Direct observation of stacking disorder in a colloidal crystal
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Colloidal crystals of rhodamine labeled silica spheres dispersed in chloroform have been studied
with fluorescence confocal scanning laser microscopy. We report the first determination of the
three-dimensional crystalline stacking in the bulk of a concentrated dispersion. The structure was
found to consist of a random stacking of close-packed planes. The results are compared with light
scattering experiments. @995 American Institute of Physics.

INTRODUCTION tion measurements on colloidal crystals. Williarasall

were the first to determine the crystal structure from the mea-

Significant interest exists in colloidal dispersions of sured structure factor containing information on Bragg re-
monodisperse spheres forming colloidal crystél€olloidal  flections of visible light, which can also be seen by eye as
crystals have a number of characteristics that make themidescent specks. Since then diffraction of light has been
attractive for experimental studies: the lattice constant is ofised successfully to determine the colloidal crystalline struc-
the order of the wavelength of visible light, allowing the useture even for nonequilibrium structur&s:*” A limitation of
of light scattering and light microscopy; characteristic timediffraction techniques, which provide the average structure
scales for colloidal crystallization processes are easily accesactor in reciprocal space, is that it is hard to obtain informa-
sible; and the interaction between particles can be tuned byon about local structures such as vacancies, defects, and
selecting an appropriate combination of surface treatmentoexistence of different phases, so-called two-state
and solvent. In addition to this, colloidal crystals can be usedtructured?
to model atomic crystals, since they are thermodynamically  Direct observation with a microscope yields real-space
equivalent. Phenomena that have been studied include theformation on the particle distribution in the dispersion.
kinetics of crystallizatior?;* phase diagrams involving both Scanning electron microscopy provides clear images of
body centered cubitbco and close packed structurgand  three-dimensional crystals with a resolution of only a few
stacking disorder in close packed structitds. this paper nanometers. However, for electron microscopy the sample
we report the direct observation, by microscope, or stackingas to be dried first which might distort the crystalline struc-
disorder in a colloidal crystal. ture. Recently, many improvements in the area of freeze-

The simplest model system to show crystallization is thefracture electron microscopy were made allowing the study
hard sphere systefriThe thermodynamically stable crystal- of the structure of a sample which has been trapped in an ice
line phase for hard sphere crystals appears to be face cemratrix by rapid freezing(10* K/s), for example, nematic
tered cubic(fcc), although Frenkekt al® showed that the structures formed by tobacco mosaic viruses and blue phases
free energy for a hexagonal close packbdp structure is  exhibited by liquid crystal$®?° Cohenet al?* employed this
only 2 x1073 kgT (thermal energyper particle higher. In  technique to study the structure of polystyrene colloidal crys-
view of this small difference it is conceivable that disorderedtals, although their cooling rate was considerably loy@40
packings may also occur. A packing can be characterize@/s). It is still not obvious that this rapid freezing process
with a stacking probability parameter.®1° An hcp lattice, does not affect the actual structure.
consisting of anABAB.. sequence of close packed planes,  Conventional light microscopy allows the study of col-
hasa=0. An fcc lattice corresponds to &BCA.. sequence, |oidal crystals in dispersion, but its resolving power is much
and hase=1. A random sequence of close packed planes hagorse compared to electron microscopy, and because of the
a=0.5. Sanders mentioned the possibility of random stack- opacity of concentrated colloidal dispersions, it is hardly
ing of close packed planes in connection with gem opalspossible to study structures in the bulk. Consequently, light
consisting of silica spheres, and Pusatyal® determined a microscopy has been used successfully for two-dimensional
random stacked close packed structure for a crystal of cokolloidal crystals, for example, between two smooth glass
loidal hard spheres using powder diffraction of light. Light plate$?~2*or between glass and &f.For dilute dispersions
scattering studies by van Duijnevekttal 1? indicated a ran-  of latex spheres in water, light microscopy has also been
dom stacked close packed structure for a colloidal crystal opossible. Koseet al?® observed ordered structures close to
charged spheres formed in an expanding sediment. the container wall using an inverse metallurgical microscope.

So far, the structure of ordered dispersions has beeat a volume fraction<0.1 vol %, they were able to visualize
studied successfully both by diffraction and by microscopic30 crystal layers starting from the glass wall. However, in
techniques. Hiltneet al*® performed accurate light diffrac- more concentrated dispersions the depth range was much
more limited (3 layers at 8 vol % Hachisu succeeded in
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aging various crystal planes with the inverse microscédpe. 430 nm.3* The polydispersity was 5.6%standard deviation
Yoshidaet al 128 compared results obtained by light diffrac- divided by mean diameterThe spheres were coated with a
tion and by light microscopy. Using #iuorescencamicro-  stabilizing layer ofn-octadecyl chains, allowing the spheres
scope they were able to distinguish fluorescent particles ao form stable dispersions in apolar, refractive index match-
diameter of only 140 nn® Yoshidaet al?° used a new type ing solvents such as chloroform. Due to this refractive index
of light microscope, a confocal laser scanning microscopematching, light scattering is reduced and we were able to
which has an improved resolution compared to a convenstudy dispersions at high volume fractions under the fluores-
tional microscope. They were able to get deeper into the bulkence confocal microscope by detecting the intensity of the
of a 1 vol % polystyrene latex dispersion in watd0 um  wavelength emitted by the dye. Dispersed in chloroform
away from the cover glagsbecause of the improved depth (Bake, these spheres formed charge induced colloidal crys-
resolution. Although they measured a constant interlayer distals at volume fractions around 7%, which was in the coex-
tance between close packed planes parallel to the glass wadtence region of colloidal liquid and colloidal crystal. These
and a constant interparticle distance between two neighbokolloidal crystals were excellently suited to be studied with
ing particles at several heights in the dispersion, they did nofluorescence CSLM, because the surface charge increased
report the type of stacking. Further, the high turbidity of the interparticle distance allowing the separate visualization
latex spheres in water can result in image distortion in reof neighboring particles in a close packed crystalline array.
flected light confocal microscop. The reason why these spheres, dispersed in chloroform, carry
Recently a new type of light microscopeflaorescence charge is not understood, and in fact rather unexpected, since
confocal scanning laser microsco@SLM) has been intro-  the dielectric constant of the solvent is only 4.8. It was ob-
duced into colloid science to study concentrated silicaserved that the glass vessel containing the dispersion influ-
dispersions~** These colloidal systems of sterically stabi- enced the crystallization behavior of this system. It appeared
lized silica spheres dispersed in apolar solvents crystallize ab be much harder to grow crystals in cylindrical cuvettes
high volume fractions into close packed structures. Structurjith a diameter of 5 mmused for static light scattering
analysis by conventional light microscopy is not convenienthan in flat capillaries with diameters up to 40én (used for
for these concentrated crystals, since the intensity of light i€ S| M). In these capillaries crystals grew rapidly at various
strongly reduced by scattering. Since a fluorescent dye wagojume fractiong5—16 vol %. Moreover, the crystallization
incorporated in the particles it became possible to use fluorate decreased over months,daa 7 vol % dispersion in
rescence CSLM? By designing the particles such that only chioroform would not crystallize over the whole volume
the core contains dye, surrounded by a nonfluorescent shegnymore several months after preparation, but was in equi-
particles could be distinguished that were at surface—surfaqgyrjum with a distinct fraction of colloidal liquid. Probably
separation smaller than the resolution of the microscope. Thge melting and freezing volume fractions for this system had
fluorescence confocal microscope has been used to study c@hanged in time. We assume that the surface charge observed
loidal crystals, for example, an equilibrium interface of agn n-gctadecyl coated silica spheres in chloroform is related

coexisting colloidal liquid and a colloidal crystal phaseo- 1 the observed changes in crystallization behavior. This will
state structuneand the dynamics of crystallization in a crys- pe discussed later.

tallizing systent* A preliminary determination of the crys- Confocal micrographs of colloidal crystals & 7 vol %
talline stacking in four subsequent crystal planes in severglispersion, filling the whole volume with crystals, have been
crystallites indicated an hcp stackif. _ _ obtained with a Biorad MRC 600 microscope mounted on a
In thl§ paper we pres:_a_nt th_e thre_e-dlmen5|onal_ struct_urgeiﬂ Axioplan equipped with a combined krypton/argon
of a colloidal crystal in a silica d|spers!on as determined W|tr_1mixed gas laser. We used axp1.3 N.A. oil immersion
fluorescence CSLM. We relate our microscopy data to Stat'Bbjective lens, and a YHS filter blodBiorad) which excited
light scattering data, obtained on the same system, in order i gye at 568 nm and which detected the fluorescence above
compare both techniques. 585 nm. The resolution perpendicular to the laser beam was
200 nm and in the direction of the laser beam 650 nm. Im-
ages of transverse cross sections were obtained by optical
Fluorescence CSLMRef. 35 has an improved resolv- scanning and the axis drive from Biorad was modified to
ing power compared to conventional light microscopy due tadrive the focus of the stage. Micrographs of 512 by 768
a diffraction limited excitation spot and a diffraction limited pixels were constructed digitally in about one second by
field of view. Both the incident laser beam, exciting the scanning. The colloidal crystalline dispersion was measured
sample, and the emitted fluorescent light are imaged by thim a flat capillary(Vitro Dynamics, 200um thick and 2 mm
same lens, and are also forced to pass a pinhole. By scannimgde, 10 cm long, sealed off by melting.
and digital data storage, micrographs of optical sections can Static light scattering measurements were performed
be constructed. A series of optical sections at differenwith an optical mulitchannel analyzer as describedBy
heights in the bulk of the dispersion provides information on(one-dimensional detectipmvith a resolution of one degree
the crystalline stacking in three dimensions. and thermostatted at 20 °C Wit 5 mWhelium—neon laser
Recently, we have synthesized monodisperse colloidaht a wavelength of 632.8 nm. This wavelength had been cho-
silica spheres, with coregiameter 200 nmin which the sen such that the rhodamine labeled silica spheres did not
fluorophore rhodamine isothiocyanate is chemically bound t@bsorb light. In order to obtain a proper average we used a
silica, surrounded by a layer of plain sili¢total diameter cylindrical cuvette(diameter 5 mm The 7 vol % sample
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was in the coexistence region of colloidal crystal and colloi-
dal liquid, and crystallization took about 12 h. The crystal-
lites were larger than those studied by confocal microscopy
(about 1 mmy. Due to the large size of the crystallites, it was
difficult to obtain a well-orientionally averaged structure fac-
tor ( “powder diffraction”). The cuvette was rotated manu-
ally between scans, and the scattering volume was maxi-
mized to 1.5 mmXx1 cm X0.5 cm by expanding the laser
beam and passing it through a slit to obtain a rectangular
light source. The structure factor was obtained by correcting
the measured scattered intensities for the solvent scattering
and the form factor of the particles.

RESULTS

In order to determine the crystalline stacking of the col-
loidal crystal with fluorescence CSLM, we studied the 7
vol % dispersion in which crystals formed homogeneously
throughout the whole volume. Iridescent spots could be ob-
served by eye and an average size of a crystallite of less than
1 mm was estimated. A series of 13 confocal micrographs
was recorded of the same lateral position in the dispersion,
taken at depths 0.4m apart(average depth of this series
was approximately 2@m below the glass wall In order to
determine the stacking we looked for hexagonally packed (b)
layers in focus of the microscope. It was not trivial to find
close packed (,:ryStal_ plqnes n _the_ bu,lk of the dISp(:"rSI(‘"’l]—'IG. 1. Confocal scanning laser micrographs of a polycrystalline optical
along the required direction, which indicates that the glasgection h a 7 vol % dispersion of rhodamine labeled silica spheres in chlo-
wall has no large influence on the orientation of the crystal+oform. (a) Micrograph taken at a depth of about 20n below the glass
lites in the bulk. Figure 1 shows two of these micrographs ofvall. (b) Micrograph taken 0.4um below the previous one. baf0 um.
optical sections taken 0.4m apart imaging polycrystalline
crystals with close packed planes in the focal plane. The
particles in the colloidal crystal did not diffuse anymore
since the different optical sections each superimpose accgieometric marginal ray model, and by Hetlal,*® who take
rately as could be checked by comparing the position othe vectorial properties of light into account. They show that
particles which were easily recognized in subsequent microfor objects immersed in a solution with a lower refractive
graphs(for example, dust or dumbbell particle$Ve deter- index than the oil immersion lens, the apparent axial distance
mined a center-to-center distance in the hexagonally closks larger than the actual axial distance. In our dispersions in
packed pane of 850 nm which is considerably larger than thehloroform (np~1.45 this would give a decrease in axial
diameter of the particles, due to surface charge. This centedisplacement of, at most, 5% compared to the apparent dis-
to-center distance corresponds to a distance between cloptacement.
packed lattice planes of 700 nm. As can be seen, for instance, The patrticle positions are presented in Table |I. From the
in the upper right corner of Fig.(h), it is possible to see two sequence of particle positions in the stacked layers the stack-
subsequent crystalline layers in each optical section. This caing probability « was determined by assigning to each triplet
be understood by comparing the interplane distance, 700 nnof consecutive layers an appropriate valae=0 or 1) and
and the resolution in the direction parallel to the laser beamaveraging these values to obtain thas indicated in Table I.
650 nm. The fact that the particles in two subsequent layers The average stacking probability was calculated to be
were visible in one optical section allowed us to identify 0.4=0.2. The relatively large uncertainty is due to poor sta-
particles in the subsequent micrographs. Therefore, we wettistics related to this method of studying crystal structures,
able to determine the actual position of the spheres in eactince we only obtain information about a few crystal layers
crystal layer. In the set of thirteen micrographs eight, and irin a crystallite. It should be emphasized that we found a
some cases, nine hexagonally packed crystal planes could bendomstacking of hexagonal planes by direct observation.
recognized. This can be understood since this set of thirteeWe consider it rather unlikely that the observed random
micrographs covers a depth of 0.4 um+0.65 um, tak-  stacking is part of a large complex unit cell extending over
ing the axial resolution of the microscope into account,more than nine crystal planes. We are not aware of earlier
yielding a depth of 5.45um. As the interplane distance in indications for random stacked close packed planes in spon-
this colloidal crystal was 700 nm, it should be theoreticallytaneously formed crystals in dispersions of slightly charged
possible to observe the stacking of nine crystal planes. Ouparticles. van Duijneveldtet al}? observed for charge-
measurements were hardly disturbed by the refractive indestabilized particles, generally crystallizing in an fcc like
mismatch as described by Visseral,®” who use a simple structure, that after centrifugation for 30 min at 500 g, ran-
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TABLE |. Particle positions and stacking probabilityas determined for a polycrystalline crystala 7 vol %
dispersion in chloroform measured by fluorescence CSLM.

Particle Position

Stacking
Number 1 2 3 4 5 6 7 8 probability
| A c A c B c B c 3
[ A B A B c A C A C 2
Il A C B A B c A C A 4
\Y A B A B c B A B C 3
v A C B A B c A c A 3
Vi A c A c B c B c 3
Vi A C B C A B A C A 3
Average 0.4£0.2

dom stacked crystals were formed in the top of the expandelleasurements were performed in the upper part of this sedi-
sediment. ment. The scattering pattern does not show many details,
These results illustrate the potential of fluorescenceconsidering the instrument resolution of 1 °. We speculate
CSLM to study bulk properties in a concentrated dispersionthat this is due to scattering from colloidal liquid between the
The question remains if the glass wall somehow affects therystallites, concealing details of the crystal scattering pat-
bulk structure, since the microscopic setup always forces utern. We concentrated on Bragg peaks occurring at wave vec-
to study optical sections parallel to the glass wall. For threetors up toK*~2, the first minimum of the form factor. The
dimensional studies, such as this attempt to elucidate thirst peak, corresponding to either tfiEL]) reflection of an
crystalline stacking in three dimensions, we have to realizécc stacking or a(002) reflection of an hcp stacking was
that we observe cross sections parallel to the glass wall, aralways the most intense. Based upon the value for the wave
possibly the studied crystal planes might even have growrnyector corresponding to this Bragg reflection we calculated
starting from the glass wall as was discussed by Yoshidan interparticle distance in close packed planes of 840 nm
et al?® This is especially valid for small containers such asimmediately after preparation, while a few months later this
the capillaries used for these CSLM studies. Another impordistance had decreased to 770 nm. Although both values for
tant effect is that both the injection procedure for filling our the interparticle distance are of the same order of magnitude
capillaries and the homogenization of the dispersion by shakas the one measured with CSL(850 nm) the latter is dis-
ing may produce shear-induced crystalline structdtéghe tinctively smaller. This difference might be correlated to the
shear, resulting from the flow in the capillary, is thought tofact that the crystallization behavior had changed in time,
yield ordering of the spheres in hexagonal layers parallel tavhich may be due to a decrease of surface charge on the
the flow vector which is, in our case, also parallel to theparticles.
container wall. This induced shear can be effective in con-
tainers of dimensions comparable to our capillaries, but not
in thicker geometries, and this might explain the observed
difference in crystallization behavior for dispersions in thin wol ' ' ' ' ' "]
capillaries and thicker cuvettes. However, in earlier work we
presented confocal images of an equilibrium coexistence be-  *° 1
tween a colloidal liquid phase and two colloidal crystal
phases in a capillary, that exposed different crystal plahes.
Moreover, most of the crystallites did not have their close
packed plane parallel to the glass wall. Both are strong indi-
cations for the fact that the glass wall did not influence the
bulk structure in small capillaries. 15 y
Consequently, it was interesting to compare the informa-
tion obtained by confocal microscopy with the average struc-
ture as measured by static light scattering. Figure 2 shows
the structure factor vs the normalized wave ve&tdr(wave
vector divided by position of first peakl.0 x10’ m™*: this
cgrresp.onds to a. scattering ang.le of 410? this system. Th? FIG. 2. Structure factor vs normalized wave veddivided by position of
dispersion contained both colloidal liquid and large colloidalfyst peak-1.0 x107 m %) for a polycrystalline colloidal crystahia 7 vol %
crystallites, which settled under gravity into a sediment.dispersion of rhodamine labeled silica spheres in chloroform.
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Of the other Bragg peaks just the peakkdt=1.4 was observations made for our colloidal crystal since we already
recognizable. This value is not present in an fcc stacking, bumnentioned that in thin capillaries used for CSLM the crys-
it can be attributed to th€l02) reflection of an hcp stacking. tallization rate was faster than in thicker cuvettes used for
This peak could also be explained resulting fron{140 light scattering.
reflection of a body centered cubidcco stacking. This
seems unlikely, however, in view of the CSLM results which CONCLUSION
clearly show close packed planes. Moreover, bcc ordering is

typically found at lower volume fractions than those S'[Ud'edobserved the three-dimensional crystal structure of a colloi-

5
here: dal crystal in the bulk of a dispersion. The stacking of hex-

In a case where we have a random stacked close packedl a1y close packed planes appeared to be disordered. As
crystal, as was concluded from CSLM, sharp peaks in thga a5 we know, such a random stacking has not yet been
structure factor are solely predicted at those wave E%Ctorébserved directly, for a colloidal crystal. Light scattering ex-
where both fcc and hep lattices yield a Bragg reflection. noriments, performed on a similar colloidal crystalline
Therefore, we conclude that our static light scattering resultgamme but a few months later, indicated a tendency towards

indicate an hcp like character of the colloidal crystal. How—hCp stacking. We assume that the crystalline behavior of the
ever, then the question that arises is why (h@0) and(1021) dispersion has changed in time.

reflections of hcp are not being observed, which would be
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