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X-ray reflectivity study of layering transitions and the internal multilayer structure of films
of three-block organosiloxane amphiphilic smectic liquid crystals at the air-water interface
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The structure and layering transitions of ultrathin films of thg5<4entamethyldisiloxypentoyy
4'-cyanobiphenyl smectic liquid crystal AB) at the air-water interface has been studied by x-ray reflectivity.
By adjusting the molecular area in a Langmuir trough the reversible, layer-by-layer growth starting from a
single monolayer was controlled and analyzed. The films consist of a monolayer in direct contact with the
aqueous subphase and bilayers on top of it. The thickness of the monatay2r&) suggests a molecular tilt
of about 58°. The bilayers are about 36 A thick, which is approximately the thickness of the bulk siectic
phase. Hence, the molecules are presumably in the same interdigitated arrangement of the aromatic cores as in
the bulk. A careful analysis of the reflectivity data further indicates a slightly different molecular ordering in
the successive bilayers. The interfacial contrast was optionally enhanced, via salt addition, in order to increase
the information content and the reliability of the analysis. In these cases ion depletion layers between the bulk
subphase and the film were detected. The aromatic parts of the monolayer are found to be partially immersed
in water. The bilayer structure itself is not influenced significantly by the addition of ions.
[S1063-651%97)12507-1

PACS numbg(s): 64.70.Md, 68.65tg, 61.10.Kw

[. INTRODUCTION salt concentrationdetailed structural studies and interesting
comparisons with bulk systems are possible, which then en-
The influence of the interactions between a surface and aables the determination of the influence of the air-film inter-
adjacent liquid-crystalline monolayer or multilayer film is of face and water-film interface, respectively, on the film struc-
great interest from a fundamental research as well as from tre.
technological point of viewWl]. The molecular ordering and Previous studies on pressure-induced layering transitions
orientation within the bulk can be induced by the surfacehave used molecules with weakly hydrophilic grolps|
through the anchoring of the molecules at the interfaceand alkylated liquid crystal molecules. Multilayers have also
which depends on the nature of the substrate and the intebeen observed and investigated using molecules containing
faces of the filn{2]. This effect is of major importance in the cyano groupg5-9]. For these compounds thermodynamics
construction of liquid crystal display devices. Although aand reversibility were difficult to control since the bulk ma-
large research effort has been directed to the design of alignierial tended to crystallize. The smectic liquid crystdlr 4
ment surfaces that are able to control the molecular orientai-octyl-4-cyanobiphenyl(8CB) has been most intensively
tion, the molecular mechanism of bulk phase anchoring to atudied by using surface balance measurements, ellipsometry
surface is still not well understood. This is mainly due to theand optical second-harmonic generati@HG) [5,6], Brew-
poor reproducibility and nonuniformity of the alignment, be- ster angle microscop}7,8], and surface potential measure-
cause typically the substrate surfaces are not well defihed ments[9]. Yet for 8CB crystallization also occurs for films
It is highly desirable to use a smooth unstructured subeontaining more than three lay€is].
strate with a defined and reproducible variability of the Recently[10] we studied, with film balance measure-
chemical potential. This can be achieved by preparing liquidnents and Brewster angle microscopy, the surface pressure
crystals as insoluble monolayers and multilayers at the airinduced layering transition of three-block amphiphilic smec-
water interface. A strategy for this is to use smectic liquidtic liquid crystals at the air-water interface. SHG and surface
crystals with polar groups which weakly anchor them at thepotential measurements on films of these smectic liquid crys-
water surface. By film compression multilayers with discretetals are currently being performed and will soon be published
layer numbers can be formed successively. With fine tuning11]. Compared to all others studied, hitherto, these smectic
of interfacial interactionge.qg., via variation of the substrate liquid crystals are better suited for the study of layering tran-
sitions due to reversibility and a remarkable film stability.
Whereas many x-ray reflection studies on smectic layer-
* Author for correspondence. Electronic address: ing on solid substrates and free standing films of liquid crys-
elhaj@mpikg.fta.berlin.de tals can be found in the literatufd2—-19, so far no x-ray

1063-651X/97/562)/18449)/$10.00 56 1844 © 1997 The American Physical Society



56 X-RAY REFLECTIVITY STUDY OF LAYERING. .. 1845

TABLE I. Molecular structure of BB. Electron number and density of the aromatic, paraffinic, and siloxane parts. The lower value of
psi is estimated using the density of hexamethyldisiloxatve Q.764 g/cn? [Aldrich catalod) which is in a liquid state, and the higher one
using the additivity of the molar volume of the different molecular parts in the smectic(giti from Ref[20]).

Molecular structure CH; CHs
of 5AB L. L.
=C O—CHz-CHz-CHz'CHz-CH2-§|-O—§|—CH3

CH; CH;

Electron number and N.=101 Ne=40 N.=81

densities of the pa=0.40 e/ pp=0.30 e/A? psi=0.26-0.30 /&

molecular parts

Molecular volume, total Vsap=690 A3

electron number, and the New =222 and(psap)=0.32 el

average electron density

of 5AB

reflection studies have been published where the layeringurves were found. The specular x-ray scattering was per-
transition could be induced by varying the lateral density offormed with a homemade/6 setup described elsewhere
a water-insoluble liquid crystal. A particularly interesting [21] (Mainz x-ray reflectometet) =40 kV, | =55 mA, and
question is the propagation of layer ordering perpendicular ta.=1.54 A; the system acts as a two-circle diffractometer
the layer normal. In the following we present data from x-raywith unusual geometry. Both the x-ray tube and detector are
reflectivity investigations on the successive multilayer for-attached to a geniometer, which can be moved vertically by a
mation and details about the internal structure of films oflifting jack. In this geometry detector and source are rotated
these smectic liquid crystals at the air-water interface. in opposite directions with the same anglg The data are
It will be shown that x-ray reflection provides a sensitive background corrected.
measurement of the electron density perpendicular to the lay- Specular reflection of x-rays provides information on the
ers, including information on different interfaces. LarQe  electron-density variationscattering-density-length varia-
values up to 0.65 A have been attainable, which allowed tion) perpendicular to the surface with A resolution. For x
direct information on the molecular scale. Since the liquidrays with a wavelength of=1.54 A, the index of refraction
crystal film exhibits an electron density very close to that ofdepends only on the electron densitand various constants
water we can increase the information content and the reli¢r is the classical electron radius2.8x 10 ° m)
ability of the analysis by varying the subphase electron den-
sity via salt addition. We can show that the structure of the o
bilayer section of the film is not affected by this type of n=1—=—p\Z2 (D)
contrast variation and we derive microscopic information on 2m
the successive layers and on the order evolving within the
layers. The reflectivity may be seen as the Fresnel reflectiRityof
an infinitely sharp interface modulated by interference ef-
Il. EXPERIMENT AND ANALYSIS fects from the thin ;urface Iayer. The refr%ctive index of
layer and substrate is only slightly less=10°) than 1.
The investigated liquid-crystalline material 5ABsee  Therefore, dynamic effects.e., multiple scatteringor beam
Table ), with high performance liquid chromatography refraction contribute significantly to the reflectivi®only at
(HPLC) purity, is in a fluid smecti®Ay phase at room tem- small angles of incidence. Above about two critical angles
perature and has a smectic-isotropic liquid phase transition ahe reflectivity can be described by the kinematic approxima-
about 50.3 °C20]. The layer spacing of the bulk material tion [22,23
(36.4 A) is between onel&22.6 A and two molecular
lengths. The molecules are arranged within the layers with a R 1 _
partial overlapping with a certain head-to-head association of —= —2—J f p'(2)e'9z%dz
the molecules through their cyano dipo[@€)]. Re P
The monolayers were spread from chloroform solutions
(1 mM) on pure water and on concentrated salt solutionsvhere pg,, is the electron density of the bulk phase
(3.4M KCI or 4M NaCl). All x-ray reflectivity measure- [ psdwaten=p,,=0.33 e /A® and py,, (salt aqueous solu-
ments were performed at 20 °C. The films were stable duringjon) =p.,=0.38 € /A3]; p’(Z) is the gradient of the elec-
the reflectivity measurements which took from 2 to 15 h. Atron density along the surface norm@l; is the wave vector
closed He atmosphere was used to avoid water evaporatiotransfer normal to the interface. Due to the loss of the phase
pollution, and background scattering. All experiments wereinformation in conventional x-ray reflectivity experiments
repeated at least once with the same or newly preparetthe data analysis is generally based on finding proper
monolayers. No significantly differences in the reflectivity electron-density functions whose reflectivity properties retro-
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spectively best match the observed reflectivity data. To ob T T T T T 1
tain the optimum interfacial electron-density variations we
used two different strategies. s

(i) The layer is subdivided into slab&'box model™)
[24,25. Each box is parameterized by a length and an elec ®
tron density. The transition between adjacent boxes ig
smoothed. Proper smearing parameters describe this interf?gﬁ
cial roughness. The parameters are determined by a leas*
squares method. Box models are convenient because thi *
can easily be applied to EQR) and individual boxes may be
identified with certain structural properties of the lay@&rg.,
representing aliphatic chains, headgroups,).eféor more
complex electron-density profiles however, many boxes ari ° 0
necessary to suitably describe the experimental data. This
necessitates the determination of more adjustable parametersg|G. 1. #-A isotherms at the air-wateopen circles and air-
than one can unambiguously deduce from the reflectivityym NaCl aqueous solutioifilled circles interfaces for 5AB at
data and various sets of parameters may result in the san®@ °C. The sharp breaks of the isotherm slopes, followed by hori-
electron-density profile within the experimental errorszontal parts at molecular areds,, M,, and M, correspond to
[21,24]. successive multilayer formatigrsee[10] for detaild. The arrows

(i) The electron-density profile is determined with aindicate points corresponding to x-ray reflectivity measuremits
method which, to some extent, can be considered model ifA=50+0.5 A? for the monolayerA=13=0.5 A? for three layer
dependenf27]. From the experimentally observed reflectiv- (3L), A=7.8+0.5 A? for five layer (8), A=5.2-0.5 A? for
ity curve the corresponding profile correlation function isSeven laye(“7 L"), andA=4.5x0.5 A” for nine layer(“9L").
estimated via indirect Fourier transformation. For this profile
correlation function the matching scattering-length density B. X-ray reflectivity of the monolayer
profile is then derived by square-root deconvolution. Both

the correlation function and the density profile are expressed For comparison all reflectl_vny measurements frqm mono-
in terms of a linear combination of a set of suitable basidayers were performed at a fixed area of about 5., at

functions[28]. The coefficients of the linear combination are the same packing density in the monolayer on pure water and
determined by least-squares techniques. The indirect deriv@n the salt solution. With the pure water subphase the mono-
tion of the scattering-length density via its profile correlationlayer was hardly visible to the x rays. This is probably be-
function has some advantages. The number of basis fungause the average electron density of the 5AB molecule
tions, and thus, that of free parameters, can be optimizetD.32 /A%, see Table)lis nearly equal to that of wat€®.33
(minimized by a smoothness criterion for the correlation e/A%). This problem is alleviated with the concentrated salt
function and, in most cases, ropriori assumptions on the solution subphases. In both cag8sAM KCI or 4M NaCl)
shape of the electron-density profile have to be made. the subphase electron density is increased to 0.38
Our interpretation of the reflectivity data was considerede/A3. Figure 2a) shows the x-ray reflectivity curve of the
satisfactory when the scattering density profiles resultingnonolayer on the NaCl subphase.
from the two different modeling processes were equivalent. The monolayer thickness can be determined from the
minimum in the reflectivity curve[see Fig. 2a)] to

5k

IIl. EXPERIMENTAL RESULTS dme=12.1+2.0 A according tdQ,,i,= 7/d. A careful analy-
sis of the reflectivity data of the monolayer on the salt solu-
A. Isotherms tion indicated that there is an additional layer between the

Figure 1 presents the pressure area isotherms on the watlab representing the water-free monolayer with and the
surface and on the concentrated aqueous NaCl solution. Ipulk solution. This probably corresponds to a layer of re-
both cases one observes pronounced slope changes corfieiced electrolyte content compared to the bulk electrolyte
sponding to successive multilayer formatigd0]. The concentration, which was already mentioned above in the
changes occur at identical molecular areas indicating equaliscussion of the plateau pressure shift due to the bulk elec-
molecular densities in the corresponding multilayers. It istrolyte concentration. Indeed, both the model independent
interesting however, that the pressure of the first platea@nd the box model analysis signal this narrofe=6=+4 A)
(starting atM ;) is affected by the nature of the subphase. Weadditional slab of decreased electron densify=0.35
believe that this increased plateau pressure in the case of teéd®) which corresponds to an electrolyte concentration of
concentrated salt solution subphase is related to a deficien€ys=2M [see Fig. v)]. The reflectivity data fits are signifi-
of electrolytes in the interfacial region between subphase andantly worse without the assumption of the deficiency layer.
layer whose existence will be demonstrated with the x-ray The consistency of the fit was checked by comparing the
experiments. This deficiency is probably caused by the reaumber of electrons per molecule expected from the chemi-
pulsion of the ions from the surface by electrostatic imagecal formula Ny =222) with that calculated from the fit
forces. More systematic studies and details concerning thparameters. It is found that the number of electrons per mo-
effect of salt and also sugar concentration on the liquid crystecular area in the top bodN;= 190+ 50) agrees reasonably
tal substrate interactions will be given and discussed in avell with that of the entire molecule. Thus it is assumed that
separate paper. the molecules are found predominantly in the top slab. Its
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FIG. 2. (a) X-ray reflectivity of the 5AB monolayer on M . )
NaCl aqueous solution. Circles represent the experimental data. The FIG- 3. X-ray reflectivity of 5AB multilayers on pure water
solid line represents the best spline fib) The corresponding oM 3L film (&), 5L film (b), and “7L" film (c). The filled circles

electron-density profile. The inset represents a schematic view dEPresents the experimental data and the opened circles the best
the monolayer on the agueous salt solution. spline fits. Solid lines represent the best fits using the box model.

The corresponding parameters are listed in Table II.

thickness (,,=12.1+2.0 A) is smaller than the length of a . . .
stretched moleculé22.6 A). This indicates that the mol- proves th(—? establishment of the smectic ordering upon lateral
compression.

I re tilted. Assumin rodlike molecule, w n esti-— . . .
ecules are tilted. Assuming a rodiike molecule, we can est (i) Next to the “Bragg peak” a few interference maxima

mate a it angle of¢=58x7° according to§=arccos and minima are observed. These “Kiessig” fringes are due
(12.1/22.6). This tilt agrees with the value determined byto the interference at the film-subphase and the film-air in-

SHG (#=56=3° at 50 A?) at the air-water interfacgl1]. It s : ;

terfaces. Their width is roughly inversely proportional to the
also matches the value found for monolayers transferred a . : . X ;

overall multilayer film thickness. For thel5film the inter-

about 48 A/molecule from the pure water to the silicon ; -
o . . ference pattern is more narrow than for the f8m, indicat-
substrate (50° Ref.10]). This supports our earlier assump- . . ) . .
ing an increase of film thickness. As expected, the narrowing

tion that there is no significant change in the tilt angle duringOf the interference pattern continues for 7 and “9 L”
the transfer. The same result is obtained for the monolayeﬁIms P

on the KCl solution. Comparison of the B films (respectively, & films) on

the water and salt solution shows, first, that the minima are
shifted to lowerQ values with the aqueous salt solutions.

Figures 3 and 5 show the x-ray reflectivity data for theThis indicates that the films are thicker in the presence of
multilayers (indicated by the arrows in Fig.)lat the air- salt. It shows, second, that the position of the Bragg peak is
water and air-KCl aqueous solution interfaces, respectivelyindependent of the subphase for the same number of layers
Prior to the following detailed analysis, the obtained curveswhich indicates that the structure of the bilayer section of the
deserve some general remarks. film is not affected by the addition of salt.

(i) For all films one observes a “Bragg peak” @=0.15 Figure 3 shows the x-ray reflectivity data for the three-
A~ which is related to the smectic layers. As expected thdayer, five-layer, and “seven-layer” films at the air-water
width of the “Bragg peak” decreases with the film thickness interface together with their corresponding fits. The symbol
since the half width at half maximum should be inversely"7 L” means that the film may not be totally homogeneous.
proportional to the square root of the number of layers. ThisThis is because the jump of the pressure at the transition

C. X-ray reflectivity of multilayers
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FIG. 4. Electron-density profiles of the monolayer and multilay- 00 01 02 03 04 05 06 07

A-1
ers derived from the curves in FiggaRand 3. 1. denominates the Q (A7)
monolayer on the salt solutionL35L, and “7L" label the multi- - .
layers on pure water as the subphase. The dashed lines represent theFIG' 5. Xeray reflectivity of 5AB multilayers on 3M KCI

box model without roughness. The curves are shifted by unity along - coH> solution from(3film (@), 5L film (b), and "9L" film (c).
. 9 L . y untty %he filled circles represent the experimental data and the opened
they axis for a better representation of the layering.

circles the best spline fits. Solid lines represent the best fits using

from 5L to 7L is very small and cannot be resolved experi-the box model. The corresponding parameters are listed in Table II.

mentally (see Fig. L The derived best-fit density profiles
(Fig. 4) prove the formation of well-defined, additional lay- film as two boxes describing the first monolayer and the
ers on top of the monolayer. The average spacing of thed@ilayer on top failed. Therefore, we analyzed the data with
additional layers is about 36 A, nearly equal to that of thePox models accounting for details of the internal structure of
bulk smecticA4 phase(36.4 A) [20]. This confirms our pre- the multilayer films. We proceeded as follows: The 5AB
vious conclusion that successive layers are formed upon
compression at pointd; [10]. The shapes of electron- 12 . . : .
density profiles indicate that the films are complete or at least
almost complete. o= -—-—— - = e~ — —

Figure 5 shows the x-ray reflectivity data fok 35L, and
“9L” films at the air-KCI agueous solution interface with sl B
their corresponding fits. The deduced electron-density pro-
files are shown in Fig. 6. For the upper layébdayers the =
electron-density profiles on water and on salt solutisee &
Fig. 7) are quite similar taking into account the experimental
error. The electron-density profiles of the films on the elec-
trolyte solution show the additional depletion layer, as al-
ready discussed for the monolayers. Both the similarity of
the upper layers for different subphases and the additional
depletion layer for the salt solution confirm the consistency ¢ ”
of our experimental results and data analysis.

All attempts to satisfactorily fit the experimentally mea-  FIG. 6. Electron-density profiles of 5AB multilayers on KCI
sured multilayer reflectivities with simple box models which aqueous solution. The curves are superposed to facilitate compari-
ignored the intramolecular structuge.g., considering thel3  son(see text
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circles. The inset represents a schematic view of thefiin on the FIG. 8. Schematic representation of the structural model of the
aqueous salt solution. film at the air-water interfacela) monolayer,(b) monolayer plus

one overlapped bilayer (3, and (c) monolayer plus two over-
molecule contains three distinct pafsiloxane, paraffin, and lapped bilayers (B). Scattering-length densitigs sublayer thick-
aromatig which are incompatible with each other. Conse-nesses., and roughness are defined for each box. The waxy lines
quently they tend to segregate into three separate Sub|ayer,930resent the diso'rdered paraffin chains, thg elongat.ed ellipses rep-
[20]. Since these parts have different electron densities reser_lt the arom_am_c parts,_ and the nearly C|rcula|_r ellipses represent
Table ), one might identify each section with its own box. the siloxane moieties, which are nearly globular in shape.
This approach, however, yields a larger number of fit param-
eters than can reasonably be derived from the experimentéy.,= o) for the internal boxes are also identical, respec-
data. From the structural model of the bulk smectic layers intively. Thus the & film necessitates 9 fit parameters, the 5
the upper layers, bilayering occurs due to the cyano dipolefiim 10. The validity of an approach with so many param-
dipole interaction of the molecules. The bilayer spacing in-eters may be questioned and will be discussed later. The

d_icates_partial overlapping W!th some head-to-head aSSOCi_%Drresponding fits of thel3and . films on pure water and
tion which causes a diffuse interface between the aromatig,, gqt aqueous solution are also shown in Figs. 3 and 5

and the paraffin sublayefg0,29. Therefore it is reasonable respectively.

to envisage the aromatic and the paraffin parts together as o, sejection of the number and location of the boxes was

one box and the siloxane part as _another sgparate box._Co orroborated by the electron-density profiles based on the
sequently the three-layer and the five-layer films can be fitte

with four-box and six-box models, respectivelgee the pline fits. The fits and resulting density profiles of both fit
model with the definition of the box’ par:fmetersyin Fig. 8 procedures were equivalent within the measurement errors.
All models with a lower number of boxes or a different -dis- All parameters derived for the different film preparations

tribution of the boxes did not describe the experimental datd"® I_|sted in Table II. The roughn_esses of external and inter-
satisfactorily. nal interfaces of a!l flms studied are;=3-4 A and

It should be noted that in the case of the salt solution th&’2=7-8 A, respectivelysee Table Il. The sublayer spac-
first box adjacent to the subphase does not only contain th89s agree with the length and expected packing of the mol-
paraffinic and the aromatic part of the monolayer, but alsgcules(see Sec. 1. Because of the large number of adjust-
the depletion layer of thickness A rigorous analysis would able parameters no attempt is made to fit films thicker than
require a separate box for the depletion layer. In a first apSL with the box model. Nevertheless, since the results were
proach this was, in fact, assumed but it turned out that withirfound to be model independent qualitative conclusions can
the experimental error the electron dengifyis nearly equal be derived for the thicker films using the electron-density
to p,. So the two boxes were merged in order to reduce therofiles obtained from spline fits.
number of free adjustable parameters. Within experimental error the fit parameters for the upper

The number of free-fit parameters could further successboxes are almost the same when the substrate is pure water
fully be decreased by assuming identical sublayer periodicier salt solution. This is in agreement with the position of the
ties (box widthg for the siloxane sublayerkg, and identical “Bragg peak” which did not change with salt addition.
values, L., for the aromatic-paraffinic sublayers, respec-However, the first box in direct contact with the substrate is
tively. In addition, the electron densities of the aromatic-thicker in the presence of the salt due to the presence of the
paraffinic partsp, are assumed to be the same in all boxesinterfacial electrolyte layer. With a derived average electron
However, it was necessary to assume different electron demlensity of 0.36 e/A the electrolyte concentration of the in-
sities for different siloxane sublayers. Also, fitting with only terfacial layer can be determined @;=2 mol, the same
one roughness failed. Acceptable fits were only obtainedalue as found for the monolayers.
when the smearing parameters at the air-film, film-water, and The hitherto presented results and their validity can be
L.1/Ls, interfaces (see Fig. 8 are assumed identical assessed by estimating the number of electrons per unit area
(0= osu= 0s1=01) and all the other smearing parametersfrom the reflectivity data and comparing it to the values ex-
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TABLE II. Scattering-length densitieg(in e/A%), sublayer periodicitiesl( in A) and smearing param-
eters ¢ in A) used in fitting the data of the multilayer films. The parameters are defined in Fig. 8 and
O 4ir= Osui= 0s1= 071, S€€ textNy 1y is the calculated total number of electrons in the film.

— Film Three-layer water Five-layer water — Film Three-layer KCI
! 1
parameters parameters
o, 3.4+0.4 3.3:0.5 o 3.1+0.5
o5 6.4£1.6 5.4:0.9 o 6.2+-1.0
Ps, 0.22+0.03 0.20-0.03 Ps, 0.19+0.03
ps, 0.28+0.02 0.28:0.01 ps, 0.29+0.01
ps, e 0.31+0.01 ps, e
Pa 0.37+0.02 0.35-0.01 pa 0.36+0.01
Ls; 6.7-0.5 6.3t0.5 Lsl 7.7£0.5
Lso 12.6+1.0 13.7#1.0 Ls2 12.5+1.5
Laz 21.4+1.0 22.1-1.0 Las 20.5+1.5
L 4.7+15 4.8-1.5 Ly+o 12.1+1.5
L total 45.4+4.0 82.7-6.0 L total 52.8+5.0
Ne total 585+ 94 1038-116 Ne total 688+ 95
pected from the isotherms and the chemical formula. The IV. DISCUSSION

f electron n Icul follows: . .
average number of electrons can be calculated as follows The results of this report are based on the analysis of

n x-ray reflectivity data. The derivation of the electron-density
Neow= > Nei=> AipiLi, profiles from the reflectivity data is not unambiguous be-
=1 i=1 cause of the loss of the phase information in x-ray reflectiv-
ity. The data are generally analyzed by trial-and-error meth-
with Ne ;= AjpiL; the number of electrons in bax A;, p;,  ods(modeling, i.e., finding a proper set of parameters which
andL; are the corresponding molecular area, electron denpgether with the related basis functions describe best the
sity, and lengthn is the number of boxes used in the fit observed reflectivity behavior. Due to the complicated re-
model. flectivity curves and internal film structure we needed a large
From the isotherms a molecular area/gf,=46 A for  number of free parameters to get acceptable fit resuits. This
the monolayer and a molecular area/y=38 A” for the  calls for some general remarks on the fitting procedure and
upper layerg10] is assumed. Hence, the number of electronjts significance.
sper molecular area in the first bésituated in the mono- (i) The reflectivity curves were fitted by two different
layer part, see Fig.)8of the 3L film as calculated from the methods: the spline function approach, which is to some ex-
reflectivity data is N,=80=30 on pure water and tent model independent, and the box model method. In all
N.=200+30 on the aqueous salt solution. Nearly the sameases both fit procedures yielded virtually the same results.
values are derived for the first box of thé Silm for the (i) The measured reflectivity curves contain many details
respective subphases. The comparison with the expectdd.g., several minimawith only low noise. This enables and
number of electrons calculated from the chemical formulavindicates the determination of detailed electron-density pro-
(Ng=141) indicates that parts of the molecules are im-files with high precision.
mersed in the waterN.= 61+ 30 electronsand thus do not (iii) The variation of the substrate electron density corre-
contribute to the x-ray reflectivity. In the presence of salt thesponding to a contrast variation. Although the subphase elec-
large number of electrons is due to the depletion layer whichron density is varied by merely 15% the impact on the scat-
contributes to the thickness of the first box. tering curves is drastic because the electron densities of all
Since in the fit procedure some constraints are imposetoxes are similar to that of pure wateee, e.g., the structure
especially for the internal boxes, it is unreasonable to indiof the 3L reflectivity curves near 0.1 Al). Thus up to three
vidually deliberate the number of electrons in each box. Onlyindependent measuremerite., on different subphasesf
the total number of electrons may be considered a meaninghe same or almost the same film could be obtained and
ful parameter. Taking into account the observed partial imcompared. Due to these three facts it is justified to assume
mersion of the first monolayer, the derived total numbers othat the derived electron densities are significant and reflect
electrongsee Table Il are in acceptable agreement with the the real film structure.
ones expected from the chemical formula: from the isotherm The total film thickness could be determined with good
the ratio of the number of electrons in the bilayer and theaccuracy. This total film thickness as “seen” by the x rays is
monolayer isNg i/ Ne mo=2.4 (see Ref[10]). Thus the total not necessarily identical with the “real” thickness because
number of electrons expected from the chemical formula aref the partial immersion of the aromatic part of the mono-
Ne st =Ng moT Ne pi=222+2.4X222=755 for the 3 film layer in water. This immersion and the existence of a salt
and Ng s =Ng moT 2Ng pi=(222)+2.4X2Xx222=1288 for  depletion layer can be derived from a comparison of the
the 5L film. results obtained with the subphase contrast variation.
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Our data prove that the multilayer films consist of amethyldisiloxypentoxy, 4'-cyanobiphenyl smectic liquid
monolayer and bilayers on top. The monolayer has a thickerystal at the air-water interface. The reflectivity data were
ness of about 12 Asee Table Il and Fig.(®)]. This corre-  carefully analyzed with two different model procedures to
sponds to an average tilt angle of 58°. The upper bilayergnsure maximum significance of the obtained electron-
posses an average thickness of about 36 A, which is approxitensity profiles. The results confirm the successive and com-
mately the thickness of the bulk smec#ig phasg20]. This  plete formation of multilayers upon film compression as pre-
confirms our previous conclusion that successive and conyicted earlief10]. The thickness of the first monolayer at the
plete layers are formed upon compression at pdiffg10].  ajr-water interface suggests that the molecules are tilted at an

In addition to the total film thickness our x-ray reflectivity angle of about 58°. Part of the aromatic section of the mono-
data provide information about the modulation of the elec-layer is probably immersed in the water subphase and does

tron density and thus about the internal structure of the f”nhot contribute to the monolayer thickness “seen” by the x
along the substrate normal. Acceptable fits were only ob-

) . : rays because of a negligible electron-density difference be-
tained when the roughnesses of the internal interfaces b%— ; . .
. X ween the immersed section and pure water. This could be
tween siloxane and paraffin sublayers{) are larger than revealed via contrast variation of the aqueous subphase. B
those at the top of the filmo,;) and at the paraffin-siloxane d P - BY

interface in the monolayero(y). This may be due to the replacing the pure water by concentrated salt solutions the

different areal cross sections of the different molecular partsleIeCtron density of the subphase was increased significantly.

Hence, in the bilayer section some siloxane parts should b. is found that the bilayer structure is essentially not affected
dissolved in the adjacent paraffin sublayer as it is the case i y this change of the subphase. However, in the case of the

the bulk smectic phasi0]. In the monolayer part, the mo- igh salt concentration one observes a salt depleted layer just
lecular areas can accommodate without partial dissolution

Ql?eneath the monolayer of several A thickness. This depletion
the siloxane parts because the aromatic parts are tilted. At t progabkll C(?l;r‘:'e? by elefcttrr? stat||ct|magerforcers ar;g ﬁad‘? to
air-film interface the interfacial energy is reducing the rough- € observe crease of né plateau pressures € 150-
ness.

therms. The bilayers on top of the monolayer have thick-
The comparison of the top bilayers of different films is nesses comparable to those of the smectic bulk phase sug-
also interesting. Within experimental error the electron dengestlng a_similar molecular packing with partial inter-

I : ; : digitation (head-to-head associationf the aromatic parts.
sities of all these bilayers are the safsee, e.g., Fig. 5 This areful analysis of electron-density profiles further reveals

may suggest that the upper bilayers have the same structur%, . : . ; .
which is probably imposed by the air. Probably the anchor—t at the successive bilayers are slightly different. Bilayers

ing field strength, at the air-film interface, is dominating over"’ldlacent to the monolayers at the film-subphase interface

— : I ; seem to have some transient packing. On the other side, in-
g1nedf[|g8])substrate interfacial interactiotsee also Refq.19] dependently from the total number of bilayers, all top bilay-

Within the same film the top bilayers always have a lowerSrS S€em to have similar structure probably imposed by the

electron density than those underneath. This may indicat8"
some specific order or existence of molecular holes in the togr

bilayer. . . S
There are also indicationgrom careful comparison of with suitable molecules. X-ray reflectivity is an excellent
tool to probe the molecular ordering of such films. It is,

distances between the minima in the electron-density pro

files) that the first bilayer adjacent to the monolayer at thehowever, necessary to very carefully analyze the data and to

air-water interface is slightly thinner than the bulk smecticcrOSS'CheCk the significance by other means, for instance by

period and also than those of the internal bilayers of the thiclgt?glgtsra:}j?{.'gzgr.r?;.thﬁtssur?& h?ﬁshg;;_la:éer teghgqhuaesglgr(])_
films (e.g., from careful comparison of distances between th%{éract'ons I'Il'o obLa'r:gf rthler details on t%e lrjr?o_lett:j Igr or delr-
minima in the electron-density profile of ‘19’ film, see Fig. lons. in 1 : u

6). This might indicate a stronger interdigitation, some mo_ing_in general, and espepially on the indicated transient or-
lecular tilt, or both. The bilayer thinning near the substratedermg’ more careful studies, preferentially by other methods

implies an increase of the molecular afggteral expansion :'er x-ray d|ﬁract|on,dSHG, surfa:czle p_o'gennal (;neasurergents,
of the bilayej. This could be due to the necessity of the spectroscopy, and neutron reflectivity on deteurated com-
molecular area of the upper layers to match that of the ﬁrsPOunds seem advisable. Neyer_theles_s, the presentgd results
monolayer in which the molecular area is largd6 A?) already show the small, yet significant impact of the different

than in the bulk(38 A?). Transient ordering has been ob- interfaces on the molecular ordering.
served in thin fiims of other liquid crystal§31,32 or

Langmuir-Blodgett filmg33]. In the present case the bilayer

thicknesses seem slightly different. However, the resolution

of our reflectivity data is not high enough to unambiguously ACKNOWLEDGMENTS
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