PHYSICAL REVIEW E 68, 011708 (2003

Capillary forces in a confined isotropic-nematic liquid crystal
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We have investigated nematic capillary condensation in the isotropic phase of nematic liquid crystals
5CB (4-cyano-4-n-pentylbiphenyl) and 8CB (4-cyano--octylbiphenyl) confined to nanometer thick
layers between two orienting surfaces. The capillary condensation was induced by decreasing the liquid crystal
layer thickness using an atomic force microscope, and the onset of condensation was detected by monitoring
the structural force on a confining surface. Very strong and long-ranged capillary forces were observed at
temperatures close to the isotropic-nematic transition. We have analyzed the temperature dependence of the
thickness of the liquid crystal layer, at which the condensation occurs, with a thermodynamic Kelvin equation
and determined the interfacial tension between the isotropic and nematic phases. The separation dependence of
capillary forces was analyzed within the Landau—de Gennes approach, including electrostatic interaction due to
surface charging. The quantitative agreement between the measured and calculated force profiles is very good,
and a single set of parameters is needed to describe a set of measured force profiles at different temperatures.
Surface charge density, surface potential, and Debye screening length were determined directly from the
observed surface forces.
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I. INTRODUCTION An important manifestation of the capillary condensation
phenomenon is that it exerts forces on the surfaces, between
Capillary condensation is a well known phenomenonwhich the condensate forms. Since the surfaces between
where a phase transition from a less ordered phase to a movdlich the capillary condensation occurs prefer the more or-
ordered phase is caused by confinement. It is most conflered phase, the surface contact angle of the interface be-
monly encountered in the case of water, where water vapdiveen the less ordered and more ordered phases is less than
spontaneously condenses in narrow cracks and pores wiff° - AS @ consequence, a concave meniscus of the con-
hydrophilic surfaces. The condensed water forms microdensed phase is formed between the confining surfaces and a

scopic capillary bridges between confining surfaces, and ths}aapla(f[e prt?]ssurce aﬁlross th'sd curv<ta'd rr][ﬁmsc;us puIIslthg sur-
resulting capillary force due to surface tension contribute aces together. Lapiiiary condaensation theretore resutts in an

: : : . attractive force between confining surfaces. The phenom-
importantly to the cohesion and adhesion of soll, concrete non of capillary condensation is obviously interesting not

and other porous media. It can cause deformation of the soli§nIy from the fundamental point of view, but it also ad-
phase,.shnnkage af‘d even crack[dg The cap|llary. CON- " dresses a more general question of rheological and wetting
densation of water in pores and cracks was described thef)'roperties of few-nm-thin layers of complex fluids. The

modynamically in 1871 by Kelvir2]. __structural force due to capillary condensation of a complex
The phenomenon can be found in any system that exhibitgig petween microscopic objects could also be used for a

first-order phase transition. For a nematic liquid crystal, itsimple temperature control of forces that could determine the
was predicted in 1976 by Sher@]. Just like water vapor structure and stability of liquid crystal emulsions and disper-
condenses in a gap between hydrophilic surfaces, the isotrgions with remarkable optical propertigg—10.
pic (disordered liquid crystal condenses into a nematic  In spite of the great importance of surface and interfacial
phase(ordered in the slit of thicknessd between surfaces properties of liquid crystals, the surface-induced spontaneous
that tend to align liquid crystal. This condensation into acapillary condensation in nematics remained unobserved un-
more ordered phase occurs at temperatures higher than ttie our recent atomic force microscopdFM) experiment
bulk transition temperature. The phase transition line of capf11]. Several attempts to determine the line of the nematic
illary condensation is of first order, and it was predicted thatcapillary phase transition using ellipsometry, light scattering,
the line of capillary phase transition ends in a critical pointand NMR[12-1§ failed, as the shift of the temperature of
(dg,Tk) ina (d,T) phase diagrari3—5|. spontaneous capillary condensation with decreasing thick-

ness of the sample is very small, i.e., K for a film of

1 uwm thickness and becomes significant for surface separa-

*Email address: igor.musevic@ijs.si tions smaller than 100 nm.
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Following phenomenological predictions for the pretran-
sitional behavior of the structural forces in thin nematic T
films, we have recently showjil1] that nematic capillary Controller
condensation can be studied with unprecedented accuracy
using a temperature controlled AFM. In our previous paper
[11], we have focused on the shape of the capillary phase
transition line and the location of the critical poird,(,Tk)
in a (d,T) phase diagram. We have found good agreement
petueen he pxpermentaly deermined onse S9N 1Y 1, 1. mhesonemat rpresenaion o e exprimental seup
isotropic phase of a nematic liquid crystal. In this paper we-Scd N Our experiments. A glass sphere of diame{&0 um was

) attached to the AFM cantilever. Liquid crystal fills the gap between

describe the AFM .expe”ments In-more detail an_d CONCEN o substrate and the upper glass plate with an integrated heater. An
trate on the quantitative analysis of the separation depe

. : ) Ndditional heater is mounted between the piezoscanner and the
dence of the capillary force and its temperature evolution. INbstrate. Both heaters are connected to two independent tempera-

the experimental part, we describe materials and experimeRgre controllers. Note that the size of the glass sphere is highly
tal methods, which is followed by the presentation of force-gxaggerated.

versus-separation data at different temperatures and for dif-

ferent combinations of liquid crystalline materials and  The experiments have been performed on various sub-
surfaces. In the theoretical part, we describe the Landau—dgrates: BK7 glasgDonnelly PD5005/5088and sapphire

Gennes mean field formalism of liquid crystal mediated in-(Edmund Scientific plates have been used as substrates, at-
teractions between surfaces. We also consider the electrgsched to the lower heater of the atomic force microscope.
static interaction between surfaces, which was also observegk 7 glass microspheres have been glued to the atomic force
in the experiments. The paper is concluded by comparison Ghicroscope cantilever, as described elsewhere. The sub-

GLASS PLATE WITH HEATER

T
Controller

experiment and theory. strates as well as the glass spheres were cleaned in an ultra-
sonic laboratory detergent bath, rinsed with distilled water,
[l. EXPERIMENT and additionally cleaned with oxygen radio-frequency

plasma. After the cleaning procedure, the substrates and
glass spheres, already glued to the AFM cantilevers,
There are two important experimental issues that have thave been coated with a monolayer of,N-
be precisely controlled in order to observe the nematic capdimethyl-N-octadecyl-3-aminopropyltrimethoxysilyl chloride
illary condensation in a confined nematic samgl¢:good (DMOAP) (ABCR, Germany. The glass substrates and
control of the temperature of the liquid crystal samf@éthe  mounted glass spheres were left in a 1% DMOAP solution
order of 1 mK), and(ii) precise contro(1 nm) of the sepa- for 10 min. Fresh DMOAP solution was used each time the
ration between the surfaces that confine and orient the liquidxperiment was performed. After the deposition process, the
crystal. Since it is experimentally practically impossible to cantilevers with mounted spheres and substrates were thor-
align two parallel flat plates at 1 nm separation, curved sureughly cleaned in distilled water to remove the excess sur-
faces are used instead. In our case, one of the confining sufiactant from the surfaces. Finally, they have been dried at
faces was a glass sphere of a radius of the orderId xm, 110°C for 1.5 h.
which is much larger than a typical separation between the The DMOAP coating is known to produce strong and
surfaces £10 nm) and the other surface was a flat glass ostable homeotropic alignment of cyanobiphenyl liquid crys-
sapphire plate. tals [19,20. DMOAP monomers adsorb chemically on the
In our study of the capillary condensation we have usedjlass substrate by forming the hydrogen bond between hy-
an AFM (Nanoscope lIl, Digital Instrumentsequipped with  drolyzed methoxysilane group and hydrophilic glass surface
a double temperature control as schematically presented [21]. In addition, the DMOAP monomers polymerize during
Fig. 1. The microscope was used in the force spectroscopgrying and heating, which stabilizes the coating furtf].
mode, where the force on the cantilever was measured duriribhe resulting DMOAP monolayer consists of short propyl
approaching or retracting from the surface. The glass sphefg¢CH,)3] chains in the plane of the substrate and octadecyl
was attached to the cantilever, so that the force between the/drocarbon chains (gHs7), stretching perpendicularly
flat substrate and a microsphere was measured as a functifiom the surface. These chains are able to interact with liquid
of surface separation. Using AFM, it is possible to controlcrystal molecules and orient these parallel to them, thus en-
the separation between the sphere and the substrate withf@cing the homeotropic alignment of the liquid crystal
sub-nanometer precision. Our design of the double heat§p1,22. We have checked the orientation of the liquid crystal
enabled us to control the temperature with a precision of 0.0ample between two silane covered glass plates under the
K. The temperature gradient across the liquid crystapolarizing microscope and found perfect homeotropic orien-
was of the order of~1 K/mm. We have used nematic tation of the nematic liquid crystal.
liguid crystals 4-cyano-4n-octylbiphenyl (8CB) and During the force experiments, we have found that the
4-cyano-4-n-pentylbiphenyl (5CB), as obtained from cleaning procedure is the most important step in the experi-
Merck (Germany. Both liquid crystals exhibit isotropic to mental preparation, since no capillary condensation has been
nematic phase transition, 5CB at 36 °C and 8CB at 41 °C. observed, when the surfaces have not been cleaned in the

A. Materials and methods
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FIG. 2. A typical force curve, recorded with an AFM. The
DMOAP coated glass sphere is approached to the DMOAP coated
flat glass substrate. A long-range repulsion is seen in this particular
case, followed by a region of attraction. The steep, linearly sloped
region indicates the hard mechanical contact between the substrate
and the sphere. From the slope of the line in this region, the canti-
lever deflection and the zero of separation are determiBedk-
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oxygen plasma. We conjecture that the organic contaminants g 0r

on the glass surface prevent the homogeneous coverage of w

the surface with the DMOAP layer. Decreased surface den-
sity of DMOAP leads to a smaller mesoscopic surface cou- 0 20 40 60 80 100 120 140 160
pling energy and prevents the occurrence of condensation. d [om]

nm

B. Measurements and observations FIG. 3. Force F normalized with radius of the spher@

In our study, the atomic force microscope has been used 10 #m versus separatiod between the surfaces in 8CB at
in the force spectroscopy mode. In this mode of operationd'ﬁeren_t temperatures close to the phase tran§|t|on temperature
the flat surface of the sample is periodically approached andn!- ercles represent force on approach and diamonds force on
retracted to the glass sphere mounted on the elastic cantilEEaction-
ver. The deflection of the cantilever, which measures the net
force between the glass sphere and the flat substrate, is sirders of magnitude too small, as we have reported in our
multaneously recorded. As a result, a “force plot,” which previous papef19,20. In our experiment, this is actually an
represents the dependence of the cantilever deflection on tlaelvantage, since the van der Waals force is quite small at this
piezo vertical movement, is obtained. A typical force plotdistance of separation and so it does not contribute much to
from our experiments is shown in Fig. 2. the adhesion between the surfagtb

The deflection of the cantilever is calibrated from the part Force curves were collected by first setting the tempera-
of the force plot where surfaces of the sphere and the suliure of the liquid crystal sample, waiting for the temperature
strate are in contact. This corresponds to the linear region 40 stabilize, and then recording several force curves at a
the left side of Fig. 2. In this region, the deflection of the given temperature. Typically, the speed of piezo movement
cantilever is equal to the piezo movement, which is used as was of the order of 200 nm/s. At this speed, viscous forces
reference for the calibration of deflection. Next, we con-could not be detected and were neglected in our analysis.
verted the “deflection-piezo-travel distance” curves to the In Fig. 3 we present measured forces between thgto-
force versus separation curves. The force is obtained froPMOAP coated glass sphere and DMOAP coated glass sub-
deflection of cantileveY, multiplied by an elastic constakf  strate in 8CB at different temperatures above the isotropic to
which is specific to a cantilever. Separation is obtained witthematic phase transition temperatdig . At a temperature
a simple transformatiod=Z+Y —of, whered is the sepa- of 0.3 K above theTy,, we observe a long-ranged repulsive
ration between the surfacesjs the position of the piezo and force. As this repulsion is temperature independent and falls
of is the offset of the piezo-zero-position with respect to theexponentially with increasing separation, we conclude that
zero of separation, determined from the position of the hardhis is simply a screened double layer electrostatic interac-
contact. Based on our previous studies of cyanobiphenyition, which we have reported befof23]. After lowering the
DMOAP studies, we know that at=0 the glass sphere and temperature only slightly T—Ty,;=0.2 K on Fig. 3, one
the substrate are still not in contact, since there are still adean clearly observe the appearance of an additional attractive
sorbed layers of liquid crystal molecules and DMOAP alkyl force, which appears at a separationdgf,= 15 nm. When
chains on each surface, forming the gap=e5—6 nm be- the temperature is further lowered toward the bulk phase
tween both bare surfaces. These adsorbed layers cannot tsensition temperatur&y, (the lowest force plot in Fig. )3
squeezed out of the gap between the two surfaces, as thiee separatiord.,, increases strongly and becomes very
pressure available in the experiments with a microsphere igrge(i.e., micrometer scajeclose to the phase transition. By
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8 TABLE I. Product of the interfacial tension and cosine of the
T contact angle of the nematic-isotropic interface for 5CB and 8CB,
76 as obtained from the temperature dependence of the thickness,
E 5 where the capillary force is observed. The inverse thickness was
= 4 plotted against the temperature shift and fitted to the Kelvin equa-
",:@ ‘; tion (Fig. 4).

(1) Liquid crystal Y1 €080 [Im 2]

-0.1 0 0.1 0.2 0.3 5CB 1.0¢ 10’5(1i0.1)
T—Tnr [K] 8CB 1.78<10°5(1=0.15)

FIG. 4. The temperature dependence of the inverse surfaces

separation, where the capillary condensation ocdggy. vapop and nemati¢analog to liquid phases. The analysis of
the phase diagram, presented in Fig. 4, gives us the product

precisely lowering the temperature, we were able to followof the interfacial tension and the cosine of the contact angle

the increase of the separatial,, up to even more than vy, cos®, which are collected in Table | for 5CB and 8CB

1 um. on the silanated glass surfaces. The isotropic-nematic inter-
One can clearly see from the presented force plots thd@cial tension is therefore of the order of X0 > Jm™ 2 if

there is clearly a certain “critical” separation, where there isthe complete wetting of the substrate with a nematic phase is

a sudden increase of the attractive force. This attractive forcassumed. This is in agreement with the existing (126227

then gradually increases when the separation between bo#mnd represents a direct proof that the observed attractive

surfaces is further decreased. force is due to surface-induced capillary condensation of a
It is quite evident that the observed attractive force cannonematic phase.

be attributed to the classical physical forces between the sur-

faces(electrostatic force, van der Waals foycsince(i) these Ill. CALCULATION OF FORCES MEDIATED BY THIN
do not depend critically on the temperature &fid their LIQUID CRYSTAL FILMS AT TEMPERATURES
separation dependence is monotonic, and there can be no ABOVE THE NEMATIC-ISOTROPIC
discontinuous increase in force at a certain separation. Rather PHASE TRANSITION

than that, the observed force is clearly a kind of a structural
force related to the phase transition in a liquid crystal. The
magnitude of the observed force and its sudden appearance In our experiment the interaction between few microme-
suggest that it might be the capillary force due to nematiaers sized sphere and a flat surface is mediated by a liquid
condensation in a thin layer of an otherwise isotropic liquidcrystal film with thickness that is small compared to the di-
crystal. As a consequence of condensation, a capillary bridgemeter of the sphere. The experiments indicate that capillary
is formed between the two surfaces, which pulls them tocondensation occurs gradually, starting in the region of the
gether. smallest thickness and then in other areas. As surfaces are
Additional evidence for the interpretation of the observednot perfect, a certain degree of randomness is expected in
force as a capillary condensation is given by the temperatureonditions for the local capillary condensation. This is
dependence of the distandg,,. It is presented for 5CB and clearly proved by the existence of irregular steps in the force-
8CB in Fig. 4. It can be seen from Fig. 4 that the relationversus-separation ploté~ig. 3). We therefore propose a
between the inverse af.,, andT— Ty, is almost linear. This model structure, where the surface of the spherical particle is
is in agreement with the predictions by KelJia. His equa- approximated by several conical areas whose cross sections
tion for the capillary condensation explains the dependenci any plane containing the axis of symmetry are polygons of
of the pore size, where a capillary condensation occurs, oN equally long line segmentésee Ref.[9]). The volume
the partial pressure of water vapor. With some assumptiongetween the flat surface and the sphere is divided into a large
the equation can be rewritten for the case of a nematic liquichumber of concentric regions as shown in Fig. 5, and capil-
crystal [5], 1/d¢a,=(hn/2y cOS®)(AT/Ty;), wherey is the  lary condensation occurs when local conditions for the tran-
interfacial tension between the nematic and isotropic phasesitions are satisfied. Each region has the shape of a cylindri-
respectively® is the contact angle between both phases ortal shell and the top and bottom surfaces of the cylinder are
the third(solid) phase AT is the shift of the phase transition parallel to each other. This turns out to be a good approxi-
temperature, antly is the enthalpy of the isotropic-nematic mation for those regions that are close to the axis of symme-
phase transition. The contact angle describes the affinity dfy. The cylindrical shells are filled with a liquid crystal film,
the substrate for each of the phases and is 0 if the surface ghich is oriented by homeotropic surface boundary condi-
completely wet by the nematic phase andif the surface tions. The height of the regioh,,, increases with increasing
prefers isotropic phase over nematic phase. Since enthalpiéistance from the axis of symmetry #5= \/Rz—rn2+ d.
of the isotropic-nematic phase transition in 5CB and 8CB arg{ereR is the radius of the spherical surfackis the separa-
well known (1.56<10° Jm~ 2 and 2.3% 10° Jm 3 [24,25),  tion between the flat surface and the sphere, whergas
the slope of the line irﬁdgalp,(T—TN,)] is directly related to  =R/2[sinnp—sin(h—1)¢] is the distance between the cen-
the interfacial tension between the isotroémalog to the tral part of then region and the axis of symmetry. Angle

A. Description of model structure
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FIG. 5. Liquid crystal, which is filling the gap between the N

spherical and flat surfaces, is divided into a series of shells; each of

them having a form of a thin liquid crystal film. The cross section of  FIG. 6. A thin nematic film is confined between two large par-

the model structure is presented together with paramegexsdh,. allel plates immersed in an isotropic liquid crystal. The anchoring of
molecules on surfaces is homeotropic, which induces a spatially

equals 360° divided by the number of polygdsBy choos-  uniform director field i) perpendicular to the surface.

ing N=72, ¢ has a suitable value of 5° and the length of

each polygon line equals 440 nm. Jin?, ¢=5.02<10° J/n?, L;=3x10 2 J/m, T*=312.5 K
As shown in the study of liquid crystal properties in thin [28], and surface coupling parameters setGe-1x10 3
planar liquid crystal filmg4,8], the interaction decreases ap- Jin?, Q.=0.3 are presented below.
proximately exponentially with increasing surfaces separa- (a). Stable and metastable phasgsthe vicinity of Ty, ,
tion at temperatures above the nematic capillary condensgy g different order parameter profiles minimize the free en-
tion. F_or a typicql nematic _quuid crystal, the correspondingergy functional. One of the profiles correspondsSte0 and
nematic correlation length is of the order of 10 nm at tem-qecribes the isotropic phase with a partial, surface-induced
peratures very close to the phase transition. Therefore, Onléfrder, whereas the other one, havig 0.3, corresponds to
those regions of model structuf®ig. 5) that are close to the  {ha nematic phase. The lower value of the free energy defines
symmetry axes are expected to have a significant contribus gi5pje phasevhereas the other phaserigtastable How-
tion to the interaction mediated by the liquid crystal. In ourgyer 4t the phase transition, both phases, the nematic as well
calculations regions 1 to 9 are taken into account. as the partially ordered isotropic phase, “cost” the same
amount of free energy. Since the appearance of the stable and
metastable phases plays an important role in the explanation
The theoretical study, which comments the experimentallyof our experiment, we illustrate this phenomenon in Fig. 7.
observed structural forces presented in the experimental seThe spatial dependence of the order paramgt&j, which
tion, is based on a mean-field calculation published in Refcorresponds to the nematic phase, is shown in K. Fig-
[8]. Here we only make a brief description of the modelure 7b) presents order parameter profiles describing the par-
structure and present the most important conclusions. tially condensed isotropic phase. To determine stability and
A thin nematic film, which is a building block of our metastability of order parameter profiles in Fig$a)7and
model structure, is confined between two parallel plates im7(b), Fig. 7(c) depicts the free energy of the liquid crystal
mersed in the isotropic phase of a nematic liquid crystal agilm per unit area for profiles shown in Figs(ay and 7b).
shown schematically in Fig. 6. We assume that surfaces in- (b). Structural forces Surface-induced orientational or-
duce homeotropic anchoring, i.e., a perpendicular orientatiodering aboveTy, mediates forces between surfaces, which
of the molecules with respect to the surface. Homeotropiavere first studied theoretically by Poniewierski and Sluckin
anchoring and the simple geometry of the system make thgs]. As the origin of these forces is in the structure of the
director field perpendicular to the surface everywhere in theonfined liquid, these are traditionally called “structural
film. The ordering of the liquid crystal in the film can there- forces” [1]. Here we summarize relevant details of our in-
fore be reasonably described by a scalar order pararfeter vestigation published in Ref8].
which varies in the direction perpendicular to the pldias Structural forces are calculated by differentiating free en-
ordinatex). ergy of the system with respect to the separation between the
The minimization of the Landau free energy functional surfaces. Since in thin nematic films with parallel boundaries
yields a differential equation for the scalar order parameteforces are always perpendicular to the substrates, their direc-
(for details see Ref[8]). Its solution, the order parameter tion can be sufficiently described with their signs. The nega-
profile S(x), decreases approximately exponentially with thetive values of the force correspond to an attraction, while the
distance from the surface. The basic propertieS©f) for  positive values indicate a repulsion.
the following values of material constants, which describe To illustrate how the film thickness influences the magni-
8CB-like materialsa=0.18<10° J/n? K, b=-2.3x10° tude of the structural force, mediated by the liquid crystal,

1. Properties of thin nematic films at temperatures abovg, T
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0.3 = 0.3 -
0.25 0.25 K
02 1 02 FIG. 7. Profiles of the scalar
% 0.15 - . % 0.15 order parameteB in a thin nem-
01k _ 01 atic film. Temperatures: Ty,
005 | | 0.05 +0.12 K, Ty+0.14 K, Ty
o . . 1 ( . 0 +0.16 K, Ty +0.18 K, Ty +0.2
0 16 2 30 40 50 60 K, Ty+0.22 K, Ty +0.24 K,

Tni+0.26 K, Ty, +0.28 K (from
top to botton). (a) Order param-
() (b) eter profiles that describe the nem-
atic phase.(b) Order parameter
profiles corresponding to the iso-
N tropic phase.(c) Free energy of
h the liquid crystal per unit arek

1 for profiles shown in(a) and (b);
nematic phasefull line, isotropic
phase~dashed line. Dots identify
0 L temperature values used ifa)

0.1 0.120.140.16 0.18 0.2 0.22 0.24 0.26 0.28 0.3 and (b).
T — Tn1 [K]

(©)

z [10™°m)] z [107%m)

we show in Fig. 8 force per surface area as a function of filmllary condensate is separation independent and equals

thickness for three different temperatureBy,+0.28 K,  1.8x10° Nm™2. The fact that structural force due to capil-

Tani+0.3 K, andTy,+0.32 K. lary condensation is independent of separation indicates that
In Fig. 8a one can see that for thick filmsd( it is exclusively a volume effect. This can be easily under-

>100 nm) there is practically no structural force, which in- stood, as the free energy density difference between the nem-

dicates that the liquid crystal can only be found in the iso-atic and isotropic phases is proportional to the confined vol-

tropic phase. As the film thickness is reduced below the critiume of liquid crystal.

cal thickness §<95 nm), the system can be found in a In Fig. 8b) the occurrence of the stable and metastable

metastable, capillary condensed nematic phase as well. Thighases and the possible values of force, depending on tem-

results in two different force plots, stable isotrogiall line)  perature, are shown. As the temperature is increased, the so-

and metastable and capillary condensed nem@tashed calledcritical film thickness, above which the system can be

line). For even thinner filmsd<47 nm), the isotropic phase found in the isotropic phase only and therefore no force can

becomes metastable; whereas the capillary condensed nebe detected, decreases with temperature. As the temperature

atic phase becomes stable. This is the point of phase transs raised fromTy,;+0.28 K to Ty, +0.32 K, the film thick-

tion. Below this value of film thickness, again two different ness is reduced from 92 to 45 nm.

values of force can be observed, one being metastable and

close to zerdisotropic phase marked with dashed Jirsand

the other one stable and of the order of 10> Nm™~2 (nem-

atic phase marked with full lineFor the particular selection In this section we will show how to calculate the capillary

of liquid crystal parameters, the attractive force due to capforce mediated by the liquid crystal film between a flat sur-

2. Structural force mediated by a series of thin liquid
crystal films

0 0r
& & : i p
'E 05 - | ‘E -0.5
Z Z ; H
™ e -1r : : 7
2 -1r 12 P
3 3 - '
woLsr LRI st — 1
10 20 30 40 50 60 70 80 90 100 10 20 30 40 50 60 70 80 90 100
d [107°m] d [107°m]

(a) (b)

FIG. 8. Structural force per unit area as a function of separation between the (dafes. Ty, + 0.28 K, structural force corresponding
to stable solution is marked by a full line and metastable by a dashedbingalues of force corresponding to the nematic ph@sable or
metastablgfor three different temperature$=Ty,+0.28 K (full line), T=Ty,+0.3 K (dashed ling T=Ty,+0.32 K (dash-dotted ling
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gg ] stant surface charge approximatiit® [30],
02t e .
3 U — Fe=pF+(1—p)F°P. (1)
= 0 7
s o5l 1 The two approximate solutiong°® and P, on the other
&% o3l i hand, are derived within the so called Derjaguin approxima-
-g-g I | tion and yield[29]
_0.6 1 1 1 i . 1
2 exp(—d/\p)
0 10 20 30 _940 50 60 70 Fee= ST Ry o o2 p( D , @)
d [10~°m] €€, 1—exp(—d/\p)
FIG. 9. Force between the flat surface and the sphere mediateghd
by liquid crystal as a function of separation between the surfdces
(full line) and electrostatic repulsion as a function df(dashed . R ) exp(—d/\p)
line). The temperature of liquid crystal is set @, +0.27 K, F p:277'6607\—D‘1’0m- ©)

whereas parameters, which determine the electrostatic repulsion,

are equal top=0.13, \p=52 nm, ¥, =0.211 V, §=2.2x10"° e \p is the Debye length, whereak, and § are the
Asir. surface potential and surface charge density, respectively. Pa-
rametere is the dielectric constant of nematic liquid crystal

face and a sphere. The force is obtained as a sum of contring s taken to be 1MB1]. Ris the radius of the sphere add
butions corresponding to regions 1 to 9 presented in Fig. 55 the surface separation.

The contribution of each particular shell depends on the \we would like to stress that expressiof® and (3) are
force per surface area, as well as on the volume of each celjerived for two spherical surfaces in the limig <R, while
The volume of the ce_II increases with increasing distancgn our experimental setup only one of the surfaces is curved
from the symmetry axis, whereas the force per surface ar@ghereas the other one is flat. However, our additional ap-
decreases with increasing distance from the symmetry axi$roximation can be justified by taking into account that, in
as shown in Fig. 8. We would like to stress that completelyy,, cased<R as well as\p <R, which makes both surfaces
different values of orientational order and the resulting forcegjat in comparison to the film thickness.
in the neighboring liquid Crystz_il shells can be understood in  The electrostatic repulsion is illustrated in Fig(dashed
the context of structural domains. _ line) with parameterp, Ap, ¥,, and & equal to 0.13, 52

In the experiment a small temperature gradient was obﬁm, 0.211 V, and 2:210 5 Asm 2, respectively. As one
served in the liquid crystal filling the volume t_)etween the flatcan see, the electrostatic force decays approximately expo-
surface and the sphere. The temperature difference betwegRnially with increasing film thickness. For this particular
the part of liquid crystal located at the symmetry axis of thegg|ection of parameters it has the same magnitude as the
system and that which is a few micrometers away was of th‘ﬁquid crystal attraction which is also shown in Fig. 9.
order of 0.01 K. This temperature gradient was also included " \yhen describing interactions that are mediated by the lig-
in our model by simply setting the temperature in each paryiq crystal confined between a flat surface and a sphere, one
ticular shell to the appropriate value. . should also mention the direct van der Waals interaction be-

In Fig. 9 we illustrate how force mediated by a thin nem-,een the sphere and the substrate and pseudo-Casimir fluc-
atic film (full line) depends on surface separation. The teMyation force. As shown in the theoretical study of interac-
perature of the liquid crystal is set @, +0.27 K. As one  ions between particles immersed in an isotropic liquid
can see, the capillary force is _nearly constant for low surfac%rystm [9], van der Waals interaction in the case of nearly
separationd<40 nm, and vanishes ét=60 nm. We would  refractive index matching conditions only presents a minor
like to stress that the discontinuities in the force profile,cqrrection to the electrostatic and liquid crystal mediated in-
which appear at 40, 50, 56, and 60 nm, are due to the smalraction. The estimates of pseudo-Casimir force show that

liquid crystal film was described by a larger number of con-pared to mean field forces.

centric shells, the force curve would be smoother as well.

C. Comparison of theoretical prediction
B. Electrostatic repulsion with experimental data

Surfaces of particles, which are immersed in liquid crys- Following the theoretical approach presented above, we
tal, may become charged due to surface adsorption or disse¥ill now explain the basic properties of the experimentally
ciation of ions[1,29]. As shown in our recent experimental determined force mediated by a partially ordered liquid crys-
study [23], the resulting electrostatic interaction is an ap-tal film. We consider a sum of the liquid crystal mediated
proximately exponentially decaying repulsion with the char-structural force described in Sec. Il A2 and electrostatic
acteristic length of the order of 50 nm. repulsion, Sec. Il B.

Here we consider the electrostatic repulsion as a superpo- (a). Hysteresis loopWe first concentrate on two different
sition of two approximate solutions of the Poisson-values of force that can be observed for a particular selection
Boltzmann equation, constant surface potersEi&? and con-  of film thickness and temperature. The force profile obtained
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FIG. 10. Experimentally determined forddoty compared to
the theoretical predictiofdiamond$. Top, sphere was approaching
flat surface; bottom, retraction of the sphefe=40.956 °C. Param-
eters for theoretical predictioq=0.13,A\p=52 nm,¥,=0.21V,
6=2.2x10"° Asn?.
by approaching the surfaces is definitely different from that
obtained by separating the surfaces. In Fig. 10 we show ex- :
perimentally obtained forcédoty as a function of surface B 4 ;
separation compared to the theoretical predicti@ha- ; poé
monds. The latter is a sum of liquid crystal mediated attrac- N4 ‘:"
tion and electrostatic repulsion, which are both presented in o
Fig. 9. The upper curve in Fig. 10 shows the force during the 20 50 100 150 200

approach of the surfaces, whereas the lower curve describes
the reverse situation. The two curves together form a kind of
a hysteresis loopwhich can be explained in terms of the  F|G. 11. Experimentally determined for¢eircles compared to
stable and metastable phases introduced in Figs. 7 and 8 @oretical prediction(diamond$ at different temperaturesT
follows. If the surface separatiahis of the order of 100 nm =41.26°C, 41.173°C, 41.1°C, 41.063°C, 41.051°C, 40.98°C,
or more, liquid crystal mediated attraction is negligible com-40.956 °C, 40.942 °Gfrom top to bottom. All force curves are
pared to the electrostatic repulsion. When the surface Sepgbtained during increasing surface separation. Parameters determin-
ration is reduced, liquid crystal remains in the stable isotroind the e'EthOStatiESintefaCtion ane=0.13, A\p=52 nm, ¥,
pic phase even though its ordering could also be changed 5021V, 6=2.2x10 Asnf.
the metastable nematic phased s reduced even further, it (b) Temperature dependend@ F|g 11 we show how
reaches the point of phase transition where the nematic phas@ongly is the interaction, mediated by the liquid crystal,
becomes stable and isotropic metastablg)( At this point, influenced by the temperature. The eight force plots experi-
the nematic phase capillary condenses for separdtibatis  mentally determined at different temperatures could be very
smaller thand,; and the liquid crystal ordering is changed well fitted to the theoretical predictions, using a single set of
from metastable isotropic to stable nematic phase. This reparameters and only changing the temperature from 40.9°C
sults in a discontinuous appearance of an attractive force dugp to 41.3°C. The force profiles were obtained during in-
to liquid crystal condensation. In Fig. 10 this transition ap-creasing surface separation.
pears ad~95 nm. The force plot corresponding to the highest temperature
If, on the other hand, the initial surface separation is41.26 °C (top curve is repulsive in the whole interval of
small, the liquid crystal is in the stable nematic phase. Whemeparations. The theoretical fit reveals that at this tempera-
separatiord is increased beyond,,, the liquid crystal still  ture the liquid crystal mediated attraction is negligible in
remains in the metastable nematic phase, until the nematmomparison with electrostatic repulsion. As the temperature
phase disappears. As a result, the force between the surfadssreduced for 0.087 Kcurve 2, the contribution of the
remains attractive also at larger surface separations, whetiguid crystal becomes important at surface separations
there is no force, if we initially start from the isotropic phase.smaller than 20 nm. A further reduction of temperature ex-

d [107°m|
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pands the influence of liquid crystal to larger and larger sepaforces over extraordinary large surface separations of several
rations. At the lowest temperature of our interest, 40.942 °Chundreds of nanometers, when the liquid crystal was close to

it is dominating for surface separatiodsup to 180 nm. the isotropic-nematic bulk phase transition. The measured
force profiles were analyzed within the Landau—de Gennes

approach, where also the surface charging was considered.

IV. CONCLUSION We find a very good quantitative agreement between the ex-
. _periment and theory, which is also reflected in the fact that a

In this paper we have presented results of our atomigjngle set of parameters is needed to describe the measured
force microscope experiments, where a capillary condensdorces in the temperature range of observation. Equally im-
tion of a nematic liquid crystal was induced by precisely portant, the analysis of our force experiments clearly shows
controlling the separation between the confining surfaceshat the Landau—de Gennes theory of structural forces in
We have detected an onset of strong capillary attractiveematic liquid crystals is valid down to the nanoscale level.
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