-
tal structure. This is further indicated by the reproduc-
ibility of the crystal structure observed between
identically prepared samples.

Bragg Scattering Apparatus. Diffraction phenomena
were measured using an apparatus similar to that of
Williams and Crandall.® A cylindrical tank containing
water (Fig. 1) was mounted on a rotating table and the
sample capillary was suspended in the water bath on a
rod coincident with the axis of the outer cylinder. The
sample could be both translated along and rotated about
the axis of the tank. The water tank was used to match
the refractive index of the sample during measurements
of the Bragg angles. This avoided correcting for refrac-
tion of the diffracted light. The diffraction spots and
Kossel rings were recorded by tracing the observed pat-
terns on tracing paper tightly wrapped around the ex-
terior of the tank.

The sampling geometry used permitted an accurate
positioning of the sample capillary at the center of the
cylindrical tank. Diffraction of the laser light from the
capillary was used to ensure that the capillary axis was
parallel to that of the cylindrical tank. In view of these
facts and because the entire Kossel ring pattern could
be observed for laser powers greater than 50 mW, we
estimate the relative errors in lattice spacings to be less
than 2%. Diffraction phenomena were excited by using
a Spectraphysics model 164 Ar+ laser, or by using a
Spectraphysics Model 375 tunable jet stream dye laser.
For samples with large lattice spacings, longer wave-
length light from the dye laser was used to identify the
crystal structure; the Kossel ring pattern was simplied
by limiting the Bragg scattering to only the largest lat-
tice spacings.

RESULTS AND DISCUSSION

Irradiation of the ordered polystyrene latex disper-
sions with light of shorter wavelength than twice the
crystalline lattice spacing leads to Bragg diffraction. In
the case of a sample within a capillary in the apparatus
shown in Fig. 1, Bragg spots appear at angles 26 to the
laser beam propagation direction when a lattice plane is
at an angle § = sin~! n\/2d. In the case of one large crys-
tallite it is possible to determine the crystal structure
by carefully rotating the sample within the beam and
collecting data on lattice spacings and relative lattice
plane orientations. Since the crystallite orientation is
not known initially this procedure can be quite tedious.

However, a much easier technique is available which
utilizes the Kossel rings which result from the inability
of light in the sample to propagate along directions which
fulfill the Bragg condition.*® A series of such rings ac-
company the Bragg diffraction spots and are displayed
on the target screen as shown in Fig. 1. The Kossel rings
are the loci of dark lines resulting from the intersection
of surfaces of cones with the cylindrical screen around
the sample chamber. The apex of each cone originates
within the samples. For laser powers greater than 50
mW the Kossel rings dominate the scattering pattern.
The rings simultaneously specify both the lattice plane
spacings and their orientation. Kossel rings have been
recognized for the past 50 years and have been used for
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Fig. l. Experimental apparatus showing Kossel ring patterns.

high resolution x-ray studies of crystalline materials, es-
pecially for metals.*® Figure 2 demonstrates the origin of
these rings.

In order to observe these rings a divergent source of
radiation is used. For x-ray diffraction the sample itself
can be used as the electron impact target for producing
the x-rays. In our case a divergent source derives from
isotropic scattering of the laser light by the polystyrene
spheres. Thus, a source of radiation is generated at the
sample surface and within the sample interior. In the
absence of crystalline lattice planes this radiation would
be essentially isotropic, leading to a relatively uniform
illumination of a target screen situated around the sam-
ple. However, each set of lattice planes will diffract ra-
diation which attempts to propagate at the Bragg angle.
This radiation is diffracted away and the loci of these
directions are surfaces of cones whose axes are normal
to the diffracting planes. When these cones are projected
onto a target spherically symmetric around the sample,
dark circles (deficiency lines) are observed.**® In con-
trast, ovals are generated for the cylindrical target used
in our study.

The lattice spacing of the set of planes producing the
Kossel ring can be calculated from the angular width of
the Kossel ring, , by the modified Bragg equation ni =
2d cos 8/2, where A is the wavelength of light within
the sample compensated for the sample refractive index,
& (= X\/p). d is the lattice spacing and n is an integer.
Analysis of sizes of the rings, their number, and their
pattern determines the crystal structure, lattice spacings
and orientation.

Bragg diffraction of the divergent light can also result
in bright Kossel rings concentric with the dark rings
(Fig. 2). This effect is often observed in divergent beam
x-ray studies of common materials. However, in our
samples bright rings are seldom observed due to the in-
tense scattering power of the spheres which multiply
diffract away the light responsible for the bright rings.
However, we typically observed bright rings in thin
polystyrene sphere samples (25 um), or, if the capillary
samples are illuminated, at the capillary edge. This oc-
curs because fewer layers are traversed as the light leaves
the sample. The intense scattering power of the spheres
derives from the dielectric constant difference between
the spheres and the adjacent water layers. This differ-
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Fig. 2. Formation of bright and dark Kossel rings. Isotropic scatter-
ing of the laser light results in a divergent light source within the
sample. The light at the Bragg angle § is diffracted and cannot prop-
agate through the lattice. Thus, dark Kossel rings are projected cnto
a target screen. The bright Kossel rings are considerably broadened
by multiple Bragg diffraction.

ence is much greater than the dielectric constant vari-
ation normally encountered for x-rays in a material. In-
deed the difference in scattering power results in the
inability of the usual “kinematic” x-ray diffraction the-
ory to account for the intensities, widths, and exact an-
gles for the Bragg diffraction phenomena. In the case of
polystyrene sphere crystals, the diffraction phenomena
are best described by “dynamical” x-ray theory.®* As
earlier recognized by Hiltner and Krieger,' the intense
scattering by the layers of spheres close to the source
depletes the beam traveling through the sample. In the
x-ray literature this is known as “primary extinction.”
It should be noted that this phenomenon derives from
diffraction and is distinctly different from absorption
which is specified by the x-ray mass absorption coeffi-
cient. Indeed the magnitude of primary extinction can
be significantly greater than normal x-ray absorption.
The fact that attenuation of the beam passing through
the sample has to be included in calculating the Bragg
angles, widths, and intensities is the basis of the differ-
ence between kinematic and dynamical x-ray theory. In
general the Bragg angles will be close to that specified
by kinematic theory. However, the intensities and widths
may be dramatically different, and new phenomena, such
as anomalous transmission (Borrmann effect), may oc-
eur.e

The observed Kossel ring patterns can be matched
with those predicted by theory in order to unambigu-
ously determine structure and orientation. The angles,
®, between the axes of the cones corresponding to the
crystal planes with Miller indices (hk,l,) and (hy ks 1y)
for face-centered cubic (FCC), body-centered cubic
(BCC), and hexagonal close-packed (HCP) structures
can be calculated as follows,

FCC and BCC:
h.hs + RiRs + L1,

CSO = Rt Bt E VA + B+ L2
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Fig. 3. Kossel ring patterns on cylindrical screen of radius 9.05 cm for A = 5000 A. a) Geometry of Kossel ring formation from a FCC lattice.
Each set of lattice planes results in a Kossel ring whose axis is perpendicular to the lattice planes. These axes are shown by the normals to the
planes which are labeled by their Miller indices. Calculated Kossel rings from: b) face-centered cubic lattice, N = 6.37 x 10 spheres/cc; ¢) body-
centered cubic lattice, N = 2.83 x 10 spheres/cc; d) hexagonally close-packed lattice, N = 6.22 x 101 spheres/ce. The angles along the meridian
are listed along the center line of each figure. e) Photograph of Kossel ring pattern from FCC structure using apparatus shown in Fig. 1.

HCP: BCC:
Bl = % (2h, + k)(2h, + k,) + 2kk, + Yll, |S]2=F[2 + 2 cos w(h + k + D]
V% @2k, + k)? + 2k2 + %2 2d
V% (2h, + k) + 2k + % [, it = V3 + k2 + B)
A_lso, lattice spacings d,, and structure factors (S) are HCP:
ilgzn by, |S]2 = F[2 + 2 cos 2 w(%h + Yok + %0)]
: d
|S12=f3{[1 + cos w(h + k) + cos w(h + I) dii; =
T cos wlk + DJ? ™ OV%Eh T RE+ R T B
+ [sin 7(h + k) + sinw(h + 1) where f is the scattering factor of each sphere and d is
+ sin w(k + [)]%} the interparticle spacing. Table I shows some calculated
Vad values. The magnitude of the structure factor. qualita-
i = ——————ee tively specifies the intensity of the Bragg diffraction spots
Vh? + k2 + [ and the darkness of the Kossel rings. For dynamical dif-
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TABLE L. Calculated values of the structure factor, S, for the 10 larg-
est interplane spacings of the face-centered cubic (FCC), body-centered
cubic (BCC), and hexagonal close-packed (HCP) lattices. The structure
factors are expressed as | §|%/f%, where fis the scattering factor. d,./d
is the ratio of the interplane spacing to the nearest neighber interpar-
ticle spacing, d.

FCC BCC
1sp G 185 =
hkl I d hkl P2 d
100 0 1.4142 100 0 1.1547
110 0 1.0000 110 4 0.8165
111 16 0.8165 111 0 0.6667
200 16 0.7071 200 4 0.5774
210 0 0.6325 210 0 0.5164
211 0 0.5774 211 4 0.4714
290 16 0.5000 220 4 0.4082
300, 211 0 0.4714 300, 211 0 0.3849
310 0 0.4472 310 4 0.3651
311 16 0.4264 a11 0 0.3482
HCP
[S1? [
hkl I d
001 0 1.6330
010, 100 1 0.8660
002 4 0.8165
011, 101 3 0.7651
102, 012 1 0.5941
003 0 0.5443
110 4 0.5000
111 0 0.4781
013, 103 3 0.4609
200, 020 1 0.4330

fraction phenomenon, however, careful account also has
to be taken of beam attenuation, which is intimately
related to the sphere scattering power, and to the rela-
tive crystal perfection. For planes with a structure factor
of zero Bragg diffraction is not allowed nor observed.
By calculations such as those described above it is
easy to determine the pattern of Kossel rings which could
be observed. Figure 1 shows the formation of a ring pat-
tern in our apparatus and Fig. 3 shows patterns calcu-
lated for FCC, BCC, and HCP structures. For the ring
patterns in Fig. 3 the (011) FCC, (001) BCC and (110)
HCP planes were chosen to be perpendicular to the cy-
lindrical axis of the scattering chamber. This orientation
was chosen mainly because it is consistent with the ex-
perimental observations (Fig. 3e) to be discussed below.
Note also that four Miller indices (hkil) are used for the
HCP structure, where i is defined as —(h + k). This
convention derives from the fact that one can choose
two equivalent but distinct hexagonal unit cells for this
structure.’® Table I lists the 10 largest lattice spacings
of the three crystal structures. If the laser wavelength is
shorter than twice the distance between a set of high
Miller index planes, these planes as well as all sets of
planes with lower Miller indices will contribute Kossel
rings. This will clearly result in a complex, difficult-to-
interpret pattern. We utilize a dye laser to select a wave-
length which will result in the minimum number of Kos-
sel rings required to uniquely define a crystal structure.
This significantly aids the assignment of the crystal
structure and is essential where crystal twinning or mi-
crocrystals exist, in which case it is necessary to separate

TABLE II. Concentration dependence of crystal structure for poly-

strene sphere samples.

Sam- Strue-
ple N (cm™9) w d(A) ture
A (7.08 = 0.18) x 10w 0.050 £ 0.007 Z713:£ 43 FEC
B (543 = 0.08) x 10 0.038 = 0.006 2964 = 14 FCC
C  (3.40 £ 0.15) x 101 0.024 = 0.004 3370 £ 50 BCC
D (1.26 £ 0.05) x 10" 0.0090 = 0.0014 4680 +70 BCC

Where: d, = 1090 = 40 A; p = 1.045; 1 = 1.33.

the Kossel patterns from each crystal. Once a crystal
structure is postulated from a series of one or two Kossel
rings the laser wavelength can be decreased to bring in
more Kossel rings to confirm the structure. Wavelength
tunability is also essential if one wishes to examine a
large range of polystyrene latex concentrations.

Table II lists the samples used for the crystal struc-
ture and orientation measurements. The table indicates
the sphere concentration of each sample within the ir-
radiated volume, the nearest neighbor spacing, and the
crystal structure. The sphere concentrations listed rep-
resent the calculated concentration within the capillary
tube at the point where diffraction is measured (vide
infra); gravitational forces cause a distribution of sphere
concentration along the tube axis with a small relative
compression occurring towards the bottom of the cap-
illary. Sphere concentrations were determined at the ob-
servation point within the sample using the expressions

HCP and FCC:

_V2 p
C@ YT aValay
- d—o)-i-p—l
BCC:
3V3 p

4d3 "’ w_i<£)3+ o
Tl'\/gdo ?

where N is the number of spheres per cm? w is the
weight fraction, d is the measured interparticle spacing,
p is the ratio of the density of polystyrene to that of
water (taken as 1.045), and d, is the diameter of the
spheres (0.109 um). This is a more accurate represen-
tation of sphere concentration than that calculated from
the dilution factor, both because of gravitational
compression and because the ion exchange resin typi-
cally swells and absorbs water, concentrating the sphere
suspension in the capillaries.

We observe both FCC and BCC crystal structures
in the capillary cells. As previously reported,® the FCC
structure is observed at high sphere concentrations and
a BCC structure is observed at low concentrations. How-
ever, we observe a BCC structure at significantly higher
concentrations than previously reported.'*2547 As Table
IT shows, the BCC structure is observed at concentra-
tions as high as 3.4 x 10' spheres/cc or 2.4 weight per-
cent polystyrene. The origin of this discrepancy is not
clear. However, it could result from electrolyte or other
sample inhomogeneities. This possibility is supported
by Pieranski et al.*” who, while never observing the pres-
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Fig. 4. Two dimensional sketch of Kossel ring pattern from twinned
face-centered cubic crystal.

ence of a FCC lattice alore, occasionally observed co-
existence of the FCC and BCC lattices.

In order to put these observations into the context of
a phase diagram it is necessary to specify electrolyte
concentration. We have extensively dialyzed the spheres
and measured them in the presence of ion exchange res-
in. Thus, we assume that the normal exogenous electro-
lyte concentration is zero.

We have never observed the HCP structure in the
capillary cells. However, in studies of thin samples (25
pm) between flat quartz plates we have seen evidence of
hexagonal structure. The evidence derives from the hex-
agonal symmetry of the Kossel rings. These cells also
have shown crystal structures which were clearly not
HCP but may have been FCC or BCC. We are continu-
ing our investigation into these thin samples in order to
determine the effect of sample boundary on crystal
structure and orientation (however, vide infra).

As indicated earlier the (011) FCC and (001) BCC
layers were generally perpendicular to the capillary axis.
Thus, there appears to be crystal orientation induced by
the sample container, as noted previously by Luck et al.?2
and subsequently confirmed by Clark et al® From ex-
periments using a hemispherical cell illuminated through
the flat surface Luck et al. suggested that the Bragg
diffraction data indicated that the FCC (111) planes im-
mediately adjacent to the glass plates were oriented par-
allel to the glass surface. Our data using Kossel rings
monitor orientation in the bulk rather than primarily at
the sample surface, and is consistent with the previous
assignment of FCC crystallite orientation. However the
Kossel ring data in the cylindrical cells cannot distin-
guish conclusively whether the (111) or (100) planes of
the FCC lattice are parallel to the surface. We also find
that either the (110) or (100) BCC planes lie parallel to
the glass surface. We are presently examining this ori-
entation in thin samples contained between two parallel
quartz plates to discriminate between the two possibil-
ities. It is interesting that the HCP structure tentatively
observed in the thin cells had their (001) planes parallel
to the glass surfaces. The FCC (111), the BCC (110),
and the HCP (001) planes each derive from those planes
containing the highest density of spheres. This may sug-
gest that the sample orientation is due to strong attrac-
tive interactions between the quartz substrate and the
spheres.

Although the samples we prepare generally consist of
large single crystals which fill the cross-sectional area of
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TABLE III. Experimentally determined isothermal compressibility (8)
and bulk modulus (B) for samples from Table II.

Sample B(dyne/em?) B(cm?*/dyne)
A 36 +6 0.028 £ 0.004
B 295 0.035 + 0.006

the capillary and extend for distances of 1 cm to 10 cm,
we often observe crystal twinning in the FCC structure.
Crystal twinning was previously reported for the BCC
structure in these systems.?’ Figure 3e shows a photo-
graph and Fig. 4 an accurate sketch of the Kossel ring
pattern for a sample in which two FCC crystallites are
twinned. From the Kossel ring pattern it is obvious that
the two crystal orientations differ by only a rotation of
one crystal by approximately 70° along the (011) axis
(i.e., along the axis of the sample capillary).

We have also utilized the Kossel ring technique to
determine elastic constants for our single crystal sam-
ples as a function of sphere concentration and crystal
structure. These results will be described in detail in a
separate publication. However, we include some of these
results here to demonstrate the utility of the Kossel
technique.

Crandell and Williams® measured the Youngs elastic
modulus for a BCC structure by monitoring the gravi-
tational compression of polystyrene sphere samples. We
have utilized the Kossel ring techniques to measure an
analogous elastic constant, the bulk modulus B for sin-
gle crystal samples in the face-centered cubic structure.
The bulk elastic modulus was determined by measuring
the lattice spacings as a function of position along the
capillary axis. This measurement was accomplished by
measuring the Kossel ring diameter as the sample cap-
illary was accurately translated along its axis through
the laser beam. The crystal structure and orientation
were simultaneously monitored, and no change was ob-
served. We assume an isotropic compression of the lat-
tice. Thus, the bulk modulus is defined as

P
. ”(ﬁ)

where B is the reciprocal of the isothermal compressi-
bility 8. V is the volume of the unit cell as monitored
from the Kossel ring pattern and P is the effective grav-

itational pressure,
4
P= f %g dz

or

where m is the effective mass of a polystyrene sphere in
water calculated from the volume and the density dif-
ference between polystyrene and water (ie., 1.045 gm/
cc and 1.000 gm/ce, respectively). m = (3.1 + 0.5) x
10~" gm. g is the gravitational acceleration and z is the
vertical position in the capillary.



Since
—dP BdV

dz V dz

integrating with respect to z yields (assuming B as con-
stant)

—4m,
V=—% £y — 2 + W,

Where V, is the unit cell volume at z = 2, (any arbitrary
reference point in the sample). Figure 5 shows a plot of
V vs. (z — z,) whose slope gives B. Table III lists the
values of B and 8 measured for samples A and B from
Table II.

As Williams and Crandall® pointed out, the compress-
ibility values are extraordinarily low for these systems
when one considers that an ideal gas of the same particle
concentration would have a B of ~3 dyne/cm2 The
larger B for the polystyrene spheres results from the
coulombic repulsive interactions. Measurements of B as
a function of interparticle spacing and electrolyte con-
centration will result in new data on the electrical dou-
ble layer and ionie screening in solutions.

The Kossel ring technique is ideal for these types of
studies because in addition to accurately monitoring lat-
tice spacings, the Kossel ring pattern determines crystal
structure and orientation. In addition, careful measure-
ments of the angles between Kossel rings easily deter-
mine anistropic compression within these samples. A
more extensive report on the elastic measurements is in
preparation.

CONCLUSIONS

The polystyrene sphere colloids are ideal systems for
studying interactions between ionic species in solution.
The strong Bragg diffraction of visible light from these
macroscopically ordered systems illustrate all of the
Bragg diffraction phenomenon normally encountered in
x-ray diffraction studies. However, the strong scattering
of the polystyrene spheres requires dynamical diffrac-
tion theory to account for the diffraction intensities and
widths.

The Kossel ring technique permits simple measure-
ments of interparticle spacing. Measurements of the
compressibility indicate, as expected, that it increases
with interparticle spacing. Since the compressibilities of
these systems are controlled by the screened coulombic
repulsive interaction between spheres, measurements of
the compressibility as a function of sphere concentration
and ionic strength will result in new information on ionic
interactions, the electrical double layer, and the Debye
screening length for ions in solution.
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