PHYSICAL REVIEW E VOLUME 57, NUMBER 2 FEBRUARY 1998

Polar ordering of smectic liquid crystals within the interfacial region
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(Received 16 July 1997

The triblock organosiloxane liquid crystalline (dentamethyl-disiloxanyh-pentyloxy)-4’-cyanodiphenyl,
which forms a smecti§S, phase in the bulk, was investigated at the air-water interface. Imaging null ellip-
sometry was employed for visualization of morphology and thickness determination. The surface pressure-area
(7-A) isotherm exhibits several plateaus, each corresponding to the formation of an interdigitated bilayer. The
system is ideally suited for assessment of the influence of the interface on the order and structure of the smectic
bulk phase. By further compression all subsequently formed bilayers are of identical thickness and the value
matches the layer spacing of tl$g phase. Despite these apparent similarities, deviations between bulk and
interfacial regions were revealed by optical second-harmonic generation. In contrast to the bulk, the first and
second bilayers contain an excess of dipoles as well as molecules with tilt. The transition region between the
bulk and interface is composed of at least two bilayers. The findings were further verified by surface potential
measurement$S1063-651X98)13002-7

PACS numbss): 61.30—v

I. INTRODUCTION molecular arrangement the dipole contribution to the SHG
signal vanishes and thus the SHG signal is only made up of
Liquid crystals are fluid systems that respond to slightits weak quadrupole contribution.
changes in applied external forcgl|. This feature makes Deposited on glasi3] or water[9], the very same liquid
them attractive for many applications, e.g., in displays. Incrystal forms initially a monolayer with tilt. The SHG analy-
this respect, one important, but still not completely underis for a thick film (100 um) turned out to be fairly com-
stood process, is the way in which liquid crystals are anplex since the quadrupole contribution of the bulk phase has
chored to an interface and how this interfacial order effectso be separated from the dipole contribution of the mono-
the volume phasf2]. The presence of a transiti¢imterface-  layer. The quadrupole contribution to the polarizability is
bulk) region seems to be a common feature of nematic liquichbout a factor of 1000 weaker than the dipole contribution,
crystals and is confirmed by a great body of experimentabut it scales with the number of molecules. As a result, both
evidence. However, smectic liquid crystélayer structures  can be of the same order. Due to a phase shift letween
seem to lack this featurdS]. Our present contribution fo- poth contributions, the observed SHG signal of a thick film is
cuses in particular on this aspect. weaker than the monolayer signal. Ultrathin layers of 8CB at
Among the established surface analytical tools, seconcthe air-water interface have been investigated by Xual.
harmonic generatiodSHG) is ideally suited to retrieve in- [10]. They observed a strong decrease in the SHG signal
formation on the orientation of the interfacial region as wellduring the formation of the first bilayer on top of the mono-
as identification of its symmetri4,5]. Many liquid crystals  |ayer. These findings were also explained in terms of a quad-
possess conjugated systems with a high second-order hy- rupole contribution of the bilayer. This interpretation appears
perpolarizability3. When oriented they contribute to strong to be puzzling since a simple estimation reveals that both
SHG signals and data analysis is drastically simplified sincghould be orders of magnitude apart.
the molecular hyperpolarizability tensor is usually dominated The difference in the structure of a freely suspended film
by a single componeng,,,in the direction of ther system.  and one deposited on a glass slide or formed at the air-water
SHG was used to determine the orientation of the liquid-interface can be understood. With the latter the polar head
crystal 4 n-alkyl-4-cyanobiphenyl in the interfacial regions group is preferentially attached to the polar substrate and as a
and these findings were correlated with the orientational orresult an oriented monolayer with tilt is formed. According
der of the bulk[6]. Freely suspended films of the smectic to the data available, all bilayers of 8CB in the vicinity of the
phaseS, of 4'n-octyl-4-cyanobipheny(8CB) were also in- interface possess properties similar to the volume phase. In
vestigated by SHJ7]. The SHG signal versus the layer this contribution these findings are assessed; instead of 8CB
numberN could be approximated by a straight line througha related compound is used that forms during compression
the origin and no deviations for small layer numbers wereseveral stable multilayers at the air-water interface. This sys-
observed. Therefore, it could be concluded that a freely susem is one of the smectic liquid crystals that form stable
pended film consists of layers identical in structure to thosenultilayers at the air-water interface before a transition to a
in the S, bulk phase where an interdigitated bilayer with anthree-dimensional phasgl1,12. In addition, the system
antiparallel molecular arrangement was identified. Due to thghows only a little hysteresis. The thickness, orientation,
symmetry, and morphology in the arrangement is retrieved
from in situ SHG and imaging null ellipsometry measure-
* Author to whom correspondence should be addressed. Electroniments[13]. These techniques allow a step by step investiga-
address: motschma@mpikg.fta-berlin.de tion of the influence of the interface. Complications in data
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FIG. 1. Chemical structure of the triblock organosiloxane smec-
togen  4¢pentamethyl-disiloxanyi-pentyloxy-4-cyanodiphenyl
used in this study.
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Il. EXPERIMENT
FIG. 2. 7-A isotherm (circles of the liquid-crystal 5AB to-
_ R gether with the synchronously measured SHG signal. #4% iso-
The chemical structure of the amphiphilic liquid-crystal therm exhibits several plateaus. The triangles refer popalariza-
4-(pentamethyl-disiloxanyf-pentyloxy) -4’ -cyanodiphenyl  tion of the incident fundamental beam, whereas the squares refer to
(5AB) used in this study is given in Fig. 1. The synthesis andans polarization; both were recorded at a fixed analyzer setting of
purification of the material is described [i4]. The most p polarization.
important structural elements afi¢ the mesogenic unit con-
sisting of biphenyl{ii) the cyano group that anchors it at the ppysik Instrumenteequipped with optical encoders. The po-
air-water interface and ensures in addition a high hyperporization of the reflected SHG light can be analyzed by
Ia_lrlzablhty, and(_m_) the S|on_ar_1_e block that prowdeg Sl,_lf'fl- means of a Glan-Thomson pris@xtinction ratio 106, Typ
cient hydrophobicity and flexibility to prevent crystallization. k g5 Steeg & Reuter
The peak of the UV-visible absorption band is at 307 nm; Imaging null ellipsometry was carried out using a setup

A. Materials

SHG was performed off resonance. described in detail if15]. The procedure used for data
' analysis is described ifl6]. All optical characterizations
B. Langmuir layer were performedn situ.

Monolayer film formations were carried out from the pure
water subphase with no deliberately added sol(tBi-Q ). . RESULTS AND DISCUSSION
The films were prepared on a commercial Langmuir trough . . A
o : The 7-A isotherm of the system is presented in Fig. 2
purchased from R&K GmbH. The liquid crystal was dis- together with the SHG data as measured in reflection. The

solved in chioroform. squares represent SHG measurements with jpolarization
al ch o of the incident fundamental beam, whereas the triangles refer
C. Optical characterization to a p polarization; both were recorded at a fixed analyzer

Second-harmonic generation experiments were carriedetting ofp polarization. The system exhibits some unusual
out in reflection mode at a fixed angle of incidence of 53°.features. Ther-A isotherm possesses several plateaus. Each
The fundamental X=1064 nm of an active-passive mode corresponds to the coexistence of two phases, which does not
locked Nd:YAG laserPY-61, Continuum, where YAG de- reflect a collapse of the system, as might be concluded from
notes yttrium aluminum garnetvith a pulse width ofr=35  apparent similarities with other systefis]. Careful sample
ps and a repetition rate of 12.5 Hz was used as a light sourcereparation allows the formation of even five bilayers.

The beam diameter was adjusted by a telescope to 1.5 mm. Brewster angle microscop{BAM) has been used else-
All spurious SHG signals created by the optical componentsvhere[18] for visualization of the morphology of the same
were removed by a visible cutoff filte(RG630, Schojt liquid-crystal system as investigated here. BAM images re-
placed just in front of the sample. The frequency-doubledvealed the formation of circular domains. At the end of a
light generated at the interface was separated from the furplateau a homogeneous layer is again formed. The thickness
damental by an IR-cutoff filtefBG39, Schottin conjunction  of each phase was identified with the aid of x-ray reflectom-
with a narrow-band interference filtés32 BP, Instruments etry[19] and thus a formation of a bilayer on top of a mono-
S.A) and subsequently detected by a photomultipliedayer was verified. Here imaging null ellipsomefd3] was
(C83068, Burle with a quantum efficiency of 15%. The sig- used and both visualization of the morphology and a simul-
nal was amplifiedV5D, Fa. Seefelder Meatechnind pro-  taneous thickness determination could be performed. The lat-
cessed by a 500-MHz, 2-GSa/s digitizing oscilloscdd®  eral resolution is of the order of micrometers as compared to
54522 A, Hewlett-PackajdAll vital elements of the experi- centimeters with x rays. The accuracy in the thickness deter-
ment are computer controlled. In order to eliminate experi-mination turned out to be comparable. The advantage of this
mental errors due to fluctuations in laser pulse intensity, théechnique is that the optical measurements are fast, nonde-
SHG signal of a quartz crystal was used as a reference. Thaructive, and do not require expensive instrumentation.
plane of polarization of the incident beam can be rotated by A null ellipsometric image of the morphology is presented
a Glan laser polarizefextinction ratio 10° (PGL, Halle] in Fig. 3. The image was recorded in the second plateau of
and a low-order quartz half wave platdX=0.001, RLQ the 7-A isotherm. The morphology in all the two-phase re-
Halle) mounted in motor driven rotary stagél-445.21, gions is quite similar; domains are of circular shape and do
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perpolarizabilitiesB of all molecules. This can also be ex-
pressed in terms of their number dendityand their corre-
sponding orientational averagg) as denoted by the angular
brackets. The macroscopic susceptibility teng& is de-
fined in the laboratory frame of referencgJ,K) as given

by the plane of incidence and the hyperpolarizabilityis
defined in the molecular frame of referendegj(k). Both
third-rank tensors can be transformed using a Euler transfor-
mation[21]

Biak=Uii(&,0,0) Bij U3 (¢, 0,p) Ui (6,0,4), (2

with U=R:R,R, and theR; describing the subsequent rota-
tion around three axes,b,c:

cosy sinyg O

R(y)=| —sinyg cosy O],
FIG. 3. Visualization of the morphology with the aid of imaging 0 0 1
null ellipsometry. The image presented was recorded in the second .
plateau of ther-A isotherm, but similar features are observed in all cos¢ sing O
two-phase regions. All domains do not exhibit any internal structure Ry(¢)=| —sing cos¢ 0];
and require the same setting of the polarization optics for a com- 0 0 1

plete cancellation of the reflected light. The contrast of all images
can be inverted with the compensator setting. The null setting of all )
domains can be described by a uniaxial layer model assuming a cosf 0 -—sing

bilayer of thickness of 1.7 of the molecular length and extraordinary R,(6)= 0 1 0 ) (3
and ordinary refractive indices of, =1.52 andn;=1.46, respec-

tively. sind 0 cosé

. . ﬁvaluation of these equations is a tedious procedure involv-
not possess any internal structure on the mesoscopic leng

scale. All domains require the very same extinction setting of 9 lengthy expressions relating the individual tensor com-

. A . ponents. The explicit calculation can be found22] or can
}230‘::)'2{ I%r?(telol? ﬁ?t:r? dmtr?édig:]?r:gpﬁvfhae Ci?n”;plieg;:cfébe conveniently generated with the aid of algebraic computer
9 9 math packagege.g.,MATHEMATICA, Wolfram Research

inverted with the compensator setting. The presence of only From our experimental arrangement these equations are

two phases is thus verified. The null setting can be mOdeIegigniﬁcantly simplified. The chromophore used in this study

using a Fresnel algorithm and a uniaxial layer model. TheIs dominated by itsB, ,, component with its value being or-

null setting of all domains can be described by a bilayer of %ers of maanitude areater than anv other element of the ten-
thickness of 1.7 of the molecular length and by the use of the 9 9 y

valuesn, =1.52 andn=1.46 for the extraordinary and the sor._'!'hus thep tensor can be treated as a scalar quantity. In
; R . addition, the number of independent tensor elements is fur-
ordinary refractive index, respectively. All subsequently

. ; ther reduced by the symmetry in the arrangement of the mol-
formed bilayers are of the same thickness. The value matCh%scules In our experiment@. . symmetry with an isotropic
the layer spacing of the smectic phase where an interdigi=_." = P v SY y P

tated bilayer was identifief18]. The driving force for this azw_ngthal distribution of the molecules is observed. The re-
. . ) . . maining tensor elements are
structure is the dipole-dipole interaction of the molecules

through their cyano end groups. The first monolayer cannot X22=Np,,4cos ),
be described by the same set of parameters and possesses (4)
different properties. Xxxz— Xxzx= Xzxx— Xyyz— Xzyy— 1/2NB;,4cos 0 sir? 0).

The above observations are in good agreement {8ih

where it is claimed that the transition region of a smecticThus a SHG analysis allows the determination of the number
liquid crystal, in contrast to a nematic crystal, comprises onlydensity and the orientation of the chromophore.

the first monolayer. Despite apparent similarities between The isotherm can be divided into four parts as indicated in
bulk and interfacial region there are striking deviations asFig. 2. Each part exhibits strikingly different features in the
revealed by SHG. SHG is determined by the dipole contri-SHG experiment. Strong fluctuations in the SHG signal are
bution and measures the components of the macroscopic susbserved in region I. The surface of the sample is not homo-
ceptibility tensor x(?), which is related to the molecular geneously covered by a gaseous phase. Instead, patches of
guantities by the oriented gas mod20]: liquid crystal are floating on the surface and move in and out
of the laser spot driven by convection. The size and distribu-
tion of the patches are dependent on the preparation condi-
tions. The SHG signal becomes stable as soon as an onset in
the surface pressurer is recorded and a homogeneous

It states that the susceptibility® is the sum of the hy- monolayer is formedregion Il). Monolayer compression is

x<2>=% B=N(B). 1)
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accompanied by a strong increase in the SHG intensity for
selected polarization setting”(p=p) (triangles in Fig. 2
and|?“(s=p) (squares The ratio between these quantities
is dependent on the prevailing orientational order within the
Langmuir film and changes significantly with compression.
These findings cannot be explained in terms of the number
densityN and differs from the constant tilt angle for an 8CB
monolayer during compression as reported28]. Hence it
has to be explained in terms of changes in tilt.

The most accurate determination of the tilt angle can be
achieved by a continuous rotation of the plane of polarization

SHG Signal (a.u.)

—_
I

P of the incident beam at fixed settings of the analy&er 270
With the aid of Maxwell's equations a relation between the (degrees)
intgnsitylz“’ and|“ can be derived. For an analyzer setting

at p the following equation holds: 90

120=D|(A co$P+C sir’P)x'2+ B coPx 22l (w)?,
(5

—
I

with
A=[F,(2w)Fy(w)— ZFX(Zw)Fz(w)]Fx(w)C052 a,

SHG Signal (a.u.)

—_
:

B=F,(20)F2(w)sir? a,

C=F,(20)F(w),

270
(degrees)

3/2
D=4<@) w? tarf @,

€
0 FIG. 4. SHG intensity 2 plotted in a polar diagram as a func-

whereP is the angle denoting the polarization of the funda-tion of the plane of polarizatiorP of the fundamental beam.
mental with respect to the plane of incidenaeis the angle ~ Squares represent the measured SHG data and the solid line refers
of incidence,u is the permeability constant, is the per- toa fit according to Eqs@ and(6). (3 An anglyzer settlng- oA
mittivity constant, andF; is the Fresnel factor as derived by —S- (P) The corresponding data together with the best fit for an
the boundary conditions at the interfaces. The value is detef"2YZ6r setting g polarization. The measurement was performed
mined by the dielectric function of the individual layer and In the monolayer region at a surface pressureref10 m/m.

the angle of incidence.. The corresponding equation for an

analyzer setting as reads second-harmonic light witls polarization fors or p polar-
ization of the fundamental is in agreement with an isotropic
120=DF7(20)F}(0)F(w)sirf(2P)|x{5)% (20). azimuthal distribution of the molecules. Figuréo#shows

(6)  the corresponding data together with the best fit for an ana-
- ) lyzer setting atp polarization. Based on these data and the
The unknown_susceptlblll'_ty components are the fit paramI’;)lllgorithm d%sgr)ibped, the orientation within region Il of the
eters. Alternatively, the orientation of the molecule can also_"x icotherm can be retrieved. The result is plotted in Fig. 5.
b.e determmeq by two subsequent megsurements .Of 'Fhe inte fonolayer compression is accompanied by a significant
sity of SHG light for s "?md P polarizations of the incident change in the tilt angle of about 8°. A tilt angle of 0° refers
beam. This procedure is faster and was used to record syg; 5, organization of the molecule parallel to the surface

chronously the orientation during compression: normal
3 PP Region Il of the v-A isotherm corresponds to the first
—<CO o) _ Xazz_ i +£ A/ 1"“(P=p) 7 coexistence region of a bilayer and monolayer. Surprisingly,
(cos@sir? 6) Xzxx 2B 2B V |2¢(p=g) the bilayer formation is accompanied by a significant de-

crease in the recorded SHG intensity. The arrangement of the
The correct sigri+ or —) in Eq. (8) can be determined by an molecules lead to a partial cancellation of the SHG light. In
additional intensity measurement at a different polarizer seteur experimental arrangement SHG is mainly generated by
ting. the dipole contribution of the nonlinear polarization. Higher-
Figure 4 shows a representative measurement of the SH6rder terms of the polarization wave such as quadrupole con-
intensityl > at a surface pressure of=10 mN/m. The polar tributions can be neglected. Experimental evidence of this
diagram shows the SHG intensity® as a function of the was provided in24]. In that paper the SHG intensity of a
plane of polarizationP of the fundamental beam. The monolayer was measured and compared to the SHG signal
squares represent the SHG data as measured and the sotitorded on samples where further molecules from the gas
line refers to a fit according to Eqé6) and (7). Figure 4a8)  phase have been deposited onto the monolayer. Due to the
corresponds to an analyzer settingfofs. The absence of preparation process, no preferential absolute orientdtipn
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4|O SIO ™ 6IO " 7|0 FIG. 6. Schematic representation of the microscopic polar or-
° dering within the layers.

Area per molecule (Az) d y
estimated subject to certain simplifying assumptions. Intro-

FIG. 5. Tilt angle as a function of the area per molecule. Mono'ducing the same dielectric functianfor monolayer and bi-
layer compression is accompanied by a significant change in the

o~
orientational order. A tilt angle of 0° refers to an upright organiza-12Yer 1““(s=p) reads

tion parallel to the surface normal ®
| ono= AlXEd 21 (@)%, ®
or down of the deposited molecules is observed. The experi- 120= Al x2(M2)— x2(M1)|2l (w)2 (9)

ment detected the first decrease in SHG once the number of
deposited molecules exceeded those within the monolayer by The phase difference between both SHG contributions
a factor of 10. exdik(Ryon— Rb)] can be neglected since the geometrical
Therefore, our experimental data can only be explainejistance Ryyono— Ry) is much smaller than the wavelength.
by dipole contributions within the layer system. Two possi-assuming further the same tilt angle for excess dipoles as
bilities that give rise to this are structural changes in thegpserved in the bilayer, one obtains a ratio of excess dipoles

monolayer due to bilayer formation and a SHG signal with as4inting opposite to the monolayer dipoles:
phase shift ofr with respect to the monolayer contribution
\Y I M1

generated by the interdigitated bilayer. The first can be ruled
out by a great body of experimental evidence. The features ON=| 1— ——| Npon= 0.-44N0no- (10
observed in the SHG experiment would require a reduction Vimz

of the number of moleculedl within the monolayer by a The same feature holds in region IV of the isotherm, but is
factor of 2. Such a dramatic change should also be reflected 9 : ]
: : S . - much less pronounced. Hence the influence of the interface
in the surface tension, which is mainly governed by the first . g
) . comprises two bilayers.
monolayer at the air-water interface. Furthermore, the elec- . . L R
The microscopic polar ordering is illustrated in Fig. 6.

tron density of the uncovered monolayer matches the Valugince our interpretation contradicts that of Xeeal. [10]

of a monolayer covered with a bilayer according to *18Y\ e performed, in addition, surface potential measurements to
measurementgl9]. Also changes in the orientational order P ' . ’ \Cé p

o : . rovide further experimental evidence. The measured surface
within the monolayer fail to describe the measurement. An>P

change in the orientational order is reflected in the ratio oPOt‘?”t'f"‘.' is plotted tpgether with the-A |so_the_rm inFig. 7.
st AN 2w h A ; ; . . A significant drop in the surface potential is observed in
1““(p=p)/1°“(s=p) according to Eq(8). This ratio varies

. : . region Il of the isotherm. Detailed and systematic studies
only sllgohtly (frc())m 0.36 to O.58corre.spond|ryg. totiltangles on4 giscussions will be given elsewhere. At this stage we
from 54° to 61°, respectively, and is insufficient to account

for the observed experimental features. It would lead only to
a drop in SHG by a factor of 0.92 as calculated by use of 0.60 . . ;

Eqgs.(7) and(6). Therefore the experimental observation can- "(’3 M, M 120
not be described by a monolayer contribution. 0.551 m 16E
Instead, it is evident that the interdigitated bilayer con- _ | & Z
tains an excess of dipoles. The decrease in the signal require % 0-50¢ [ ‘ 12§
a phase shift ofr, which is produced by an upside down £ 45| [ IV| 1°¢
orientation of the excess dipoles with respect to the one ir 3§ Lo a
the monolayer. Since, in addition, the nonlinear signats T 040} L 18 §
decrease for both polarizer settingsand p, the dipoles in T ‘ 3
the monolayer possess, in addition, a tilt. In the case where £ 0.35f | 14 =
the first bilayer would match the organization of the smectic 0.30 | f . . 2 0
S, bulk phase §=0), all components of the susceptibility 0 20 40 60 ¢
tensor despite,,, vanish, as is evident from Eg5). As a Area per molecule (A?)
result, the SHG signal**(s=p) would be independent of
the area per molecule as can be readily seen from('Hqg. FIG. 7. Surface potentidSP (squaresand -A isotherm(tri-

The excess of molecules pointing to the monolayer can bangles. A significant decrease in the SP is observed in region Ill.
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only estimate the excess of dipoles in the bilayer pointing

1811

NEP— NEWN 0. 34N oo (14)

opposite to the monolayer dipoles. The surface potential of

the incompressible monolayére., at pointM1; see Fig. ¥
containingN ,on0 With dipoles pointing down reads, 81,

AV ong~530 mV. (11)

The surface potential of the three-layer filfne., at point

being in good agreement with the SHG data.

IV. CONCLUSION

A smectogen 5AB anchored at the air-water interface has
been investigated. The-A isotherm possesses a variety of
plateaus that correspond to the formation of a bilayer on top
of the preformed multilayer. The bilayer gradually adopts the

M2, see Fig. Ythat consist of a bilayer on top of the mono- structure of the smecti§, bulk phase and hence this ar-

layer reads

AVy= AV one+ AVpi=350 mV. (12)

rangement allows an assessment of the influence of the in-
terface on the molecular organization in the bulk. Second-
harmonic generation was able to reveal, in contrast to the
results of surface potential measurements with §C8, a
significant change in tilt angle with compression. Further-

Thus the excess of dipoles pointing up within the bilayer ismore, in analogy to nematic liquid crystals, a transition re-
related to the observed drop in the surface potential accordjion between the interfacial layer and the volume phase has

ing to

Npi— Ngiown: AVy, 13
AVmOnO,

Nmono

which gives

been found for smectic liquid crystals. The first and second
interdigitated bilayers exhibit significant deviations from the
volume phase. They contain an excess of dipoles with an
orientation opposite to those in the monolayer. The number
of excess dipoles is about 40% of the monolayer dipoles. In
contrast to the bulk, there are also tilted molecules in the
bilayer.
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