
Introduction

Recently, keen attention has been paid to the structural
and dynamic properties of colloidal crystals [1±13]. The
colloidal crystals studied so far are grouped into ``soft''
crystals in dilute and deionized aqueous suspensions
[14±16] and ``hard'' crystals in concentrated suspensions
in refractive-index-matched organic solvents [17±21].

We must pay great attention to the complete
deionization of the suspension for aqueous soft sys-
tems. The critical sphere concentration of melting (/c)
is quite sensitive to the degree of deionization of the
suspension and increases sharply for suspensions con-
taminated with ionic impurities. When the sample
suspensions are deionized with ion-exchange resins for
a long time, more than several months, for example, the
/c value becomes quite low and ranges from 0.0001 to

0.0004 irrespective of the kind of spheres (100±130 nm
in diameter) [22±24]. Very large single crystals (8 mm in
the largest case) have been observed when the sphere
concentrations are close to the /c value and the
suspension has been deionized exhaustively. The size
of the single crystals increased sharply when the sphere
concentration decreased. These observations are quite
understandable because crystal size should increase
with decreasing nucleation rate and also with decreas-
ing number of nuclei. The nucleation rate decreases as
the sphere concentration decreases. When the sphere
concentration is high (/ > 0.01), the crystals are very
small (around 0.02 mm or smaller) and are not
observed with the naked eye. It should be noted here
that all the single crystals are surrounded by grain
boundaries and are packed densely throughout the
suspension.
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Abstract Gigantic colloidal single
crystals (2±6 mm) are formed for
¯uorine-containing polymer spheres
(120±210 nm in diameter) in
exhaustively deionized aqueous
suspensions. The spheres used are
poly(tetra¯uoroethylene) (PTFEA
and PTFEB), copolymer of tetra¯u-
oroethylene and per¯uorovinylether
(PFA) and copolymer of tetra¯u-
oroethylene and per¯uoropropylene
(PTP). The phase diagrams of these
spheres are obtained in the deionized
suspensions and also in the presence
of sodium chloride for PFA. The
critical sphere concentrations of
crystal melting (/c) for these spheres
are around 0.0006 in volume frac-
tion, which are close to, but slightly
larger than, those of monodispersed
polystyrene spheres (/c » 0.00015)

and colloidal silica spheres(/c =
0.0002±0.0004) reported previously.
The crystals are largest when the
sphere concentrations are a bit high-
er than the /c value and their size
decreases as the sphere concentration
increases. Re¯ection spectra are
taken in sedimentation equilibrium
as a function of the height from the
bottom of the suspension. The static
elastic modulus is estimated to be
10.8 and 28.7 Pa for PTFEA and
PTP spheres at the sphere concen-
trations 0.00325 and 0.00322 in
volume fraction, respectively.
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As has been ®rmly clari®ed, colloidal crystals are
formed by the intersphere repulsion forces, which in turn
favour entropically driven ordering in a closed vessel.
An essential part of the repulsion is from the transla-
tional Brownian (thermal) movement of the colloidal
spheres themselves. Sizes of colloidal spheres ranging
from 80 to 200 nm are appropriate for forming a crystal-
like distribution of spheres in water at room tempera-
ture. Spheres smaller than 80 nm move much more
vigorously to form crystal-like structures. This situation
is understood by the fact that nitrogen molecules, for
example, which are much smaller than the colloidal size,
never crystallize at room temperature.

Generally speaking, colloidal spheres have negative
charges on their surfaces. Furthermore, many very small
simple ions are oppositely charged and are distributed
around the negatively charged large spheres called
``electrical double layers''. In the deionized state, the
double layers are very thick and the electrostatic
intersphere repulsive forces prevail to a distance as far
as micrometres. Thus, colloidal crystallization in the
deionized aqueous suspension takes place quite easily at
very low sphere concentrations compared with the
sphere systems including no electrostatic intersphere
repulsion besides that from Brownian movement of
spheres. Quite recently Itano et al. [25] reported that
Coulomb crystals are formed for trapped spherical
plasmas with a single sign(plus) of charge in the gas
phase. This observation supports strongly the important
role of the electrostatic repulsion forces for the crystal-
lization besides Brownian movement of the respective
plasmas.

Polystyrene and colloidal silica spheres have often
been used for studies on colloidal crystallization. The
former are hydrophobic in water and apt to aggregate
especially at the interfaces with air and/or cell walls,
whereas the latter are strongly hydrophilic and do not
aggregate. The ¯uorine-containing colloidal spheres
studied in this work are strongly hydrophobic; therefore,
great attention was paid to prevent aggregation by
minimizing the contact area of the suspension with air
and/or cell walls and by preventing the agitation of the
suspension. As described later, this work clari®es that
colloidal crystallization takes place irrespective of the
hydrophobicity of the colloidal spheres. This is due to
the fact that the short-ranged hydrophobic interaction
is negligible compared with the intersphere repulsion
forces from the long-ranged electrostatic interaction and
the translational Brownian movement.

Experimental

Materials

Four kinds of ¯uorine-containing polymer spheres, i.e., poly(tetra-
¯uoroethylene) (PTFEA, diameter 130 nm), poly(tetra¯uoroethyl-

ene) (PTFEB, 210 nm), copolymer of tetra¯uoroethylene and
per¯uorovinylether (PFA, 120 nm) and copolymer of tetra¯uoro-
ethylene and per¯uoropropylene(10%) (PTP, 130 nm) were used.
Their diameters were estimated from dynamic light scattering
measurements in the presence of sodium chloride at 10)4 mol/l.
Their densities were estimated to be 2.3, 2.2, 2.2 and 2.2,
respectively. These stock suspensions were deionized exhaustively
with mixed beds of cation- and anion-exchange resins [AG501-
X8(D), 20±50 mesh, Bio-Rad Lab., Hercules, Calif.] for more than
1 year in Pyrex glass bottles shielded as completely as possible. The
colloidal sample suspension was prepared in a test tube (disposable
culture tube, borosilicate glass, Corning Glass Works, Corning,
N.Y., 11 and 13 mm inside and outside diameters) shielded tightly
with Para®lm (American Can Co., Greenwich, Conn.). The
suspensions were treated with a small amount of the Bio-Rad
resins for several days in the tube with gentle inverted mixing
several times a day.

The water used for the sample preparation was puri®ed using a
Milli-Q reagent grade system (Milli-RO5 plus and Milli-Q plus,
Millipore Co., Bedford, Mass.).

Closeup colour photography

The photographing of the colloidal crystals in a test tube was done
with a Canon EOS10 camera, a macro lens (EF50 mm, f = 22)
and a life-size converter (EF). Vervia ®lm (Fujichrome, RVP 135,
ISO = 50) was used for colour transparencies. The light source
was a pocket-type ¯ashlight (BF-775, Xenon 4, National, Osaka),
which is weak enough to prevent thermal destruction of the single
crystals and contains plenty of reddish (long-wavelength) light
resulting in beautiful pictures.

Re¯ection spectroscopy

The re¯ection spectra at an incident angle of 90° were recorded on
a multi-channel photodetector (MCPD-110B, Otsuka Electronics,
Hirakata, Osaka) connected to a Y-type optical ®bre cable. The
instrument was operated by a microcomputer (MC800, Otsuka
Electronics).

Results and discussion

Giant single crystals formed in
the exhaustively deionized suspensions

A closeup colour photograph of the single crystals
formed for an exhaustively deionized aqueous suspen-
sion of PTFEB 9 days after suspension preparation in a
test tube is shown in Fig. 1. The picture was taken 1 day
after vertical mixing and standing still on a table. The
speci®c gravity of the spheres was very high compared
with that of the solvent, and signi®cant sedimentation
took place even after 1 day. The sphere concentration at
the height where a giant single crystal is seen in the ®gure
was 0.0008 in volume fraction. The sphere concentration
was determined from the peak wavelength in the
re¯ection spectra. A very large single crystal, about
5 mm, is seen in the ®gure. The change in colour from
bluish to reddish is due to the change in the incident
angle of light through the curved wall of the test tube.
These patterns of the single crystals changed rapidly
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with a very slow rotation of the test tube. Two kinds of
single crystals are observed, very large blocklike crystals
and pillarlike ones. The former appear in the bulk phase
far from the cell wall and grow by homogeneous
nucleation. On the other hand, the latter are from
heterogeneous nucleation along the cell wall. The shapes
of the former were quite varied. Triangle, cubiclike,
pentagonal, hexagonal and even conelike single crystals
were observed. The single crystals were packed densely
and void regions were never observed; this is supported
by the change of the patterns of the single crystals when
the test tube was rotated very slowly. In this ®gure the
background is very dark, but the suspension is full of
single crystals surrounded by grain boundaries. The
suspensions and the single crystals of the ¯uorine-
containing spheres were more transparent than those of
colloidal silica and polystyrene spheres. This may be due
to the fact that the refractive indices of the former (e.g.
1.35 at room temperature for PTFE) are closer to that of

water (1.33 at 25 °C). For comparison, the refractive
indices of silica and polystyrene are reported to be about
1.5 and 1.60, respectively.

The single crystals formed for the suspensions of PFA
containing sodium chloride (3 ´ 10)7 mol/l) 3 minutes
after vertical mixing are shown in Fig. 2. The initial
sphere volume fraction was 0.003 in volume fraction.
Many crystals around 2 mm in size formed by homo-
geneous nucleation are seen packed densely in the whole
of the suspension.

Phase diagram

The phase diagrams of colloidal crystals of PTFEA,
PTFEB, PFA and PTP in the exhaustively deionized
aqueous suspensions are shown in Fig. 3. The open and
solid circles show the crystal-like and liquidlike phases.
The critical sphere concentrations of melting, /c were

Fig. 1 Closeup picture of poly(tetra¯uoroethylene)B (PTFEB)
suspension with resins at 25 °C. 9 days after suspension preparation,
/ = 0.0008. The picture was taken 1 day after vertical mixing.
Exposure = 1/3 s, iris = 22

Fig. 2 Closeup picture of a suspension of copolymer of tetra¯uoro-
ethylene and per¯uorovinylether (PFA) with sodium chloride
(3 ´ 10)7 M) at 25 °C. /� � 0:003. The picture was taken 3 min
after vertical mixing. Exposure = 3 s, iris = 22
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estimated to be around 0.0006 in volume fraction. This
value was close to, but clearly slightly larger than, those
of polystyrene spheres (/c » 0.00015) and colloidal silica
spheres (0.0002±0.0004). These di�erences are ascribed
to the following facts. First, the colloidal spheres of the
¯uorine-containing polymer spheres used in this work
are rather polydisperse compared with polystyrene and
silica spheres. Second, ¯uorine-containing polymers are
highly hydrophobic and not so stable with respect to
aggregation, especially at the air±suspension and glass±
suspension interfaces; however, the morphology of the
single crystals of the ¯uorine-containing colloidal
spheres was quite similar to that of polystyrene and/or
silica spheres. The size of the single crystals was largest
at a sphere concentration slightly higher than the critical
sphere concentration of melting and decreased as the
sphere concentration increased.

The phase diagram of PFA suspensions in the
presence of sodium chloride is shown in Fig. 4. The
data at the lowest concentration of sodium chloride of
2 ´ 10)7 mol/l are the ones for the exhaustively deion-
ized suspensions with the resins. It is interesting to note
that large single crystals (1.5±3 mm) are formed even in
the presence of up to 5 ´ 10)6 mol/l sodium chloride.

Re¯ection spectroscopy in sedimentation
equilibrium and the elastic moduli
of colloidal crystals

A closeup colour photograph of the single crystals of
PTFEA in sedimentation equilibrium is shown in Fig. 5.
It is clear that many single crystals, 1±2 mm in size, are
packed densely throughout the suspension. The suspen-
sion was kept still on a desk for 1 month. In the
re¯ection measurements the incident white light hits the

surface of the sample cell at right angles. When the cell
contains an ``ordered'' colloidal suspension the light is
turned back by Bragg di�raction. This corresponds
to the re¯ection spectrum shown in Fig. 6. Generally
speaking, the shape of a re¯ection-spectrum pattern is a
single peak, a double peak or a single peak with a
shoulder. The two-wavelength peaks were always close
together, with a di�erence of only 1.03 in the ratios of
their wavelengths. This di�erence supports the idea that
the peak appearing at the longer wavelength may be
ascribed to the face-centred-cubic (fcc) lattice and the
shorter-wavelength peak corresponds to the body-cen-
tred-cubic (bcc) lattice in the crystal structures. Using a
simple theoretical calculation, the ratio of the nearest-
neighbour Bragg distance for fcc lattices to that for bcc
ones was found to be 1.028 at the same sphere
concentration. The intersphere spacing observed (D)
was determined from the peak wavelength. For both fcc
and bcc lattices the distance (Dfcc or Dbcc) at a scattering
angle of 90° is given by

Dfcc � Dbcc � 0:6124�km=ns� ; �1�
where ns is the refractive index of the sphere suspension
(taken as that of water in this work) and km is the peak
wavelength. The fcc distribution was stable at higher
sphere concentrations than the bcc structure. The
highest re¯ection peaks in the ®gure were secondary
ones from the Bragg re¯ection; this was clari®ed by
comparison of the primary peak wavelengths calculated
from the initial sphere concentration and the observed
peak wavelengths. The initial sphere concentration, /�,
was 0.00325. Clearly, the size of the crystals in the higher
layers was larger, which corresponds to the fact that the
sphere concentration decreases as the height increases.
The number of the re¯ection spectra in Fig. 6 corre-
sponds to the number code with an arrow in Fig. 5.

Fig. 3 Phase diagram of PTFEA (a), PTFEB (b), PFA (c) and PTP
(d) suspensions with resins at 25 °C. Large open circles: size of single
crystal is larger than 3 mm; medium-sized circles: 0.5±3 mm; small
circles: smaller than 0.5 mm; very small ®lled circles: liquid state

Fig. 4 Phase diagram of PFA suspensions with sodium chloride at
25 °C. Very large open circles: size of single crystal is larger than
3 mm; large circles: 1.5±3 mm; medium-sized circles: 0.7±1.5 mm;
small circles: smaller than 0.7 mm; very small circles: smaller than
0.2 mm; very small ®lled circles: liquid state
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According to Crandall and Williams [26], the peak
wavelength, kp, in sedimentation equilibrium is given by

kp ÿ km � �qeffg0km/m=G��hÿ hm� ; �2�
where h and hm are the heights of the horizontal plane
examined and the horizontal midplane of the colloidal
suspension in the cell. km and /m indicate the peak
wavelength and the sphere concentration in volume
fraction at the midplane, respectively. /m is, therefore,
equal to a /� of 0.00325. qe� is the e�ective density given
by the speci®c gravity of the sphere minus that of the
solvent, and g0 is the gravitational constant. Thus, the
elastic modulus, G, is evaluated from the slope of the kp
versus h plots in Fig. 7. The right-hand-side ordinate, / ,

was calculated from the kp value: the linear relationship
was excellent. The G value of PTFEA was 10.8 Pa at N
(number of spheres per unit volume) = 3.53 ´ 1013 cm3.
The G value of PTP was also obtained to be 28.7 Pa at
N = 3.50 ´ 1013 cm)3, though the relevant graphs are
omitted here.

A theoretical discussion on the elastic modulus of
colloidal crystals has been made by several researchers
[27±31]. The order of magnitudes of the modulus may
be written in terms of the magnitude of the thermal
¯uctuation, d, of a sphere as

G � f =D � �kBT=hd2i�=D ; �3�
where f is the force constant, D is the intersphere
distance, d is the thermal ¯uctuation of a sphere in the
e�ective potential valley, kB is the Boltzmann constant
and T is the temperature. Introducing a nondimensional
parameter, g, for hd2i1=2=D, the modulus is obtained as a
linear function of N

Fig. 5 Closeup picture of PTFEA suspensions with resins at 25 °C 29
days after suspension preparation, /� � 0:00325. The picture was
taken 26 days after vertical mixing. Exposure = 1/3 s, iris = 22. Bars
1±6 in the picture show the locations where the re¯ection spectra were
taken in Fig. 6

Fig. 6. Re¯ection spectra of PTFEA suspension with resins at 25 °C.
29 days after suspension preparation, /� � 0:00325. The spectra were
taken 26 days after setting the suspension

Fig. 7. Changes in kp and / of PTFEA suspension with resins at
various heights. 26 days after setting the suspension, /� � 0:00325
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G � NkBT=g2 : �4�
When g = 1, Eq. (4) gives the elastic modulus of an
ideal gas having the same sphere concentration. Linde-
mann's law of crystal melting tells us that g < 0.1 holds
for a stable crystal. The g values were evaluated using
Eq. (4) to be 0.116 and 0.071 for PTFEA and PTP,
respectively. Thus, these crystals may be not so stable.

Conclusions

It is clear from this work that colloidal crystals are
formed even for highly hydrophobic colloidal spheres
of ¯uorine-containing polymer spheres. As described in
the Introduction, intersphere repulsion forces, from the

electrostatic repulsion of the expanded electrical double
layers especially in the deionized system and also from
the thermal ¯uctuation of colloidal spheres themselves,
are essential for colloidal crystallization. These repul-
sion forces are long-ranged compared with the hydro-
phobic forces. Thus, the colloidal crystallization of
the ¯uorine-containing spheres in this work suggests
that colloidal crystals are formed by the intersphere
repulsion forces exclusively and that the formation is
quite independent of the nature of the colloidal
spheres.
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