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Gravity-induced liquid crystal phase transitions of colloidal platelets
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The influence of gravity on a suspension of sterically stabilized colloidal gibbsite platelets is
studied. An initially isotropic-nematic biphasic sample of such a suspension develops a columnar
phase on the bottom on prolonged standing. This phenomenon is described using a simple osmotic
compression model. We performed Monte Carlo simulations of cut spheres with aspett/Eatio
=1/15 and took data from the literature to supply the equations of state required for the model. We
find that the model describes the observed three-phase equilibrium quite weB00® American
Institute of Physics.[DOI: 10.1063/1.1783231

I. INTRODUCTION ence of more than two phases. Only a few observations are
available. In the 1950s, Ostéreported on an-N biphasic

The influence of gravitational compression on suspensuspension of tobacco mosaic virus rods that developed a
sions of colloidal particles has received attention for a longhird (SmecticA) phase on the bottom of the sample after
time. At the beginning of the previous century Jean P&frin some time, an observation that was later confirmed by
verified with simple yet brilliant experiments that the con- Kreibig and Wettet® In neither case, a quantitative analysis
centration of colloidal particles in dilute suspension variedwas performed. Brian, Frisch, and Lerm&rnvestigated
exponentially with height when allowed to reach dynamicsedimented suspensions of DNA-fragments at high salt con-
equilibrium in the earth’s gravitational field. From these centration and analyzed their results in terms of a scaled
measurements he obtained Avogadro’s number. The exteparticle theory equation of state.
sion of the ideas of Perrin to interacting systems has also Very recently, a model system of hard plates was devel-
appeared to be very fruitfdl:® Crandall and Williamémea-  oped in our laboratory, consisting of sterically stabilized
sured the effect of the earth’s gravitational field on the latticegibbsite platelets dispersed in toluereThis suspension
constant of a colloidal crystal of polystyrene spheres. Pershowed the liquid crystal phase transitions predicted for such
haps even more interesting is the effect of gravity on mulparticles'®!® i.e., isotropic to nematf¢ and nematic to
tiple phases. Takano and HacHispioneered the measure- columnar® On prolonged standing we find that an initially
ment of the coexistence pressure of the disorder-ordesiphasicl-N sample developed a third phase on the bottom
transition in a sedimented dispersion of monodisperse latethat we identify as a columnar phase on the basis of the
particles. At an electrolyte concentration of 10 mM they optical Bragg reflections. This phenomenon can be explained
found good agreement with results of computer simulationgy a simple osmotic compression modkf? Using equa-
for hard sphere.Hachisu and Takar8 and later Piazza, tions of state obtained from literature and from Monte Carlo
Bellini, and Degiorgid' and Rutgers and co-workéfsex-  computer simulations that we performed, we find good
plored the possibility to obtain the equation of state both inagreement with the experimentally determined individual
the fluid as well as the crystal state from the concentratiophase heights.
profile as a function of height. In all three cases good agree-
ment with the hard-sphere equation of state was obtained Fﬁt
sufficiently high salt concentration. The equivalent of this in
computer simulations was done by Biben, Hansen, and We synthesized a colloidal suspension of sterically sta-
Barrat®® bilized gibbsite[ A(OH);] platelets according to van der

For anisotropic particles, i.e., rods and plates, experiKooij and Lekkerkerket’ Transmission electron microscopy
ments are much more limited. Colloidal hard rods and platesTEM) and atomic force microscopy were used to determine
show intrinsically richer phase behavior than hard spherethe average diameter and thickness of the particle core, thus
due to their shape. Apart form the isotropic fluit) (and  disregarding the steric stabilizer. We fourf®)=230 nm
crystal phase, the nemati®N), smectic and columnarQ) and({L)=13 nm and a polydispersity of about 22% in both
phases are encountered, so when the effect of gravity is alstimensions. The thickness of the sterically stabilizing poly-
taken into account, this allows for the simultaneous coexistisobutene brush is estimated at 2—3 nm, where we take into
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. ’% ‘, ﬁ"~ 1. MODEL
. ' t A. Sedimentation-diffusion equilibrium
s

Consider a suspension of monodisperse, hard disks with

# number densityn(z) and buoyant mase* =vy(p,— po),
with v, the single particle volume angl, and p, the mass
densities of the particle and solvent, respectively. When
sedimentation-diffusion equilibrium is reached, Ef) de-
scribes the complete systeth??

all

an

Jan
0z

=m*gn. (&N

& To simplify the approach, we define reduced quantities. The
% i — pressure will be given bfl=IID%kgT, the gravitational

length scaleé=kgT/m*g, and the reduced concentration

FIG. 1. Transmission electron microscope graph showing the gibbsite plate- nD3 ituting th XOr ions in iel

lets (the stabilizing polyisobutene layer is not visipl&he hexagonal shape - Substitut g these expressions Iﬂ]} yie ds

of the nanocrystals is easily observed. The scale bar denotes 500 nm. 1 aﬁ dz
—| —|de=——. 2
c ( Jc ) & @

_ ) _ For a single phase, the heigHt=z,,— Zyo110m IS found by
account a certain maximum stretching length for the ponantegrating Eq.(2) from Cop 10 Chotiom

at this specific molar weight and an estimate for the extent of ~
the steric repulsion. This gives us effective dimensions of Ztop cop 1 9I1
De=235 nm andL.=18 nm and hence an aspect ratio of :f dz=-— f < oo de ©)
L/D~1/13. Figure 1 shows a TEM micrograph of the plate- ebotiom

Zhottom

lets. The average concentrati@nof this phase is given by
We investigated the phase behavior in the gravitational c

. ; L . Jor ¢(z)dz c d

field by preparing a sample of this dispersion at a concentra- o Chottom _ i top c(z)—zdc @

tion in thel-N biphasic gap, in a glass cell with a height of - fhor dz " H Chottom dc 7~

about 30 mm. On a time scale of several days, the sample *pottom
separated into an isotropic upper phase and a birefringetdsing Eq.(2) this yields
nematic lower phase. The phase-separated sample was inves-
tigated on a regular basis for one and a half year. After a few .
months, a third phase evolved on the bottom of the cell, H
which appeared to be a columnar phase, see Fig. 2. T
columnar phase developed bright Bragg reflecti@eep red
to blue, depending on the angle of the incident ljghttime.
After one year, the sample did not show any appreciabl
change anymore and we found the heights of the phases to
15.5, 8.5, and 2.5 mm for the isotropic, nematic, and colum- sample_ .

nar phase, respectively. H _za: H, (6)

& (Cop &ﬁ & ~ ~

I Cbottom%dcz ﬁ[H(Cbottom)_H(Ctop)]- (5

rTfaor multiple phases in sedimentation equilibrium, E.
and (5) apply to each of the phases. The total sample height
%—Eamp'eis obviously the sum of the individual phase heights

a

where the summation ranges over all the phases. The average
overall sample concentratia@?2™P'®can now be written as

a1 S oo £ S e
Hsampre2 sample2 bottom)

~TI(ct ], (7)

where thec” are the average phase concentrations. Taking
into account that for two coexisting phasesnd 8 (wherea

(@) (b) on top of B)
FIG. 2. (Color onling The three-phase sedimentation equilibrium. Photo- 1/ A2 —_T1(~P
graph(a) depicts the complete sample between crossed polarizers, where the I (Chottom) H(Cmp) ®)

upper right part is digitally enhanced to visualize thél interface. The Eq. (7) together with Eq(5) leads to the surprisingly simple
columnar phase contains a dark region at the upper right of the phaseeSult

probably due to orientation of the platelets along the sample walls. AIthougHr
not clearly visible, theN-C interface is horizontal and sharfh) shows ¢ - _
?;ﬁe(;ct)ilctjrr]‘r;nar phase illuminated with white light to capture the red Bragg Esample:we[n(cggmgﬁ_H(Ctssgﬂp“i)]_ 9)
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0 0 5 4 6 8 10 12 14 16 FIG. 4. The heights of the individual phases vs aspect ratio, using the values
3 given in Table Il. For each phase, the measuteatizontal line$ and cal-
nD culated heightglines with symbol$ are given. Dashed lines refer to the

. . . __isotropic, solid lines refer to the nematic, and dash-dotted lines refer to the
FIG. 3. T_he equation Of, state from MC .S|mula.t|ons for cut spheres WIicolumnar phase. The vertical dotted lines indicate the inte(@edund
aspect ratid_/D = 1/15. Circles are for the isotropic, crosses for the nematic, D=1/19) where our experiment is quite well described
and triangles for the columnar phase. The phase transitions are indicatec{ '
with thick lines. The inset shows the region of the phase transitions.
nucleation barrier to the next phase. We could nevertheless

locate thel-N transition to the accuracy we desired for this
B. Equation of state work, and foundc,=3.86 andcy,=4.11, with a correspond-

In order to calculate the individual phase heights for aing pressure oll, y=24.8=1.0. The hysteresis around the
given overall concentration from E(ﬁ) and (9) we need to N-C transition, however, was too strong. From the work of
know the equation of state for the various coexisting phase€hang, Reynolds, and van Duijneveftitt appears that the
Zhang, Reynolds, and van Duijneveflitperformed MC  N-C phase transition concentratiotexpressed as a volume
computer simulations on cut sphergmrticles obtained by fraction ¢) are independent of the aspect radther 1/10 or
slicing two caps off a sphere of diameter D, at two pIanesl/ZO)- Therefore, we interpolate to obtain tNeC transition
parallel to the equatorial plane with equal distance) wWih  concentrations in our system and fimgc=7.75 andcc
aspect ratios olL/D=1/10 andL/D=1/20 and obtained =8.29 using the relationy= (7/12)(L/D)[3—(L/D)?]c.
equations of state for both aspect ratios. As our particles havehe pressure at the transition is found to He..=77.8
an aspect ratio that is in between these values, we decided tb1.0. The resulting equation of state is plotted in Fig. 3. In
fill the gap ourselves. order to use the obtained simulation data in our model, we

We have performed constaNt-P-T Monte Carlo simu-  fitted polynomials to the three branches of the equation of
lations of a system of 1000 cut spheres with aspect ratistate. Thus, three sets parameters were obtained that are
L/D=1/15. The box was cubic with independently variablegiven in Table I.
side lengths to accommodate the columnar phase. The equa-
tion of state shown in Fig. 3 was obtained by expansion fron{V- RESULTS AND DISCUSSION
the columnar phase into the isotropic as well as compression We now turn to the analysis of the sedimentation equi-
from the isotropic to the columnar. For each pressure wdibrium that we have observed. The key parameter in our
equilibrated for 400 000 MC steps. system is the gravitational length scaldefined above. Tak-

The equation of state shows two density jumps indicating into account that for our hexagonal particles,
ing first order phase transitions: tfeN transition and the =3/8/3D?L=6.5x10 ?*m® and p,— po==835 kg/n¥, we
N-C transition. Close to the transitions the system showed &nd £=0.77 mm. The measured total sample height is 26.4
small hysteresis in both cases. This is due to finite simulatioonm, which yields a dimensionless heighttéf¢é=34.3. By
time and finite system size—no fluctuation occurred on thesetting the overall concentration to a concentration inl the
time scale of the simulation that took the system over thébiphasic gafas imposed by the experimémte calculate the

TABLE I. The fitting parameters to our simulation data for the equation of state for cut sphere&/ith
=1/15. The equation of state is given ﬁy=2ﬁ=1Anc”, Whereﬁ=HD3/kBT andc=nD3.

Phase c A, A, Az A, Ag Ag
Isotropic 0-3.86 1 0.79432 0.44616 —0.07468 0 0
Nematic 4.11-7.75 11.8418 —4.1226 0.83763 —0.04333 0 0

Columnar  8.29-15.0 —321.03944 170.44185 —34.54128 3.43735 —0.16856 0.00329678
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TABLE Il. Heights in millimeters of the individual phases after settling of the sedimentation-diffusion equi-
librium, as measured and calculated.

Calculated height Calculated height Calculated height

Phase Measured height with L/D=1/10 with L/D=1/15 with L/D=1/20
| 155 14.1 15.0 15.7
N 8.5 3.0 6.8 8.5
Cc 25 9.3 4.6 2.2

individual phase heights using the model detailed in Sectium was reached on a time scale of a year. In order to
[l A and the equations of state of Zhang, Reynolds, and vardescribe the phenomenon, we used a simple osmotic com-
Duijneveldt® and the one we obtained. The results are prepression model, requiring an equation of state for the plate-
sented in Table Il and Fig. 4 visualizes the evolution of thelets. These were obtained from literature and from Monte
calculated phase heights with aspect ratio. From this figure i€arlo computer simulations that we performed. We find that
is clear that at our experimental aspect ratio of 1/13 the phashe model describes the observed three-phase equilibrium
heights are not correctly predicted. However, a fairly goodquite well, be it for an aspect ratio that is significantly
description is obtained fdr/D = 1/19. A similar difference is smaller than the experimental value.

found for a previous study on the same colloidal suspension

of sterically stabilized gibbsite platelets. van der Kooij, Kas-ACKNOWLEDGMENTS
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