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The aim of our theoretical study is to investigate the stability of a liquid crystal colloidal dispersion, i.e., a
suspension of rigid spherical particles in the isotropic phase of a nematic liquid crystal. We pay special
attention to a temperature dependent liquid crystal mediated attraction between particles which originates in a
surface-induced nematic order localized to the vicinity of particles. The attraction strongly increases as the
temperature of the nematic-isotropic phase transitibg)(is approached. In real systems this interaction is
accompanied by electrostatic and steric repulsion and by the attractive van der Waals interaction. The major
part of our work is dedicated to colloidal dispersions that are stabilized by a screened electrostatic repulsion of
charged particles in the presence of counter ions in the solvent. We demonstrate that Tlgseedecrease of
temperature for abaud K can induce a sudden transition of the system from a dispersed to a flocculated state.
This transition can only take place if the electrostatic repulsion is sufficiently weak. We present a “phase
diagram” where we show how the temperature that separates a flocculated from a dispersed state depends on
the surface charge density and Debye length.

PACS numbsd(s): 82.70.Dd, 61.30.Cz

I. INTRODUCTION sion between particles originates from an electrostatic inter-
action and from the interaction due to soluble polymers ad-
Colloidal dispersions are materials where particles, whosgorbed at the surface of particles, while dispersion forces are
radii range from 10 nm to 1Qum, are dispersed in a solvent. always attractive. The theory of Derjaguin and Landau and
The characteristics of colloidal dispersions change signifivVerwey and Overbeek was improved by Spielnjéh and
cantly when a transition from a dispersed to an aggregatetionig, Roebersen, and Wierseii7d in the early 1970s. Fol-
state occurs. This is the reason why the stability of colloidaloWing a suggestion by Derjagu{i], they included hydro-
dispersions against flocculation presents a key issue in CO1j_yna_m|cal interactions in the calculation of the rate of floc-
loidal physicq 1]. The aggregation of particles is determined culation. ) , ) . ,
by an attractive two-particle potential. If the attraction is _-ately. Special attention was paid to liquid crystal colloi-

strong compered o tne themaleneig, relaivelyong- 1% USPESOnE a0 emuisons, e dspersons of sold pr
living nonequilibrium phase occurs. On the other hand, at- q b d ystal, P Y.

tractions that are weak compared k@ lead to an equilib particular, interactions between micron-size water droplets

. h . A ) idered be i immersed into a liquid crystal deep in the nematic phase
rum phase separation. A system Is considered to be In ge e inyestigateo—11]. Aggregates of latex particles were

phase equilibrium if it attains equilibrium in the period of jpsanved below the nematic-isotropic phase transtidh-
interest of, e.g., several hqurs. Sin_gle particles in a coIIoidai5], and the Brownian motion of silica particles in the iso-
dispersion perform Brownian motion. Once they approachrgpic phase of a nematic liquid crystal was investigated
each other they form aggregates due to the attractive poteftg). The theoretical study of interactions between spherical
tial. In the nonequilibrium phase, they cannot leave the agparticles immersed into a liquid crystal concentrated both on
gregates in the period of interest. In the case of equilibriumtemperatures below and above the nematic-isotropic phase
particles coexist with equal chemical potentials in the dis+transitionT,,. At temperatures below,,, the liquid crystal
persed and in the aggregated state. The higher interactionediates a relatively strong long-range interaction which
energy of the dispersed particles is compensated by theoverwhelms further interactions present in the dispersions,
larger contribution to entropy. e.g., the van der Waals attractiph7—19. In the isotropic
The first explanation of the aggregation process in colloiphase, on the other hand, the liquid crystal mediates a short-
dal dispersions was given by Smoluchowski in 192} He  range interaction whose magnitude is much smaller than the
derived expressions for the rates of doublet formation in unene in the nematic pha$&0,21]. (The existence of such an
stable dispersions due to Brownian motion and shearinteraction was also suggested bywen in a more general
induced collisions without taking into account particle inter- context[22].) In order to describe the relevant two-particle
actions which were later introduced by FudB3$. However, potential in the isotropic phase, one has to take into account
a comparison with experiments only became possible whewan der Waals, electrostatic, and steric interactions, as well.
Derjaguin and Landa(i4] and Verwey and Overbeel5] In our previous studyf20], we developed a simple de-
presented more sophisticated theories of colloidal stabilityscription of the liquid crystal mediated interaction above
where they specified the origins of attraction and repulsiornTy,. The description is performed within mean-field ap-
between particles. In standard colloidal dispersions a repulgroximation, neglecting order fluctuations which only yield a
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minor correction to the mean-field values. Our approximatanodel carry the same amount of surface charge. Together
analytical approach uses ansatz functions for the surfacavith ions which are dissolved in the liquid crystal they form
induced liquid crystalline order. A homeotropic alignment of the so-called double laygd]. To study steric stabilization,
the molecules at the particle surfaces is assumed. The twave concentrate on organic molecules grafted on the particle
particle interaction, which results from our analytical study,surface. Their length is comparable to the liquid crystalline
is strongly attractive for small particle separations. The deepnolecules, i.e., approximately 2 nrh6]. Such a coating still
potential well of this attraction is followed by a weak repul- allows for a well-defined homeotropic boundary condition.
sive barrier as the particles are moved further apart. At dis- To estimate the stability of dispersions we pay special
tances large compared to the nematic coherence lengthftention to the region where the two-particle interaction is
which for a typical liquid crystal material close T, is of  attractive. Namely, if the attractive potential is strong com-
the order of 10 nm, the interaction vanishes exponentiallypared tok T, Brownian motion mediates fast aggregation of
Both the depth of the potential well and the height of theparticles. On the other hand, attraction potentials comparable
repulsive barrier are strongly temperature dependent. Thep kT lead to an equilibrium phase separation in which par-
decrease with temperature approximately exponentially, anticles coexist in two different phases, in a dispersed and in an
only a few Kelvin above the nematic-isotropic phase transi-aggregated state. We refer to the process of aggregation in
tion they become negligible relative kd. The liquid crystal  either limit of the interaction strength as flocculation[1].
mediated interaction can therefore be “switched off” by = The most commonly used criterion for the distinction be-
raising the temperature by a few degrees. tween the completely aggregated state and the equilibrium
The experimental studies of interactions in liquid crystalphase separation is the escape time needed by a doublet to
colloidal dispersions stimulated us to perform a theoreticabreak up into single particles. It should be longer than the
study of all relevant interactions in such systems abbye  observation time if a system is to be considered as a non-
In order to determine the conditions for the stability of aequilibrium system. The escape time can be easily estimated
colloidal dispersion, which is the main purpose of the presenas the time a particle needs to leave the potential well of the
work, one has to fine-tune the parameters which substantiallyvo-particle interactiorj25]
influence the van der Waals, electrostatic, and liquid crystal 3
mediated interactions. The most crucial parameters are the . 67 7R o Prin/kT
temperature through which the liquid crystal mediated inter- esc kT ’
action is controlled, the surface charge density of particles,
and the concentration of ions in the solvent which determinewhere » is the viscosity of the solvenR is the radius of the
respectively, the strength and the range of the electrostatiearticle, and®, is the depth of the potential minimum.
repulsion. We assume that the surface charge density aore sophisticated method26,27 suggest that the com-
concentration of ions can be varied independently. The latteplete potential curve, not only its minimum value, has to be
can, e.g., be controlled by adding salt to the solvent. taken into account when estimating the escape time. For a
The paper is organized as follows. In Sec. Il we describgparticle which is caught in a potential minimumrag, in the
our system. We pay special attention to the relevant twovicinity of another particle of radiu®, the escape time
particle interactions, i.e., van der Waals, electrostatic, stericgquals]26]
and liquid crystal mediated interactions. We also introduce a
criteria. which enables us to distinguish between the dis- ( 1l drie‘b(r)’”frdr’r'ze‘D(f')/kT @
persed and flocculated state of the system. In Sec. Il we esc p 2 R '
mainly concentrate on electrostatic stabilization. We present

the interactions as a function of particle separation for Vari‘Using Egs.(1) or (2), one can make a crude estimate for the
ous temperatures, surface charge densities, and concentispth of a potential minimum that corresponds to a reason-
tions of ions. A “phase diagram,” illustrating the “floccu- aple escape time. For a repulsive barrier of the ordéTodr
lation transition” temperature as a function of surface charggess, which is the case for our system, one can conclude that
and ion densit)_/, sums up thgres.ults. We conclude with refg .. /kTj~1—3 leads to phase equilibrium while in the case
marks concerning steric stabilization. Finally, in Sec. IV, we|@p, . /kTj~5—10 particles are completely aggregated. The
discuss our results. existence of a large repulsive barrier {OkT, e.g), in-
creases the escape time by several orders of magnitude. It
also plays an important role in the process of aggregation. A
large repulsive barrier increases considerably the time that
The subject of our investigation is a dilute dispersion oftwo particles need to form a doublet. A weak repulsive bar-
rigid spherical particles in the isotropic phase of a nematigier (=~1kT) on the other hand changes the doublet forma-
liquid crystal. We limit our discussion to surfaces that prefertion time only slightly.
homeotropic, i.e., perpendicular anchoring of the liquid crys- In our study we introduce the termflocculation transi-
talline molecules. Furthermore we assume that smectic laytion temperaturé Tgp that characterizes the temperature at
ers are not formed at the surfaces. This seems to be reasomhich the system switches from a flocculateéelow Tep) to
able for a liquid crystal such as the compound 5CB in whicha dispersed stat@boveTgp). To be more precise, we choose
only rarely surface induced smectic layers are found in conTgp as the temperature below which aggregates of particles
trast to 8CB or 12CB in which pretransitional smectic layer-are stable. Abov& - aggregates can be, depending on tem-
ing is often observed23,24. In the case of electrostatic perature, metastable or unstable. We would like to stress that
stabilization, we assume that all the spherical particles in outhe “flocculation transition” is not an ordinary phase transi-
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II. DESCRIPTION OF THE MODEL
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FIG. 1. Charged spherical particles are immersed into a liquid 2\/5(;
crystal at temperature above the nematic-isotropic phase transition.
The surface of the particles induces partial nematic ordering of1,31], where e; and €, are the zero-frequency dielectric
molecules which results in an attractive contribution to the net in-constants of the two materials, ang andn, are the corre-
teraction of a pair of particles. Surface charge screened by a grougiponding refractive indices. The frequeney refers to the
of dissipated ions induces a repulsive electrostatic interaction. Alominant ultraviolet absorption in the dielectric spectrum of
van der Waals interaction yields an attraction. If in addition a poly-the embedding medium 2. It depends on electronic transi-
mer brush is added to the surface of the particles, it gives rise to ons in the atoms and is typically arouncka0* s . For
hard core repulsion. separationgd>R, particles are pointlike, and the van der

Waals interaction ultimately decays asi4tvhen the retar-

tion. When analyzing the results of our study we also distin-dation effects become negligibl&1].
guish betweesslowandrapid flocculation Slow flocculation Electrostatic interaction.We are interested in charged
refers to the situation where particles flocculate into a potenparticles dispersed in a liquid crystal which contains a small
tial minimum over a repulsive barrier while rapid floccula- amount of ionic impurities. We assume that the particles are
tion denotes the case where such a barrier does not exist. made of a dielectric material and that they all carry the same

For the interpretation of our results we introduce anotheuniform surface-charge distribution which does not change
term, “flocculation end ling’ Beyond this line the dispersed under the influence of the two-particle interaction. The ionic
states are absolutely stable for all temperatures afigye  impurities in the solvent tend to screen the surface charges of
The line is determined by the two relevant parameters of thg@articles. Together with the surface charges they form the
electrostatic repulsion, i.e., the surface charge density of paso-called electrostatic double layer. For equal particles of
ticles and the concentration of ions in the solvent. For ex+adii R and fixed surface charge densdly, the electrostatic
ample, if the surface charge density is sufficiently large, thenteraction is described by the following expressjan
electrostatic repulsion always compensates the liquid crystal

mediated attraction and an aggregation of particles albgyve qz

_ S _ A kd
does not occur. Ue/kT= WRGZZZH In(1—e™"). 5
In the following we first present all relevant contributions om P
to the two-particle interaction of our syste(see Fig. 1, i.e.,  Here, e, is the fundamental charge, azdand n, are the

van der Waals, electrostatic, steric, and liquid crystal medivalence and concentration of the dissolved ions, respectively.
ated interactions. We introduce the determining parameterShe range of the repulsive interaction is determined by the
for each type of interaction. Since we are interested in veryDebye length
dilute systems only, we limit our description to pair interac- . -
tions. (Note when we discuss the explicit expressions for the K= €€k TI2e5z°Ny, ©)
interaction potential, we often skip the term “potential” and
just use “interaction” for shon.

van der Waals interactionlhe van der Waals potential of
two thermally fluctuating electric dipoles that are close to-
gether <10 nm) decays with the sixth power of their in-
verse distance, df. However, at separations of about 5 nm

retardation effects of the electromagnetic field become ap- Steric interactionSteric repulsion is realized by attaching

parent which ultimatley result in a d/ dependence of the polymers to the surface of particles. Here, we assume rela-
potential. Moving the dipoles even further apart, the zero- '

frequency polarizabilities become important and the poten?ively short polymer fibers or simply organic molecules
tial decays again asdd [31]. The effective van der Waals which have the same lengthas the liquid crystalline mol-

interaction of two macroscopic particles is obtained b ecules, i.e.]~2 nm. They prevent two particles from ap-
. SCopIC P : y roaching each other closer than the separatier?l. For
summation over all pairwise interactions of fluctuating

SR . . implicity we model the interaction by a hard-core repulsion
charge distributions what in the case of two spherical par-SI plcity y P

. = atd=2l=4 nm.
ticles of equal radiR yields[1] Liquid crystal mediated interactionThe description of

2 2 the liquid crystal mediated interaction is based on our theo-

_A@] 2R 2R + nd(d+4R) _ retical study in Ref[20]. There, we derive an analytical
6 |d(d+4R) (d+2R)2  (d+2R)? expression for the interaction of two spherical particles im-

(3 mersed in a liquid crystal above the nematic-isotropic

whereas the surface charge densjtycontrols its strength.
The expressiorn5) was derived via thderjaguin approxi-
mation and is therefore valid only fokR>30 [28]. In our
case, this condition is fulfilled. The interaction is strongly
repulsive in comparison t&T at small particle separation
and exponentially decays to zero for largie

VW™
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a typical nematic liquid crystal will be taken into account

O e [29-31: €,=3.8, n,=1.45, e,=11, ny=1.57, andw,=3
-10f 7 1 X 10" s™1. As a result, the Hamaker “constant” equals
:_207/ _ ] A(d)={0.18+0.871+(0.11d)%?]~23kT, where d is in
X |Te2K nm. The parameters of the steric interaction were already
S -30f introduced in the last section. The electrostatic interaction is
’UEJ_40- specified by the valence and the concentration of the ions
= dissolved in a liquid crystal, the dielectric constant of the
Qs0f liquid crystal, and the surface charge density. We assume
D—eo- that the ions are monovalent, i.e5 1 with a concentration,
n,, varying between 10* and 102 mol/l. Taking into ac-
=70 T 1 count that the dielectric constant of the liquid crystal equals
, , €,=11, the corresponding Debye length at room temperature

10 20 30 40 50 60 70 80 varies between 3.5 and 10 nm. A typical value of the surface
d [nm] charge density, is of the order of 1fe,/um? [32]. In our
FIG. 2. The two-particle interactions mediated by a liquid crys- StUdy We vangs between 1®and 1(’fieol,um2.._We point out
tal as a function of distanag between the particles at various tem- that the range of the surface charge densities and concentra-
peratures. A magnified part of the figure is shown as inset. tions of ions that are taken into account in our study is small
in comparison to all values which can be achieved in experi-

phase transition, and we show that the interaction is a sum dhents with polar solvents. In organic solvents, however, it is
a repulsive and an attractive contribution. Every single pargenerally difficult to dissolve ions. This creates problems in
ticle carries with it a layer of surface-induced nematic orderachieving Debye lengths of the order of 10 nm. Furthermore,
which decays exponentially in the radial direction on a charionogenic groups attached to the surface of the suspended
acteristic length scale given by the nematic coherence lengtparticles do not dissociate into ions very easily, and as a
&y - If the layers overlap, the volume of nematic order, whichresult, reasonable surface charge densities cannot be ob-
possesses a larger free energy density than the isotropic litained. Liquid crystal compounds consist of organic mol-
uid, is reduced. That means, the free energy of the systecules which do, however, contain polar groups. It seems
decreases with the separation of particles which results in aghat the ionic concentrations and surface charge densities
attractive interaction. On the other hand, a repulSion Orlglwh|ch we emp|0y in our Study can hard|y be realized. How-
nates in the elastic distortion of the director field lines con-gyer, in Ref[33] complex salt is dissolved in nematic liquid
necting the two particles. It is increased as particles approaqg}ystms and ionic concentrations of up to~fomol/l are

each other. _ _ . . reported. Furthermore, when silica spheres are coated with

The gnalytlcal expression for the interaction is cited in thesilan, the ionogenic group NHDH~ occurs at the particle
appendix. There, we also introduce the parameters which de- f ith a density of 8 10° lecul 2 1t di y
scribe the material properties of liquid crystal as well as theou'ace with a density o _ mo'ecu eshm’. ISSOCI
surface coupling of molecules. We illustrate the interactiona_ltes toa 'Qrge amo_unt evenin a liquid cry_sﬁfﬂl]. In addi- .
as a function of particle separation for two different values ofion: the silan coating provides the required homeotropic

temperature in Fig. 2. At the nematic-isotropic phase transiPoundary condition for the liquid crystal molecules. These
tion, the interaction is strong in comparisonk® for small W0 examples illustrate that our parameters of the electro-
particle separationsi~ &, and it exhibits a week repulsive Static interparticle potential should be accessible in conven-
barrier of the order okT as the particles are moved further tional thermotropic liquid crystals. They are achievable with
apart,d~50 nm(see insét For large distanced, the inter- N0 problem in lyotropic liquid crystal$35]. Amphiphilic
action exponentia”y approaches zero. If the temperature igwlecules in water form rodlike or disclike micelles which
increased by a few Kelvin the attraction @10 nm be-  exhibit liquid crystalline phases as a function of the micelle
comes much weaker and the repulsion barrier is decreas&@ncentration. However, there are lyotropic systems where
considerably as well. Since the strength of the interactiorihe transition from the isotropic to the nematic phase is also
depends strongly on temperature, it becomes almost negléontrolled by temperaturgl2,15. Our investigation applies
gible if the temperature is increased further by some degrees such systems as well.

In the following we consider two different types of dis-
persions. In the first type, which we refer to electrostati-
cally stabilized particles carry a surface charge whereas a

In the presentation of the discussed interactions, we focugolymer brush is not grafted on their surface. We will thor-
our attention on spheres of radii 250 nm. The magnitude obughly investigate the total two-particle interactionwhich
liquid crystal mediated interaction is varied by changing theis a sum of the van der WaalbJ(,), electrostatic U¢), and
temperature of the system in the interval <T<T,, the liquid crystal mediated( ) interaction:U=U +Ug
+10 K, where Ty, is the temperature of the nematic- +Uy,y . In the second type of dispersion, referred te&esi-
isotropic phase transition in a bulk liquid crystal. To specify cally stabilized particles are basically neutral, however a
the Hamaker constant which strongly influences the van detoating of organic molecules gives rise to a hard core repul-
Waals interaction the following dielectric constants and re-sion Ug. The total interactiond=U c+Ug+ Uy again
fractive indices corresponding to silica particles immersed irconsists of three parts.

Ill. RESULTS
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FIG. 3. Electrostatic (g), van der Waals ), the sumUg FIG. 4. InteractionU as a function of distance between the

+Uyyw and liquid crystal mediated,c) and total U=U,¢ particles for various temperatures. Surface charge density equals
+Uyw+Ug) interaction are plotted as a function of the particle 0.5x 10%,/um? while «k 1=8.3 nm. A magnified part of the fig-
separation. The surface charge density and Debye length are chosere is shown as an inset.

to be 0.45%10%,/um? and 8.3 nm, respectively, whil&@=Ty,

+0.1 K. A magnified part of the figure is shown as an inset. stable. When the temperature is raised even further, the in-

A. Electrostatic stabilization te.rag:tion minimum disappears completely. Tha}t means,

- . . within a temperature range of a few tenth of a Kelvin there is
' Liquid crystal, electrostatic, and van der Wa_als contnbu; a sudden change from a fully aggregated to a completely
tion. To show how van der Waals, electrostatic, and liquid yiseseq state, reminiscent to the critical flocculation transi-
crystal contributions influence the total two-particle interac-, in polymer stabilized colloidal dispersiofis,36]
tion, we present in Fig. 3J,c,Ug,Uyw, the sumUg Beyond the flocculation end lin&ince the electrostatic
+Uyw, and the net interactiotd as a function of particle jieraction depends on the square of the surface charge den-
separation. T_he temperatureTig,+0.1 K, and the surface sity g, a strong electrostatic repulsion can easily be
charge denzs,lty and Debye length are taken to be 0.43chieved. If the surface charge is large enough, the interac-
X 1O4§0/Mm and 8.3 nm, respectively. The electrostatic in- o at the potential minimum exceeds zero eveMgat This
teraction exhibits a strong repulsion at small distarta@sd 56 s presented in Fig. 5, where one can see a shallow
decays exponentially for large The van der Waals interac- inimum atT,, which disappears as the temperature is in-

tion, on the other hand, yields an attraction of sokTeat . eased by 0.1 K. The surface charge density and Debye
d=5 nm-much weaker than the electrostatic interaction—length equalg.=0.63x 10%,/um? and x 1=8.3 nm, re-
and decays as d7 for larged. A sum of these two contri- spectively. We define the flocculation end line as the border

butions is strongly repulsive at smal| exhibits a shallow |ing i aq, x~* diagram beyond which the flocculated state
potential minimum of 1/3kT atd~70 nm and approaches s never absolutely stable for all temperatufese Fig. 9.
zero for larged. The liquid crystal mediated interactid, ¢

is strongly attractive for small particle separations and
weakly repulsive atl~50 nm. It approaches zero for large
d. If this interaction is added t&Jg+ Uy, an interaction
exhibiting a deep potential minimum and a weak repulsive 2¢
barrier is obtained. The minimum and the barrier appear al

d~10 nm andd~50 nm, respectively. =
Flocculation transition.In Fig. 4 we show the two- f15
particle interactiord = U -+ U,y + Ug as a function of par- 8
ticle separation for various values of temperature. For €10
=Ty, the interaction curve exhibits a minimum with a %

depth of the order of 20T at d~10 nm. The minimum is
followed by a small potential barrier 6£ 1kT. As the tem-
perature is raised, the depth of the minimum decreases, an
already 0.3 K abovély, it becomes very shallow. ATy, 0
+0.54 K, the minimum still exists but belongs to a meta- : : : : ' :
stable state, only. We call the temperature at which the in-
teraction at the minimum equals zero the temperature of the
flocculation transition Tep . Namely, above this temperature  FIG. 5. InteractionU as a function of distance between the
the probability of finding two particles in an aggregated statearticles for various temperatures. Surface charge density equals
becomes smaller than the probability that they are dispersed.63x 10*e,/um? while x 1=8.3 nm. A magnified part of the
Above Typ aggregates of particles are unstable or metafigure is shown as an inset.
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FIG. 6. InteractionU as a function of particle separation for
various values of Debye length, i.e., varions. Surface charge
density equals 04 10%,/um?, T=Ty+0.3 K. A magnified part

FIG. 8. Temperatures of flocculation transition for different val-
of the figure is shown as an inset.

ues of Debye length. A flocculation phase diagram for!
=8.3 nm is shown as an inset. Temperatures above the tempera-
Influence of the Debye lengtim Fig. 6 we illustrate how ture of flocculation transitior{solid line) correspond to dispersed
the concentration of the dissolved ions in the liquid crystalstate while for those below, doublets are formed. Dashed lines
n, and herewith the Debye lengihi 1, defined via Eq(6), represent the temperatures at which the escape time i&ée-
influences the depth of the interaction minimum and thedotted or one hundreddotted times larger than in the case of zero
height of the repulsive barrier &f close toTy,. The surface interaction.
charge density is chosen to be 8.40%,/um? while T
=Ty +0.3 K. The primary minimum becomes deeper as theve point out that the characteristic time for a doublet forma-
Debye length is decreased, and the repulsive barrier is rdion [1,32] is not dramatically changed when the repulsive
duced and moved to larger distances. interaction barrier is reduced from 16T to zero, i.e., to the
Rapid flocculationFigure 7 shows the interactid as a  point where rapid flocculation occurs. It is only decreased by
function of particle separation for various temperatures. Thig factor of 3.
plot is similar to the one in Fig. 4, however, here the Debye Flocculation phase diagramin Fig. 8 we present floccu-
length is decreased to 4.3 nm, and the surface charge denslation phase diagrams as a function of temperature and
equals X10%,/um?. As expected, the interaction mini- surface-charge density, indicating the dispersed or the floc-
mum is deeper than in the case ©f1=8.3 nm while the culated state of particles. The inset corresponds to the phase
repulsive barrier is decreased. It is interesting to note that adiagram for« *=8.3 nm. The solid line represents the tem-
T=Ty+ 1.8 K the repulsive barrier disappears completely.peratures of the “flocculation transitionT . For tempera-
At this temperature, a rapid flocculation occurs. Furthermoretures abovel gy, particles stay dispersed while for tempera-
tures belowT p the system is flocculated. To obtain a feeling

1.5 for the stability of the aggregated state at temperatures below
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S o
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Tep, We have determined lines in the phase diagram, where
the escape time from the minimum of the interparticle poten-
tial is, respectively, texdash-dottegor one hundreddotted
times larger than in the case of zero interaction. Note that
these lines are rather close to the line of the flocculation
transition. In the large plot of Fig. 8, the temperatures of the
flocculation transition are shown for different values of the
Debye length. A decrease of the surface charge density re-
sults in a higher transition temperature. A larger concentra-
tion of dissolved ions, i.e., a smaller Debye length causes the
same effect. The qualitative feature of the transition lines can
be easily understood. A smaller surface charge decreases the
strength of the electrostatic repulsion which is then compen-
sated by a weaker attraction of the liquid crystal mediated
interaction. Thus the flocculation occurs at a higher tempera-

FIG. 7. InteractionU as a function of particle separation for ture.
various temperatures. The surface charge density equals 1 Flocculation end linein Fig. 9 we present the floccula-
X 10%,/um? while k '=4.3 nm. The interaction curve fod  tion end line. At a given Debye length, it indicates the small-
from the interval[5, 50 nm and T=Ty,+1.8 K is shown as an est value of the surface charge density, which is still large
inset. enough to prevent a flocculation of particles for all tempera-
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deep for temperatures close g, due to the strong liquid

3r crystal mediated attraction. The attraction is reduced when
the temperature is increased. However, even at temperatures
o5l of 10 K or more abovely,, where the liquid crystal medi-

ated interaction has basically vanished, the depth of the mini-
no flocculation transition above T, | mum is still of the order of a fevkT due to the van der
Waals attraction. We can therefore conclude that particles
are flocculated at temperatures closeTtg while at T>Ty,
there should be an equilibrium of a dispersed and flocculated
phase as discussed in Sec. Il. Although the flocculation tran-
sition will not be as dramatic as in the case of electrostatic
stabilization, a conversion to the fully aggregated state, when
lowering the temperature, should be visible.

A complete dispersion of particles can either be achieved
0.5 . . . . . . . by increasing the length of the organic molecules grafted on

5 55 6 65 17 75 8 85 9  the particle surface or by reducing the particle radRign

K [nm] the inset of Fig. 10, we pldt ~ U,y as a function oR The

. o separation isl=~4 nm, where the potential minimum is lo-
FIG. 9. Flocculation end line, i.e., the smallest surface charge P X

density for which particles are dispersed evei@t, as a function Cate‘?" and t,h_e temperature is more thqn_lO K alllﬂ'(?\ye I'e".
of the Debye length. U,c is negligible. The depth of the minimum is increasing

linearly with the particle radius, as can be verified explicitly

: . by expression3) for the van der Waals interaction in the
tures aboveTy,. The flocculation end line decreases very . L

N . , - case ofd<R. For small particles R~50 nm), it is of the
strongly with increasing Debye length. This can be easily

understood from the following. When the Debye length isOrder of 0.6kT, i.e., the majorle of.partlcles will be dis-
increased as a result of a smaller ionic concentration, tthrsed, and a flocculation transition is observed when lower-

screening of the surface charge is reduced. Therefore, a N9 the temperature. However, compared to the electrostatic

smaller value ofg, is sufficient to prevent particles from stabilization, where the transition takes place within a few
flocculating. ° tenth of a K, it will occur more gradually within a tempera-

ture range of several K. For 250 nm patrticles, the depth of
the minimum is increased to kT, and all particles are ba-
sically aggregated.

q, [10% e /nm?]
N

-
[5)]
T

flocculated for T ~ TNI

B. Steric stabilization

In Fig. 10 we show the interactiob as a function of
particle separatiomn for some values of temperature above

Tni - To achieve the conditions which result in a flocculation IV. CONCLUSIONS
transition the radius of the particles is reduced to 70 nm. The
interaction exhibits a hard core repulsiordat4 nm, result- Particles dispersed in a liquid crystal above the nematic-

ing from the coating of particles by organic molecules. Ajsotropic phase transition are surrounded by a surface-
minimum in the potential occurs dt~4 nm. Itis relatively  jnduced nematic layer whose thickness is of the order of the
nematic coherence length. The particles experience a strong
liquid crystal mediated attraction when their nematic layers
V] ERRRR LS. as==occooousyss start to overlap since then the effective volume of liquid
- e e crystalline ordering and therefore the free energy is reduced.
‘ e | A repulsive correction results from the distortion of the di-
e P rector field lines connecting two particles. The new colloidal
N e interaction is easily controlled by temperature. In this article
[ sterie Tar 12K 7 | we have presented how it can be probed with the help of
electrostatically or sterically stabilized dispersions.
In the first case, for sufficiently weak and short-ranged
electrostatic repulsion, we observe a sudden flocculation
) 1 within a few tenth of a Kelvin close td; . It is reminiscent
T, 50 100 ooy 20 20 to the critical flocculation transition in polymer stabilized
, colloidal dispersion§l1,36]. The flocculation is due to a deep
20 25 potential minimum in the total two-particle interaction fol-
lowed by a weak repulsive barrier. We have thoroughly stud-
FIG. 10. InteractionU as a function of particle separation for 1€d the two-particle potential as a function of the relevant
different values of temperature. The radius of particles equals 7§arameters. To map out its effects on the stability of the
nm. U at a particle separation just beyond hard core repulsion as golloidal dispersion, we have presented two phase diagrams.
function of particle radius is shown as an inset. Temperature i he first diagram illustrates the flocculation temperature as a
more than 10 K abové&y, . function of surface charge density and Debye length, the

]
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second one shows for which parameters of the screened eleEhe liquid crystal which fills the area between the two par-
trostatic interaction the flocculation occurs at all. Althoughticles is divided into several regions where each region is
thermotropic liquid crystals represent organic solvents, wédounded by two conical surfaces and by its neighboring re-
have given some first examples which demonstrate that elegions, and region encircles region—1. In order to deter-
trostatic stabilization should be achievable in such systemsnine the interactiotJ (d), which is defined as a free energy
This should initiate further experimental studies. Our workof the liquid crystal at particle separatidrsubtracted by the
directly applies to lyotropic liquid crystals, i.e., aqueous so-free energy at large particle separation, free energy of liquid
lutions of non-spherical micelles, when the nematic-isotropiccrystal in regions where surface elements are close together
phase transition is controlled by temperature. They are aphas to be calculated. The free energy is obtained following
pealing systems since electrostatic stabilization is more eas-andau—de Gennes phenomenological approach. In order to
ily achieved. When the phase transition is controlled by thenake the expression more transparent we divide it into two
micelle concentratiorp,,, as it is usually done, then our parts, one corresponding to the contribution of scalar order
diagrams are still valid but with temperature replacegppy ~ parameterQ which turns out to be attractive), and the
Polymeric stabilization is more often applied since it sta-second one corresponding to the contribution of the distorted
bilizes colloidal dispersion for a longer time and allows for director field which yields repulsiob, . The attractive con-
higher particle concentrations in comparison to electrostatitribution is the following:
repulsion[36]. Instead of long polymer chains grafted onto
the particle surface, we have considered organic molecules
whose length is comparable to the liquid crystalline mol-
ecules. They provide well-defined homeotropic boundary
conditions on which we have concentrated in this article. We
find that large particlesR~250 nm) are flocculated at all 1
temperatures abovEy, due to van der Waals forces. Small T1x y
particles R~50 nm), however, are basically dispersed well Q
aboveT,, . Cooling the dispersion down towards, should

induce a gradual onset of aggregation, in contrast to electrg4ere ¢y= /3L, /aAT is the nematic coherence lengthT
static stabilization where flocculation occurs in a very nar-_ _ 1« L,,a, Q,,T* are material dependent constarEs
il il l Sy il

row temperature interval. For intermediate pgr.tic_le radii andrepresents the average distance between surface elements
at temperatures well abovey,, a phase equilibrium of a bounding region, B; is the tilt angle of surface element in

dispersed an_d flocculated state should be observable. It gioni with respect to that symmetry plane of the system,
transformed into a completely aggregated state when te vhich halves the particle separatiop, and y, are param-

perature is decreased. Our findings are in agreement wit ers which are proportional to and describe the strength

expgnments by Biiger et al. who reported th"’.‘t 90 nm silica of the surface coupling, arl¢g represents the closest distance
partlcles aggregated abolg, as soon as their volume fra}c- of the surface elements in regidrirom the symmetry axes.
tion was 10# or larger. When long flexible polymer chains The repulsive contribution equals

are grafted onto the particle surface, the boundary conditions
for the liquid crystal molecules are not as well defined as for

tanh(d;/2&y)
1+ yotanh(d;/2¢y)

n
L,
Ua=2, 3m—Q2(I1%,,—1?)
i=1 fN

. (A1)

short organic molecules. Further research, both experimental "9 12,,—1?
and theoretical, is needed to address this situation. Ur=2 EleQg — — 5
i=1 cost(di/2&\)[ 1+ yotanh di/2£y) ]
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In the appendix we present a brief summary of the quuid(’ﬂs'nﬁi)z]fl and parameterAR; stands for y,én[1
crystal mediated interaction between two spherical particles- yQtanhﬁi/2§N)]‘1(sin B) L
[20]. In order to obtain an analytical expression for the in- In our study the following parameters of a typical liquid
teraction the model structure is simplified by modelling thecrystal material are taken into accouf87-39: a=0.18
two spherical particles with a sequence of conical surfaces<10° J/nPK, L,;=9x10 2 J/m, andT* =313.5 K. Then,
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according to the Landau—de Gennes approach, the tempera10 nm. Parameter®, ys, andvy, which depend on the
ture Ty, of the nematic-isotropic phase transition is equal tonature of the surface coupling are taken toQuae=0.3, and
Ta=T*+2b%9ac=T*+1.3 K, and the corresponding co- Yo=1énX13.5 nm,y,= yo/5. We have taken into account
herence lengthéy=+3L,/(aAT), at AT=1.3 K is & regions 1to 9, i.e.n=9.
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