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Structure of colloidal crystals in sedimenting mixed dispersions of latex and silica particles
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We report bce-fee transitions of colloidal crystals in mixed aqueous dispersions of polystyrene-based latex
particles(diameter:D=55.8 nm and silica particlegdiameter:D=170 nn). In the single systems, the silica
particles formed bcc crystals and the latex particles did not crystallize. In the binary mixtures of these particles,
colloidal crystals with fcc structures were found by the analysis of Kikuchi-Kossel diffraction images. Espe-
cially, the samples at low latex fractions started out as bcc structures, and then changed to fcc structures. Due
to gravitational sedimentation, the lattice constant increased as the height from the bottom of the dispersion
became larger. Furthermore, the lattice constant became smaller at a given silica fraction as the latex fraction
increased.
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I. INTRODUCTION +217 nm] by means of the KK diffraction method. Experi-

. . o . mental research into phase diagrams for mixed systems has
In 1928, Kikuchi[1] observed a characteristic diffraction 5155 peen performed by many authgt@—15.

image from a mica using electron beams. In 1934, Koel In this Brief Report, we report bce-fee transitions of col-
discovered a similar diffraction image from a copper crystaljyiqa) crystals in binary systems consisting of latex and silica
using fluorescent x rays, and established the interpretation farticles. The samples used in the present work were latex
the observed images. According to the principle of Fou”erparticles ofD=55.8 nm and silica colloids ob=170 nm.
transformation, scattering from a crystal plane is observed agje mixed the two dispersions in various ratios. When the
a point. On the other hand, Kikuchi-Kos9&K) diffraction  fraction of the latex particles in the mixed solution was
patterns from a crystal plane consist of curves. Accordinglygma)| colloidal crystals with fcc structure were found by
the KK diffraction method can provide structural information analysis of the KK diffraction images. In the single-
on colloidal crystals with high precisid3-5]. Using the KK component dispersions prior to the mixing, the small latex
technique, the crystallization in colloidal dispersions of yarticles did not crystallize, whereas the silica particles
h|ghly charged latex partlc_les was founq to proceed via multgrmed a bec structure, as shown in Ré&9]. We note that
tiphaseg6] to form a colloidal crystal with a face-centered- p, carrying out the KK diffraction measurement at various
cubic (fce) structure and/or body-centered-cullice) struc-  peights of the dispersions, it was possible to obtain accu-

ture in dilute dispersion§7]. Subsequently, we investigated rately not only local but also overall structural information.
colloidal crystals of silica particles with a density of

2.2 g/cnt in water and noticed small but distinct gravita-
tional sedimentation effecf8,9] of the particles. Il. EXPERIMENT

For binary systems consisting of two latex particles with 1o colloidal particles used were colloidal silica
different sizes, alloy structures were reported by Hachisu ang, hoster KE-E20 produced by Nippon Shokubai Co., Ltd.
Yoshimura[10]. Although it was highly interesting, the result (Osaka, Japanand polystyrene-based latex N558 produced
was obtained by metallurgical microscopic observation,by Sekisui Chemical CaOsaka, Japanwhich haveD of

which provides accurate but only local information. Thus, ;74 and 55.8 nm, respectively. The particle size distributions
the possibility that the information obtained may not be validare abouto/D~5% for the KE-E20. as shown in Ref.

throughout the whole dispersion cannot be completely rule(ElG] and o/D=8.78% for the N558. where denotes the
out. Recently, Okazaki and Yoshiyaigl] observed stable  ganqard deviation of the particle diameter distribution. After
colloidal crystals with a stacking structure with multivariant purification with Milli-Q water and deionization by ion-
periodicity ~ for two mixtures of two latex particles gychange resin particles, the effective surface charge densi-
[average ~diameter D:(77 nm+156 nm and (77NM  yieg of the colloidal particles were determined to be
0.15uC/cn¥ for the silica particles and 0.7€C/cn? for the
latex particles by the method described ear|e8—19. To

*Electronic address: sinohara@cc.kyoto-su.ac.jp exclude the influence of any ionic strength distribution
"Electronic address: yosiyama@cc.kyoto-su.ac.jp (caused by relatively slow deionization processes by the ion-
*Electronic address: physik@cc.kyoto-su.ac.jp exchange resinamong several samples, to minimize impu-
SElectronic address: sogami@cc.kyoto-su.ac.jp rity ions from outside, and to avoid evaporation of the liquids
'Electronic address: norioise@sea.plala.or.jp inside, all the samples were introduced into hermetically
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TABLE |. Binary mixtures of latex and silica particles.

Sample name A B C D E F

Volume (latex [ml] ; silica [mI])? 0;4.5 0.03; 4.5 0.06; 4.5 0.09; 45 0.12; 45 45;0
Number ratio(latex:silica 0:1 1:4.02 1:2.01 1:1.34 1:1.00 1:0
Volume fraction” (Pra; Psi) 0; 0.0225 0.00020; 0.0224  0.00039; 0.0222  0.00058; 0.0221 0.00077; 0.0219  0.0297; 0
Lattice symmetry bcc bce-fce fcc fcc fcc No crystal

#The volume fractions of the dispersion apg=0.0297 andp=0.0225.
PFor the whole dispersion.

sealed quartz cuvettagbeight 45 mm; width 10 mm; inner was observed in these dispersions. Samples A and B began to
thickness 1 mmwith an air-tight lid. lon-exchange resins show iridescence due to microcrystals formed throughout the
were not added. The dispersions began to show iridesceno®ntainer within a few minutes after their introduction into
due to the formation of microcrystals after their introductionthe cuvettes. For samples C, D, and E, crystallization was
into the cuvettes, but the speeds of crystal growth variedhoticed up to elevations of 27, 4, and 2 mm from the bottom
from sample to sample. The cuvettes were kept standing veof the cuvette in half a day, on the second day, and the
tically, and the temperature was held at room temperature. seventh day, respectively. Sample B showed homogeneous
The KK diffraction experiments were conducted in the nucleation and underwent gravitational settling. In samples
same manner as described ear[ig/5,19. On the supposi- C-E, settling preceded, and homogeneous nucleation took
tion that the cuvette’s quartz plate is infinitely thin, we con-place subsequently. Figure 1 shows the pictures photo-
sidered refraction at the boundary between the colloidal crysgraphed on the 161st day after introduction of the dispersion
tal surface and air. To correct for the refractive effect byfor samples B(left) and F(right).
using Snell’'s law, we adopted the formula for the refractive The KK diffraction images for samples A, B, and C were
index of colloidal dispersions(¢g;, ¢2) proposed by Hiltner taken on the first day after introduction of the samples into
and Krieger[20] the container. The colloidal crystals of sample A were found
to have bcc structureglattice constants: 613—631 nm
N(Psis Pra) = Ml 1 = dsi~ Pra) + Nsibsi+ Mabias (1) throughout the containgFig. 2) and maintain bee structures
where n,, N, andny, are the refractive indices of water, (Se€ experiments 4-6 of Table.lin sample C, we observed
silica particle, and latex partici@,,=1.33 ng=1.47[21,27,  fcc structures with lattice constants of 740—747 nm up to an
and n,=1.60), respectively. Likewisegs and ¢, are the €levation of 27 mniexperiments 20221t is hard to accept
volume fractions of the silica and latex particles in the dis-that the colloidal crystals of fcc structure in such a large

persions, respectively. We used an Ar laser of wavelengtfegion were formed only by the latex particles, although fcc
488 nm. structures were actually observed for other latex parti@gs

at the concentration presently employed. In sample B, fcc
and bcc structures were found to coexist. We repeated the
experiments under the same condition and found the samples
We made mixed dispersions with a single dispersiorat low latex fractions started out as bcc and then changed to
(¢$5=0.0225 of the silica particles KE-E20 and ongp, fcc. The regions of bcc structure of sample B decreased with
=0.0297 of the latex particles N558 at various ratios to pre-the progress of time.
pare the six samples shown in Table I. In addition to the
samples A-F, we also prepared very dilute dispersi@fs
=0.0006 and 0.00)f the latex particles. No crystallization

Ill. RESULTS AND DISCUSSION

FIG. 2. Kikuchi-Kossel images of a colloidal crystal with a bcc
FIG. 1. (Color) Pictures of samples Beft) and F(right). The structure. The picture was taken for sample A, a dispersion contain-
photograph was taken on the 161st day after the dispersion waag only KE-E20 silica particles with a volume fraction of 0.0225,
introduced into the cuvette. Although sample B shows iridescenceat 31 mm from the bottom of the cuvette, on the first day after
the appearance of sample F indicates that no crystallization toolktroduction of the dispersion into the contaiierperiment 2 The
place. lattice constant is 625 nm.
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TABLE Il. Lattice constant.

Days after  Height
introduction from the Lattice Crystalline
into cuvette constant portion® Crystal
Experiment cuvette bottom(mm) (nm) (mm)  structure

Sample A
1 1 5 613 45 bcc
2 1 31 625 45 bcc
3 1 37 631 45 bcc
4 145 5 559 45 bce FIG. 3. Kikuchi-Kossel image of a colloidal crystal with an fcc
5 145 25 634 45 bce s?ructtljre. 'I;hgezphotofgraphhwas taken ;rorr'n a colloidal cLystaI at akr:
elevation o mm from the bottom of the cuvette on the sevent
6 145 42 735 45 bee day after the dispersion was introduced into the cuu@ttperiment
Sample B 12). The lattice constant is 787 nm. Sample B: KE-E20 silica par-
7 1 16 767 45 fcc ticles at¢s=0.0224 and N558 latex particles @, =0.00020.
8 1 16 605 45 bcc
9 1 21 766 45 fec On the third day, the iridescertrystalling portions in
10 1 39 608 45 bcc samples B, C, and D were found in lower parts, at the eleva-
11 7 31 785 32 fce tions of 36, 7, and 4 mm from the bottom of the container,
12 7 32 787 32 fec respectively. The fluid phase was noticed on top of these
13 15 31 793 31 fee crystalline phases. Ther_l, for t_he samples C and D, we ob-
served fcc structures with lattice constants of 729 (@x-
14 47 10 712 35 fcc - . .
periment 23 and 690 nm(experiment 3}, respectively, at
15 47 15 734 35 fee the boundary between the crystalline phase and the fluid
16 47 21 754 35 fec phase. Later, on the seventh day, the heights of the crystalline
17 47 25 774 35 fcc regions in samples B, C, D, and E were 32, 7, 5, and 2 mm,
18 47 30 790 35 fcc respectively, and the lattice constants in samples B, C, and D
19 47 35 818 35 fcc were 787 nmexperiment 12 714 nm(experiment 24 and
678 nm(experiment 32 at the boundary between the crys-
Sample C - : . . .
talline and the fluid phasé€sample B: see Fig.)3We carried
20 1 ! 740 27 fec out the KK analysis for sample E on the 12th day and ob-
21 1 14 ar 27 fcc  tained a lattice constant of 653 nfexperiment 3y at an
22 1 27 747 27 fce elevation of 2 mm. Although we observed colloidal crystals
23 3 7 729 7 fcc of fcc structure for samples B—E, the sizes and the lattice
24 7 7 714 7 fce constants of the crystals were different. The results of these
25 15 10 713 10 fce measurements are summarized in Table II.
26 47 5 676 17 fec Two tende_ncies are nqteworthy in Tf_;lble Il Firs_t, with the
o7 47 - 686 17 fec progress of_tlme, the lattice constants increased in the upper
part(at a height of 31 mm for sample)&om 785 to 790 nm
28 47 12 710 17 fee (experiments 11, 13, and 18nd decreased in the lower part
29 47 17 732 17 fec (at 7 mm for sample £from 740 to 686 nmexperiments
Sample D 20, 23, 24, and 27 For samples B—E on the 47th day, the
30 3 3 688 4 fce lattice constants were larger with ascending elevatex:
31 3 4 690 4 foe periments 14-19, 26—-29, 34-36, and 39 anyg #Bese ob-
32 7 5 678 5 foe servations are due to a concentration gradient caused by
33 15 6 674 6 fec grawtatlongl_sedlmentatlon, as observed previously by.Cran—
dall and Williams[23] and ourselve$8]. Second, the lattice
34 47 4 658 13 fec constants became smaller as the latex fraction increased at a
35 a7 8 671 13 fcc given height(for example, experiments 14, 27, 35, and.40
36 47 13 688 13 fcc In the case where the whole dispersion is considered to be
Sample E filled with a single crystal, the lattice constaag of the col-
37 12 2 653 2 fec loidal crystal and the volume fractiogh are related by
38 15 3 651 3 fec 3 167 38w
39 47 5 648 9 fee ap= gR (for fce), QR (for bco, (2)
40 47 9 663 9 fcc

where R is the radius of the colloidal particle. Since the
®The height of crystalline portion from the bottom of the cuvette. volume fractions of each particle are as given in Table |, we
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can obtain the lattice constants in the case where each com- IV. CONCLUSIONS

ponent crystallizes independently of the other component. In

sample B(experiments 7-1Qfcc structure and bcc structure  We observed that binary dispersions of silica particles and

coexist(see Table . Using Eq.(2), the lattice constants are latex particles formed an fcc structure, while silica alone

obtained as 772 nrgsilica) and 1221 nylatex) for fcc, and  formed a bcc structure and the latex particles did not crys-

612 nm (silica) and 969 nm(latex) for bcc. The observed tallize. Due to gravitational sedimentation, the lattice con-

lattice constants were 766—767 niicc) and 605—-608 nm stant increased as the height from the bottom of the disper-

(bco), being close to those expected for pure silica crystalssion became larger.

Therefore, it is thought that the small particles have been We also mixed other small latex particleX-1:D

“buried” into the lattice structures which the large particle =77 nm,N-087D=87 nm) with the silica particle KE-E20,

formed. However, the detailed mechanism is unsolved.  and observed fcc structures, in accordance with the present
The alloy structure of the mixed system was interpreted inesults.

term of a packing model of a hard-sphere coll¢i®,24.

Namely, the alloy structure is determined by the highest
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