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Atomic force microscope evidence for the existence of smecticlike surface layers
in the isotropic phase of a nematic liquid crystal
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Using a temperature controlled atomic force microscope we have observed presmectic layering in the
isotropic phase of 4-cyano-f-octylbiphenyl (8CB) on silanated glass. The first molecular layer shows a
smecticlike compressibility modulus &=~10" N/m? and is stable more than 20 K beyond the bulk clearing
point. It is followed by a presmectic modulation that increases when cooling towards the isotropic-nematic
transition. In the bulk isotropic phase, the layers cover approximately 70% of the glass surface, indicating a
clusterlike organization.

PACS numbe(s): 61.30.Eb, 61.16.Ch, 68.10.Et

It is well known that the breaking of a continuous trans- The experiments were performed in the isotropic phases
lational symmetry by a flat surface induces stratification andf 8CB on silanated glass surface. Glass subst(@esnelly
oscillations in the translational and orientational order ofPD5005/5088 were thoroughly cleaned in acid, rinsed, and
matter[1]. It is also well known, since the pioneering work coated with a monolayer ofN,N-dimethylN-octadecyl-3-
of Sheng and Miyan¢2], that surfaces may induce signifi- aminopropyltrimethoxysilyl chloride DMOAP), as de-
cant surfaceorientational ordereven in the disordered, iso- scribed elsewhere. This gave an excellent homeotropic align-
tropic phase of liquid crystals. This pretransitional surfaceynent of liquid crystals in the nematic and smectic phases, as
orientational orderwas observed, for example, by optical -ecked with a polarizing microscope on extra samples. In
pirefringence[Z], ellipsometry( 3], second harmonic genera- o experiments, we have used a Nanoscope Il AFM,
tion (SHG [4], ”“C"?"?“ magnetic resonane®IMR) [5] equipped with a double-temperature controlled microstage
x-rays [6], and spemﬂcjheaf?]. Whereas mo.s.t of these [11]. The silane-treated glass was attached to the hot surface
methods cannot discriminate between the positional and ori=

entational ordering of liquid crystal molecules, some of themOf the microstage. The standard$j AFM tips (Park Sci-

observe the structure of the interface in a reciprocal spacgnt'f'f Mt'C:cOIeV%iV;'e%a (L)JfT\j(jlln thz extper_|mie?ts, Vé'th fo:cczeo
and imply fitting of the spectra to the model interface. DirecttOnstants irom 9.1 10 ©. m and a typical tip radius o

space observations of the solid-liquid crystal interface werdM- N other experiments, a glass microsphere coated with
reported using a scanning tunneling microscég&M) [8] DMOAP was attached'to the cantilever, thus measuring the
and surface force apparat(8FA) [9]. Unfortunately, these force between. a flat silanated glasg sgrface anq a silanated
experiments were performed either at ambient temperatur@/@ss sphere, in the presence of a liquid crystal in between.
[8], or at some selected temperatuf@ This has motivated The AFM was used in the so-called force plot mode of
us to perform temperature-controlled atomic force micro-operation, where the piezo scanner of the AFM and the sub-
scope(AFM) experiments. These can be performed in muctstrate perform time-periodic linear movements in the direc-
smaller samples than in standard SFA, have a much smallgion of the AFM tip. The speed of approach is several nm per
time constant and can be performed with a resolution of 1&econd and at the same time, the deflection of the AFM
mK. cantilever is monitored. Figure 1 shows an example of the
Here we present direct structure of the liquid crystal-solidforce-separation plots for the 8CB-DMOAP silanated glass
interface, as observed by measuring the interfacial forcemterfac 8 K above the bulk isotropic-nematic phase transi-
with an atomic force microscope over a large temperaturdion. At large separations, the force on the AFM tip is nearly
interval. We find that the interface of the nematic liquid crys-zero, as can be seen from the far-right part of the graph. At a
tal 4-cyano-4-n-octylbiphenyl(8CB) on a silanated glass is tip-surface separation of 5-10 nm, the cantilever is suddenly
formed of (i) clusters of smectic layers with a smectic am- attracted towards the surfagemp from pointA to B). The
plitude of ¥';~0.3 that do not change significantly with in- attractive force is of the order of I&° N and the tip comes
creasing temperature and are stable more than 20 K above force equilibrium at a distance of 1-2 molecular lengths
the bulk isotropic-nematic phase transitidn,, and (i) away from the surface. After that, the cantilever starts to
weak and strongly temperature dependent presmectic modaempress the material between the tip and the surface, until it
lation, which follows this first molecular layer and decaysreaches poinC, indicated in Fig. 1. Here, the tip suddenly
exponentially into the isotropic bulk. This presmectic modu-penetrates the surface-adsorbed molecular layer and comes
lation is typically observed in a 10 K interval aboVg,. Our  in close contact with the surface, indicated Dy This hap-
experiment is an unambiguous confirmation of what was prepens at a tip-surface separation of typically 2 nm, which is
viously conjectured: the interaction of the first layer of liquid close to the length of a single liquid crystal molecule.
crystalline molecules with a solid boundary is responsible for Let us consider the compression of surface-adsorbed mo-
the aligning action of the solid surfa¢&Q]. lecular layer from poinB to the point of rupturing. For small
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' ' T first molecular layer is in all cases of the order Bt1
oo T X 107(1+0.15) N/nf, which is typical for a smectic liquid
scs T crystal[13]. The continuum approach in the analysis of in-
- \ / 11 dentation of a thin adsorbed layer is justified, if the fluctua-

. tion contributions to the compressibility is small. In view of
- ole . extremely strong thermal stability of the first adsorbed layer,
4 we conclude that it is strongly adsorbed to the surface.
M e ] Hence, the fluctuations are expected to be small and the
mean-field description is legitimate. The constitution of the
] first molecular layer of 8CB on DMOAP silane-treated glass
oo surface is therefore similar to smectic. The same was ob-
. 3’ served in separate experiments on 5CB and MBBA, which
also showed the presence of the first molecular layer with
10 ' 15 ' 20 similar properties. As shown in the inset to Fig. 1, the thick-
Separation [nm] ness of fully compressed first layer depends linearly on the
molecular length, which indicates that the first layer is in-
FIG. 1. Force on the g\, AFM tip, normalized to the tip radius deed formed of strongly adsorbed liquid crystalline mol-
R=20 nm, as a function of separation between the tip and theacules.
DMOAP silanated glass surface in the bulk isotropic phase of 8CB. |n the experiments with a sharp AFM tip, we have also
The solid line is the fit to the Hertz theory with compressibility investigated lateral coverage of silanated glass surface with
modulusE=1.6x 10(1+0.15) N/nf and a small van der Waals smectic layers of 8CB. By performing numerous force-plots
attractive force(Hama_ker constarA=5x 1_0’21 J) between the tip (i.e., 1700 curves in 30 experiments on different sampies
and the glass. The inset shows the thicknassf a fully com- haye observed that typically 70% of the interface is covered
pressed first layer as_ a function of Iength_of fully extepded I'ql_“dwith clusters of smectic layers. As we could not directly
crystal molecule, whlch were also used in the exper!ments, "e'i’mage these clusters, we can only estimate their radius to
?’égyé;nZ’:’C;g’_‘?ﬁgttgcl)t)’('sIgicl);'yl(izce:f;_n_ﬁhﬁi?:n?hﬁﬁgsﬂcéﬁz?henyl 10 nm<R,<100 nm. There are two possible explanations
' ' for this clusterlike adsorption of the ordered phasgmac-
roscopic inhomogeneities of the glass surface, @ngartial
force loads, the thickness of this layer48 nm. By increas- Wetting of silanated glass by the ordered smectic phase in the
ing the force of the AFM tip, the layer compressesst® nm  presence of an isotropic melt. We presume tliats more
and then ruptures at a force load-e60 pN. By performing likely the reason for the appearance of smectic clusters, as
trace-retrace experiments, we have observed that the corfl?e AFM image of glass surface shows irregularities on the
pression of this layer is purely elastic, with no hysteresissame scale as the cluster size. However, one should also keep
indicating plastic deformation. We have also made sure thdft mind the possibilityii) which is well known in the theory
this layer cannot be attributed only to the silane monolayepf growth of solid crystald14]. The observed clusterlike
by performing the same force experiment using hexane ingrowth of smectic layers in the presence of isotropic melt
stead of liquid crystal. At a hexane-DMOAP interface we indicates Wolmer-Weber or island growth mode. This kind
have observed an interfacial force that decayed exponentiall§f growth can appear if the surface free energy of silanated
with separation. The decaying length was typicalg.5 nm,  glasswg,is lower thanw,q+ v, wherew,qis the surface free
and we could not observe any rupturing of the silane-hexanenergy of the adsorbed smectic phase auislthe energy of
layer. This clearly indicates thati) silane molecules are the silanated glass-smectic interface. As silanated surfaces
strongly positionally anchored to the glass and contribute &re indeed low-energy surfaces, this could be a realistic
small, polymer-entropic-like repulsive forcéi) the ruptur- mechanism responsible for the clusterlike structure of liquid
ing is definitely attributed to the surface-adsorbed layer ofrystal interface.
liquid crystalline molecules. We have followed the tempera-  The interfacial forces on the sharp AFM tip are too small
ture stability of this layer deep into the isotropic phase, as ifo detect presmectic surface modulation following the first
can be observed more than 20 K above Tg. In this adsorbed layer, if any is present. We have therefore also
temperature range the layer shows no change of compreseasured the separation dependence of the interfacial forces
ibility modulus or thickness, which is a clear indication of a using a silanated glass sphereRst6.2 um, attached to the
very strong coupling of the first layer of liquid crystalline AFM cantilever. The results are shown in Fig. 2, together
molecules to the substrate. with results for the sharp AFM tip at a temperature 0.05 K
The compression of the first layer of liquid crystal mol- above the bulk nematic-isotropic transition. One can clearly
ecules was analyzed using Hertz theory for the indentation c¥e€ the periodic structural force due to presmectic, surface
a flat surface of a soft material by the Spherica| AFM t|p of induced modulation, which was first discussed by de Gennes
radius R [12]. The depth of indentaton iss [15] and observed in lyotropic liquid crystals by Moreau,
=3/(9F?)/(16RE*?), whereF is the force applied to the Richetti, and Baroig16]. In the Dejaguin approximation,
spherical tip ancE* =E/(1—1?), whereE is the Young's  this structural force i$16]
elastic modulus of the surface layer anis the correspond- 1 s
ing Poisson’s number. The solid line in Fig. 1 shows the fit__ B —co
to the Hertz theory including a small van der Waals attrac 2RI tanti(d—dq)/2¢,]1+ sin (d—dy)/&] 1
tion between the tip and the glass. The elastic modulus of the (D)

F/R [10°N/m]
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FIG. 3. Temperature dependence of the surface smectic ampli-
tude ¢, calculated from the data in Fig. 2. The inset shows the
temperature dependence of the smectic correlation length. Solid line
represents x-ray measurements of Davigowal. [18].

0,00 1 S
T-T,=0.05K a,=3.2(1=0.015) nm. This is in excellent agreement with
bulk values[18] and indicates bilayer presmectic ordering.
We can notice from Fig. 2 that the stiffness of the first
-0,04 T molecular layer is nearlywo orders of magnitude larger
0 10 20 than the stiffness of the second, i.e., pre-smectic layer. The

Separation [nm] first layer is therefore too stiff to be ruptured by a micron

FIG. 2. Normalized structural force as a function of separationSphere‘ As we fmd. from our expenments_, a I|ne_)ar depen-
between a 6.2um silanated glass sphere and flat silanated glas§Ience of the rupturing force on the smectic density, we can
surface in the bulk isotropic phase of 8CBs-T,y=0.05 K. The estimate the smectic order in the first molecular layey{o
data at small separations, shown by circles, are obtained by a shafp0.3, which is similar to the results of Ocko on 12 ¢&.

AFM tip and the scale is here logarithmic. The solid line is the bestWe have also measured the structural force due to the pre-
fit to the Eq.(1) with ¢s=0.04(1=0.05), d,=3.2(1£0.015), and smectic modulation at different temperatures of the bulk iso-
£,=2.9(1=0.15). The compression of the first layer is fitted to the tropic phase of 8CB, which is shown in the inset to Fig. 2.
Hertz theory withE =2.9x 10(1+0.15) N/nfand asmallvander One can clearly see, that the amplitude of the presmectic
Waals attractive force wittA=5X 10721 J. The inset shows se- modulation increases Continuous|y, as we approach the nem-
quence of ipterfacial force profiles at different temperatures in thegtjc phase from above and there is no discrete layer-by-layer
bulk isotropic phase. growth, characteristic for 12 CE]. Finally, we show in Fig.

3 the temperature dependence of the presmectic surface order

parameterny,, together with the smectic correlation length.
Hered, is zero-stress separation without any smectic layer irSurprisingly, the smectic order parameter at the surface in-
between. W = ye'® is the smectic order parametef,mea- Creases rather significantly at the bulk phase transition into
suring the amplitude of modulation, arbl=(27/a,,)u is  the nematic phase, whereas the smectic correlation length
the phase related to layer displacemardnd smectic peri- changes only slightly. This behavior is in fact expected due
odicity ag. [®]=®(d/2)—d(—d/2)=2m(d—nag)/a,, is to the coupling between the nematic a_nd smectic order pa-
the phase difference that gives rise to strain when the dig@meters and due to the fact that in this system the surface

tanced between the surfaces is not an integral multiple offhematic order parameter increases at the trans[t@nOn
e . : . the other hand, the smectic correlation length remains nearly
ag. ps= Y5 is the smectic density at the surfadg.is the

. . . . unaffected when crossing this transition, and seems to be
smectic correlation length and=a(T—T,) is the coeffi- g

X . , . predominantly related to the bulk properties of a liquid crys-
cient of the harmonic term of the Landau expansion, drlvmiﬂ and to a lesser extent to the surface action.

the nematic-smectic-Aransition. The modeling force is in In conclusion, we have observed smectic ordering of
remarkable quantitative agreement with experiments and akematic liquid crystal 8CB at a solid interface, which persists
lows for an unambiguous determination @ff the smectic  deep into the bulk isotropic phase. We have shown that the
order s at the surface(ji) the smectic correlation lengt),  first adsorbed molecular layer is a smectic layer, followed by
(i) the smectic periodicity ag. By taking a=1.3 a weak presmectic modulation that decays exponentially into
X10° JK 'm~3 [17], we obtain from data in Fig. 2 the the isotropic bulk. The amplitude of this presmectic order is
smectic amplitude at the surfagg=0.04(1+0.05), smectic nearly an order of magnitude smaller than the smectic order
correlation length of;=2.9(1+£0.15) nm, zero stress sepa- in the first layer. Equally important, we have observed in our
ration of d,=—0.8(1=0.2) nm and smectic periodicity of AFM experiments that the surface-induced smectic order ap-
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pears in surface clusters that cover approximately 70% of thbelieved and considered. In particular, our observation of the
surface. This clearly shows that the nature of the surfacefirst molecular layer, which is always adsorbed to the solid
induced orientational order of liquid crystals on real surfacesurface, opens new questions relevant for the wetting behav-
is at least in some cases much more complex than previouslgr of liquid crystals and other complex fluids in general.
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