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Résumé. — On a étudié par réflectivité des rayons X les monocouches d’amphiphiles a I'interface
eau-air Cette technique permet une détermination précise et indépendante des épaisseurs (par la
mesure de franges d’égale inclinaison) amnsi que des densités et des rugosités mterfaciales (1l s’agit
d’une mesure absolue) , cect permet de remonter a un profil complet de densité électromque La
rugosité, qui est duc ic1 aux ondes capillaires excitées thermiquement est donc rehiée a la
dynamique de D'interface, quu dépend des constantes élastiques de la monocouche Les
diagrammes de phases des acides gras en C;5, C;; et Cyg amnsi que du phospholipide L-a-DPPC ont
été explorés et une analyse des transitions de phase a été réalisée Du point de vue structural, une
caractéristique générale de cette classe de composés adsorbés a la surface de I'eau est que la
densité du milieu aliphatique est constante dans les phases hiquide et sohde Il s’ensuit que les
courbes pression de surface-épaisseur du film reflétent les courbes pression surface En particulier
la transition liquide-expansé liquide-condensé est révélée par un accroissement brusque de
I’épaisseur du mulieu aliphatique. Les résultats suggérent que cette transition s’accompagne de
changements de conformation des chaines De méme la décroissance de I’aire par molécule dans
la phase liquide-condensé se traduit-elle par une diminution de I'inclinaison des molécules On
montre aussi que la structure de cette phase est indépendante de la température et de la nature du
groupe polaire Une transition vers une multicouche est observée dans le cas des chaines les plus
longues On montre que la dynamique de I'interface est compatible dans les phases hquides avec
un modele simple d’ondes capillaires, sans parameétre ajustable La rugosité du film chute a la
transition vers le solide, ce qui révéle une grande résistance a la courbure Les valeurs élevées du
module de rigidité que l'on obtient (de 'ordre de 100 kg 7) sont sensibles a la longueur des
chaines carbonées et peuvent s’interpréter en fonction d’un modéle simple. La diffusion des
rayons X par les ondes capillaires est détaillée dans le cas d’une interface rigide tel qu’une
monocouche sur ’eau

Abstract. — Monolayers of amphiphilic molecules adsorbed at the air-water interface have been
studied using X-ray reflectivity Thus technique allows an accurate and independent determination
of thicknesses (by the measurement of fringes of equal inclination) as well as densities and
roughnesses (since this 1s an absolute intensity measurement), therefore a complete electron
density profile can be obtained The surface roughness i1s due to thermally excited capillary waves,
and 1s thus related to the dynamics of the interface, which are conditionned by the elastic
constants of the layer The phase diagrams of the C;;, C, and C, fatty acids and of the
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phospholipid L-a-DPPC have been mvestigated using this method, and an analysis of the phase
transitions has been performed. From the structural point of view, a general feature of this class of
compounds adsorbed on water 1s an unchanging aliphatic medium density within the iquid and
sohd phases. If follows that the pressure vs film thickness curves mimic the pressure area curves

In particular evidence for the liquid-expanded to liquid-condensed transition 1s given by an abrupt
increase of the aliphatic medium thickness The data suggest that this transition should involve
conformational changes Furthermore the decrease in molecular area within the hquid condensed
phase 1s revealed by a decreasing molecular tilt angle The structure of this phase 1s also shown to
be independent of the temperature and of the nature of the polar head-group A transition to'a
multilayer structure 1s observed with the longest chain compound We show that the dynamics of
the interface are consistent in the hiquid phases with a simple capillary wave model, with-no
adjustable parameter A strong drop in the roughness at the transition to the solid state reveals
the onset of a ngdity against bending The ligh values of the ngidity modulus obtained (on the
order of 100 k; T) are sensitive to the aliphatic chain length and can be interpreted using a simple
model for the elastic behavior of the solid monolayer The scattering of X-rays by capillary waves
in detailed for a ngid interface such as a monolayer '

Introduction.

Monolayers of amphiphilic molecules adsorbed at the air-water interface have drawn
considerable attention [1-7] and the interest in these systems has been recently renewed by the
development of new non-perturbative techniques of investigation of the surface of liquids
One of the most fascinating aspects exhibited by these two-dimensional systems 1s the great
variety' of phase transitions [4-7] revealed by kinks in the 1sotherms (I1, #), where IT is the
surface pressure (II = ¥y, — ¥ ) and # the molecular area L

'From a gaseous-like state, condensation can occur to the so-called hquid expanded (LE in
the nomenclature of Adam, L, according to that of Harkins) and then to the more condensed
and less compressible liquid-condensed (LC or L)) phase, or directly to the LC phase at
temperatures under that of the triple point T (Fig 1). The question of the order of tlus LE/LC
transition has been most controversial. Mechamisms like reduced cooperavity of the transition
[8] or interactions between domains [9] have been invoked to explain the finite slope of the
1sotherm 1n the coexistence region (which has even been considered as a distinct « inter-
mediate » phase [2]). Pallas and Pethica [10] have shown, however, that one can obtain flat
1sotherms using carefully purified matenials, and 1t 1s now well recognized that this transition 1s
of first order. Further evidence 1s the existence of domains at the transition, which has been
demonstrated using hght scattering [11] (fluorescence microscopy [12] requires the mtroduc-
tion of fluorophores that may modify the properties of the monolayer).

On further compression of long-chain compound monolayers, or at lower temperatures
(increasing the chain length by one alkyl group 1s equivalent to lowering the temperature by
about 6 °C [3]), a variety of condensed phases can be attained Following Harkins [2], these
are referred as hqud condensed (L; and Lj), and solid phases, characterized by their
extremely low compressibility and their stiffness (I.S « superhiqud » [sic], S « solid », and CS
« condensed solid »). The order of the liquid-condensed to solid transition depends on which
of the L,, L}, LS or S phases are implicated. A schematic phase diagram for fatty acids or
esters for example 1s given 1n figure 1 [4-6, 13]. Note that each phase 1s not necessarily
obtained with a given compound (especially with the shorter chan lengths) and that,
conversely, more than one phase of each kind 1s obtainable with a given compound [6].

The properties of such films have been intensively investigated by various techniques
mechanical measurements allow the determination of elastic constants of the monolayers such
as shear moduli [14] and their viscoelastic behavior can be mvestigated by means of light
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Fig 1 — Schematic phase diagram of fatty-acid monolayers according to reference [2, 4-6, 13] ; striped
areas are coexistence regions. Insert © temperature-pressure section

1

scattering experiments [15-17]. The ornentation of the polarisible C-OH bonds has™ been
determined by’ optical second harmonic generation [18] and information about the surface
density of dipoles can be obtained by surface potential measurements [1, 19] More recently,
the morphology of coexisting domains in first-order transitions has been investigated by
fluorescence microscopy [12, 19]. A decisive advance has been the determination of the
n-plane order of condensed films by grazing incidence X-ray diffraction [20-22] Lin ez a/
have recently immvestigated the phase diagram of heneicosanoic acid up to a temperature of
8.5 °C, and characterized 1its different phases [22] This technique 1s complemented by X-ray
[23-25] or neutron [26] reflectivity experiments

For this study we have used X-ray reflectivity which allows the determination of the
electron density profile normal to the surface, 1e. an accurate determination of thicknesses,
of roughnesses and (since this 1s an absolute measurement) of densities. Both the liquid-
expanded to liquird-condensed and hiquid-condensed to solid transitions have been considered
(Either the Adam or the Harkins nomenclature will be used in the following, depending on
which 15 the more appropriate, with no assumption concerning the nature of the phases)
After a presentation of the X-ray reflectivity technique and of the experimental details, a
third part of the paper will be first devoted to the discusion of the structural transformations
of monolayers, and then to their effect on the dynamics of the interface The scattering of X-
rays by capillary waves 1s'examined from their correlation function for a nigid mterface n the
appendix

1. X-ray reflectivity.

11 X:RAY REFLECTIVITY AND THE DETERMINATION OF ELECTRON DENSITY PROFILES. —
For X-ray wavelengths, the refractive index of matter n 1s given by n =1 -8 —i8 The
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imaginary component B is proportional to the hnear absorption coefficient, and & to the
electron density of the material [27] For water and the CuK e« radiation (A = 0 15405 nm)
B =0.0126 x 10~ ¢and 8 = 3.56 x 10~ %. Since the frequency of the electromagnetic radiation
1s much larger than the characteristic atomic transition frequencies of the elements composing
the organic compounds and water (H, C, O,..), the electrons can be considered as free
particles Therefore, the refractive index is determined at a local scale [28] and the accuracy of
the electron density determination only depends upon the resolution of the experiment For
X-ray reflectivity, which consists 1n measuring the intensity of the beam reflected at an
interface as a function of the angle of incidence, the wave-vector transfer q 1s perpendicular to
the surface of the substrate (q = ¢,z, g, = 4 7 sin 8/A, where 6 1s the’ angle of incidence).
Hence, 1n the plane of the interface, the average 1s taken over the area of coherence of the
beam [29] (here typically = 0.5 pm?), and one obtains the mean characteristics of the surface
averaged over distances up to a few tens of pum Along z, one gets very accurate information
about the projected electron density p (z) (at a scale at most = /g, = 0.35 nm since the
larger mncident angle 1s 6,,, =~ 50 mrad) Often one can obtain even more precise determi-
nations by the use of a prior:, generally chemucal, constraints. It is shown 1n the appendix that
even a rough interface 1s adequately described for specular reflectivity by an average electron
density profile {p (z))x‘y

Since the real part of the index 1s less than 1, total external reflection occurs for grazing
angles below a critical angle 8, = V28 (0. = 2 67 mrad for water) For a single ideal diopter
the reflected intensity follows the Fresnel law (Rp(8) =~ (6/2 8,)*; 6 > 6 ). Let us note that,
since rpfry=1+46 2 (where r, and r, are the reflection coefficients for s and p polarizations),
polarization effects may be neglected.

If the angle of incidence 6 1s sufficiently greater than 6 _ and multiple scattering effects may
be neglected, the equivalent of the first Born approximation in quantum theory becomes very
accurate [30] and provides a transparent mean to understand the reflectivity curves. In this
approximation, the reflectivity averaged over the coherence of the beam 1s given by [31, 32]

1 J dz ¢4:7 90 (2) 2> , ey
p

oz
where p, 18 the electron density of the substrate, Rg(g,) 1s the Fresnel reflectivity of the
substrate surface 1.e the reflectivity of a perfect diopter having the bulk density of the
substrate. Equation (1) is subject to two kinds of limitations : Firstly, the Born approximation
requires small scattering cross sections (and thus 1s verified here for 8 =3 6_), secondly, the
density gradients must be small as - compared to the  wavelength
(Vkp)(3p/3z) = (2 w) *2(A/(z®*) = 0 03 for a roughness (z2'* = 0 3 nm).

<R(qz)> = RF(qz)<

5

1.2 X-RAY REFLECTIVITY STUDY OF LANGMUIR FILMS — The shape of the reflectivity curve
(Eq (1)) results from interferences between the beams reflected by the surface and different
interfaces As 1n many simular cases, the present system can be described as composed of
chemically homogeneous layers, and a model can be constructed by considering these layers
as slabs of constant density. Then, one can take into account the roughness of an interface
(the standard deviation of its location z) by smearing this model through a convolution with a
Gaussian function (see the appendix), leading to:
n 2
— ¥ (p,—p,_1)e" e > @
Ps,

where z, 1s the location of the (z — 1/z) interface, p, the electron density of the i-th slab, and
o, the roughness of the (i — 1/1) interface For a hquid interface, this roughness 1s due to

1

~1/2¢20?
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thermally excited capillary waves With a surface tension vy, a bending rigidity K, and a half-
width at half maximum Agq, of the resolution function of the diffractometer along the x-axis,
one obtains (see the appendix) -

kg T
o2=_"2 Log ( Y 2) ~ (vg + Log2) 3
4my K Aq:

where yg 1s Euler’s constant The reflectivity curve, calculated from (2), is fitted to the
experimental data in order to obtain the characteristics of the monolayer Since o .Ag, <1,
convolution with the experimental resolution does not change the results in the present case,
and this has been verified. It should be emphasized that when building such an electron
density model, one must take into account the natural separation.of the amphiphilic
molecules into polar heads and aliphatic chains. An attempt to fit using a single lamina model
fails, leading to a much too broad interference peak. It 1s, nevertheless, generally meaningless
to assign different roughnesses at the air/chain, chain/head and head/water interfaces (the fit
leads to very close results, or non significative variations)

The well defined interference peaks observed with monolayers yield separate information
about the structure of the interface and the roughness. Actually, whereas the roughness
causes a continuous attenuation of the reflected intensity, certain regions of the curve are
highly sensitive to a given parameter of the fit the overall thickness of the amphiphilic
monolayer 1s given by the location of the first destructive interference, whose contrast 1s
mainly determined by the surface density of the polar heads. Furthermore the part of the
curve recorded at grazing angles below thus first intensity minimum 1s related to the density of
the aliphatic chains.

From the complete electron density profile, one can calculate surface excess quantities I”
[33]. As an example, the number of electrons 1n the aliphatic medium per umt surface 1s
I, =p 0. where p_ and {_ are the electron density and the length of the tails determined
experimentally The quantity I enlightens another aspect of the problem : the total amount of
matter 1n a given lamina 1s determined, whereas densities, thicknesses, and roughnesses give
information about the distribution of this matter. The molecular area can easily be obtained
from I',: A& =n /I, where n_, 1s the number of electrons per chain For very thin layers
(= 0.35nm) such as the headgroup region, direct information can be obtained only about I,
but not about p or f.

A last important point to be discussed is that of the analysis of the experimental results
when domains of different phases coexist in the monolayer. For example, it has been
established [11] that, in the LE/LC coexistence region, LC domains of typical size 0.4 mm are
embedded in the LE phase, as expected for a first-order transition [10]. According to Grundy
et al., [34], if this size 1s smaller than the coherence area of the beam (=~ 04 pm x 40 nm ), the
film can be considered as homogeneous Otherwise, the reflectivity 1s the average of that of
the two phases Practically, the difference 1s extremely small 1n all the cases encountered 1n
this work and prevents us from distinguishing between the two possibihities, but justifies our
following simplification treating the film as homogeneous

2. Experimental details.

2.1 REFLECTOMETER FOR LIQUIDS AND LANGMUIR TROUGH. — The diffractometer for
liquuds has been described elsewhere [35] The CuKe, radiation 1s selected using a flat
L1F(200) monochromator and a small divergence shit Sy (50 pm) followed by an antidiffusion
sht S,p (70 pm). The divergence 1s low (0 23 mrad). The intensity of the monochromated
beam 1s monitored by an 1omization chamber I and that of the reflected beam 1s detected by a
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scintillation counter placed behind the analysis sit Sp (A, x A, = 50 pm x 10 mm) The
source-to-sample distance 1s 40 cm, and the sample-to-detector d1stance 30 cm. With those
dimensions, the HWHM of the resolution function 1s Ag, = 1.2.x 10°m™, at = 30 mrad,
along x, and Ag, = 6 8 x 10°m~" along

A reflectivity curve 1s recorded by scanning across the reﬂected beam at each incident angle
to determine the specular reflectivity and the diffuse background Using a conventional X-ray
tube (1 5kW), we can measure reflectivities R(g,) down to 107,

Our Langmuir trough [25], made of Teflon, has been designed to allow grazing incidence
X- ray experiments Most important 1n this case 1s to adjust the surface level , this 1s achreved
by displacement of an auxilhary reservorr to within + 5 pm.

The area 1s fixed by means of a Teflon ribbon whose ends are pinned at two opposite
corners of the trough, thus avoiding losses [3] The surface pressure (measured using a filter-
paper W11he1my balance [36]) can be used to control the area. In order to ‘avold surface
vibrations, the hqud layer was only 3 mm deep and the experiments were carried out
overmght ’

The trough can be temperature controlled to within = 0.2 °C. The system 1s enclosed 1n a

humidity saturated box 2 cm high whose cover can also be heated and 1s mamtamed under a
slow mitrogen flow.

22 CHEMICAL — Ddcosanoic acid (behenic acid) CHy—(CH, ),—COOH, and triacontanoic
acid (melssic acid) CHy—(CH, },—COOH were purchased from Fluka (purisstmum, for gaz
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Fig 2. — Measured 1sotherms of monolayers at the air-water interface , (a) behemic acid T = 23 °C, (b)
melissic acid T = 23°C, (© palmitic aad 7 = 22°C, (d) palmitic acrd T=337C, (e) L-a-DPPC
T =23°C For clarrty each curve has been shifted from the previous by 0 01 nm? In the case of DPPC
the area per one chain has been reported
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chromatography), and used as obtamned Behenic acid was dissolved in chloroform, and
melissic acid in a n-hexane/chloroform/toluen muxture The-i1sotherm recorded at room
temperature (T = 23 °C) for behenic acid goes through the L,, L;, LS and S phases (Fig. 2)
[5] It exhibits a kink at the L;/LS (or hquid condensed to solid) transition

Hexadecanoic acid (palmitic acid) CH;—(CH,),,—COOH allows both the mvestigation of
the LC phase at room temperature and the LE/LC transition at a higher temperature since the
triple pomnt temperature 1s 29 °C [10] This sample (Fluka, purissimum, for gaz chromatog-
raphy, 99.9 % min.) was further purified by slow recrystallization from a hexane solution The
spreading solution was prepared by selecting a monocrystal, as checked by X-ray diffraction,
then dissolved m n-hexane (~ 5 mgml~ ). The n-hexane .used 1n all these ‘procedures was
purlﬁed by slow distillation, and this pomnt appeared to be the most mmportant i order to
obtain the flat LE/LC coexistence regions of figure 2 [10, 11]

The LE, LC and solid phases were studied using L-a-dipalmitoylphosphatidylcholine
(DPPC) at room température L-a-DPPC from Sigma was used as obtamed dissolved in
chloroform.

Each experiment was performed on a fresh subphase (ultra-pure water from a mullipore
system) whose pH = 2 was adjusted using concentrated HCI. Small volumes (10 pl) of the
solution were spread at the surface, and, after evaporation of the solvent and very slow
compression, the system was left to reach equilibrium The X-ray experiments which lasted
~ 12 h long were performed on clearly equilibrated (but metastable, vide infra) layers [36, 37).

i

3. Results and discussion.

A first step when studying monolayers at the air-water interface 1s, of course, to carefully
characterize the bare water surface [24, 38]. The corresponding reflectivity curve (normahzed
to Ry(68)) (Fig 3) has a Gaussian shape, and the roughness is o =~ 0.31 nm + 0 01 nm. (The
error bars are estimated by assuming Poisson statistics for each independent counting process
and according-to the contour Ay 2= x> — x2,, = 1 m the space of parameters for each fit) It

1

R/R

0.4 R L . 1 R 1 . L .
10 20 30 40 50

8 (x 10%)

Fig 3 — Reflectivity curve of the bare water surface (normalized to Fresnel reflectivity) The hne 1s a
fit with, (2> = 031 nm ‘
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should be pointed out that this measured roughness 1s calculable from the coupling mode
model for capillary waves without any adjustable parameter [39] indicating that this model
provides a « good » cut-off for the modes at high wave-vectors (see the appendix).

31 STRUCTURAL CHANGES.

31.1 LE/LC transition — The results concerning the LE/LC phase transiion for
hexadecanoic acid at 7 = 33 °C have been detailed elsewhere (Fig. 4, Tab. I) [25]. It occurs at
a pressure below the spreading pressure and thus 1s an equihbrium phenomenon [36, 37] Let
us recall that the transition is evidenced by an abrupt increase of the aliphatic medium
thickness from 1.42 +0.07nm to 1.68 +0.05nm (Fig. 5), occurring at constant density
(pc=(0.95+003) pyp) Furthermore, the density py, of the polar heads was found to be

124 +0.03 pyp, and therr thickness f, shghtly increased at the transition from

0.33 £ 0.05 nm to 0.40 + 0.04 nm, suggesting a reorientation. This, however, cannot be firmly
established since p,, and £, are correlated. Let us also note that the structural parameters of
the film in the LC phase below the triple point (at 7 = 22 °C) were found to be 1dentical to
those found above the triple point 1n the same phase, even at pressures for which the LE
phase 1s present at T = 33 °C (Fig. 4).

We have also investigated the LE/LC transition of L-a-DPPC, a compound whch offers the
possibility .of an interesting companison with hexadecanoic acid, since the lengths of their
aliphatic chains are identical, whereas their polar head-groups are quite different. This
phosphohpxdlc material allows the study of both the LE/LC and the LC/S transitions at the
same temperature The data are reported in figure 4 and table II. In this case as well, the
chain density remains constant over the LE and LC phases (0.95py,). At the LE/LC

transition, the aliphatic medium thickness increases from 1 5 nm to 1.7 nm, and the density of
the polar heads (which are much more mmportant than in fatty acids) increases from
1 25 pH20 to 1.5 pH20

0.50 : : , , ' _
zo © /A
E 0.45 (a) 1 4% 4
a e §§§
% 0.40 j,i’/i- E/’§ /§
g 0.3s /%,%i/f/j ; t/{/:i:/// ]
1.8 + + it :i ' N i
cob R
= 16} { ]
§ sl T @
L ! J
"30 5 10 15 20 25 30 10 20 30 40 50

surface pressure (mN/m)

Fig 4 — Charactenistics of the hexadecanoic acid film at T = 33 °C (hollow circles) and T =22 °C
(filled circles) (a) surface roughness, the dashed line 1s a fit using equation (3), (b) thickness of the
aliphatic medium L-o-DPPC T = 23 °C: (c) roughness, (d) thickness of the aliphatic medium
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Table Ia. — Parameters of the hexadecanoic acid monolayer at T = 33 °C

H(mN/m) etmla(nm) Starte X 10° Lheads | bheads rheada(nm X 106) (§2>l/2 (nm)
#01) | (£01) [(z01)|(z02) (£02) (o01)
5 143 34 033 44 1.45 0325
9 1 425 35 039 4 32 1.65 035
10 1 425 345 0 325 44 145 0325
11 165 345 033 44 145 033
15 171 35 03 4 45 1.35 035
21 1.7 33 045 445 2 035
22 168 335 0 46 4 45 205 037
25 169 33 039 43 17 038

Table Ib — Parameters of the hexadecanoic acid monolayer at T = 22 °C

TH{(mN/m) | Liasta(nm) | 1aste X 10° | Lheads | Sheads | Theads(nm x 10%) [{¢2)"/? (nm)
(£0.1) (£01) |[(x01){(£02) (£02) (£001)
5 167 33 042 42 175 032
10 169 35 043 44 190 032 .
15 1705 3 45 033 44 145 0335
20 169 34 038 4 35 165 0 345
25 172 345 041 44 180 032

R/Rr

o-' A 1 2 1 "
0 10 20 30 40 S0 60

8 (x 10%)

Fig 5 — Experimental reflectivity curves (normalized to Fresnel reflectivity) for hexadecanoic acid and
best fits. Hollow squares 7T =33°C, II=9mN/m (LE phase) Filled crcles 7T =33°C,
IT = 25 mN/m (LC phase) The shift in the destructive interference at 7 = 33 °C 1s indicative of a thicker
LC film

The exact mechanism of the LE/LC transition remains a questionable subject [40]. It 1s
generally admitted that in two dimensions rigid rods can only undergo one first-order phase
transition, implying that at least one of the Gas/LE or LE/LC transition is to be attributed to
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Table Il — Parameters of the L-a-DPPC monolayer at T = 23°C

ﬂ(mN/m) zluxla(nm) Jtmla X 106 thea.ds Jhcads rh:uda("m X 106) <§2>V2 (nm)
; (£01) (£01) {(£01)|(+04) (x03) - (£001)
10 15 34 05 | 445-| - 225 0325
186 16 34 06 42 250 0345
193 162 34 06 | 47 280 034
22.3 1.75 34 06 | 54 325 039
20 168 34 06 |' 5 ‘ 3 039
37 175 34 06 | 535 320 044
385 17 34 06 | 525 315 039
1 4do3 | .17 | 34 06 | 55 330 041
42 17 34 06 | 56 335 043
41 17 34 06 55 330 04
458 175 34 06 53 320 ' 044

the flexibility of the chains [4, 40, 41]. The present data suggest that such is the case for the
LE/LC transition. Actually, if no conformational changes were to be involved, thermal
motion of the chains as a whole would be responsible for the decrease in entropy at the
transition [40], implying large changes in density, which are not observed. On the contrary,
the increase 1n thickness exactly compensates for the reduction 1 available area under the
constraint of constant density (Fig. 2). Let us note that the loss of conformational freedom
can be balanced by an increase in dispersive-force strengths at nearly constant density since
the film thickness increases.

The data also suggest a reorientation of the polar head-groups at the transition in the case
of hexadecanoic acid Such a molecular reorientation has been observed at this transition by
optical second-harmonic generation [18)], and could arise from chain packing constraints On
the contrary, 1n the case of DPPC (thus determination 1s more accurate since the headgroups
are more developed) no such reorientation 1s observed.

In the LC phase, the structure of the aliphatic medium appears to be independent on the
temperature and on the nature of the polar headgroup, indicating that this phase should be
characterized by a well defined conformation with only few defaults.

Recent molecular dynamics calculations [42] using a reahstic model have furnished a
picture very close to that suggested by the present results 1n the LE phase, each chain has
one or two gauche conformations (decreasing the mean thickness), whereas 1 the LC phase,
the molecules have less conformational defects and are tilted (here of approximately 30° using
a molecular length of 192 nm {43]). An 1dentical concluston has been drawn from a recent
mean-field theory of chain packlng statistics [40]

31.2 Liquid condensed “and solid phase. — The thickness of the aliphatic medium and the
roughness of the interface are reported 1n figure 6 and table III for behenic acid [24] The tail
length increases shightly up to the sohd phase with a more abrupt vanation near the LC
(L;)/S transition Another increase.1n the thickness is observed at I7 = 45 mN/m, and might
correspond to' another phase transition, which has been inferred from symmetry arguments
[7]. The phase at lower pressure should be-the « superliquid » LS phase in the nomenclature
of Harkins [2, 5], and the other one the « solid » S phase. As noticed in reference [21], the
accuracy of the tail length determination 1s Iimited by coupling with the head group medium
thickness, making the determination of very small tit angles (up to = 12°) difficult. In any
case, the tilt angle 1s very low 1n the solid S and LS phases Note also that the chain density
remains almost constant, p. = (095 £003) py,o over both the LC and S phases The density
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Table I1I. — Parameters of the behenic acid monolayer at T = 23°C

H(mN/m) ttmla(nm) 6tmla X 106 eheada éheada rhead;(nm x 106) <§2>1/2 (nm)
(20 15) (£01) [(+0086) |(£03) (£02) (£007)
5.1 235 35 025 5 125 0325
106 © 24 36 025 5 125 ' 035
159 24 34 025 51 130 036
178 245 35 03 51 150 0345
10 255 35 025 51 130 034
201 255 35 025 53 135 0335
206 255 355 025 53 135 032
212 245 3.4 04 52 210 03
268 2'55 325 03 53 160 0315
318 245 33 04 52 210 0335
37 258 355 04 53 210 0365
45 265 36 033 57 190 042

of the polar heads also remains approximately constant p, = 1.5 p g0, whereas their thickness
increases from 0 25 nm to 0.4 nm, suggesting a reorientation ,

The evolution on compression of the melissic acid film 1s simular to that of behenic acid
(Fig. 6, Tab IV). The chain length increases rather smoothly near the transition from
~3+002nm to =~35=x002nm. The chain density shghtly 1ncreases from

=(092+002)pyp mmn the LC phase and remains constant within the sohd phase
¢ = (097 £002) py,0, whereas the density of the 038 = 0.04 nm thick heads increases
continuously from 118 py o to 1.47 py o
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Table IV — Parameters of the triacontanoic acid monolayer at T = 23 °C

n(mN/m) etmla(nm) Stasls X 106 Lheads bheads I‘heada(nm X 106) <§2>1/2 (nm)
(x01) (£01) |(£0086) |(£03) (£02) (£0 015)
4 299 333 039 | 447 175 048
5 297 - 3.27 044 | 427 190 049
5 307 346 0392 | 412 160 0515
10 33 332 038 47 180 053
13 355 353 039 | 485 190 052
15 33 34 038 | 445 170 0475
15 337 345 037 46 170 048
18 345 345 038 | 473 180 048
20 351 351 041 48 200 046
22 328 3.32 04 53 200 047
25 352 34 036 18 175 0475
325 338 327 035 48 170 0535

In both cases, the continuous variations of the film parameters reflect the decrease in
molecular area It appears that the constraint £ = n./p. {  1s mainly filled by an increase in the
film thickness. The results support a reorientation of both the aliphatic chains and polar
headgroups within the LC phase

313 Mulnlayering in melissic acid — The reflectivity curves reported 1n figure 7 have been
recorded at IT = 20 mN/m and 37.5mN/m, in the solid phase The curve recorded at
I = 20 mN/m can easily be fitted using equation (2), with p, = 098 p 0, f.=35 nm,
pn=137pyypo, f,=038nm and o =047nm. Obviously, the curve recorded at
IT = 37 5 mN/m cannot be fitted with such a simple model. The peak at 24 mrad is much
sharper, and 1ts shape is different (see details near 15 mrad and 30 mrad). Actually, one can
give account of these features assuming that a part of the surface 1s covered with more than a
monolayer. Interference patterns are given 1n figure 7¢ for 3, 4 and 21 layers (representing

1.50

1

1.25

o 1.00

R/

0.75

0.50

0.25

8 (x 10

Fig. 7. — Experimental reflectivity curves (normalized to Fresnel reflectivity) for the melissic acid film
The curves were recorded at (a) IT = 20 mN/m, (b) II = 37 S mN/m, the dashed line 1s a fit, and the
solid lmme has been calculated following the ideas of § III 3 (c) calculated reflectivity curves for
multilayers of melissic acid on water full hne 3 layers; dashed hne: 4 layers, msert 21 layers



N2 STRUCTURAL PROPERTIES AND ELASTICITY OF AMPHIPHILICS 161

crystallites) Clearly, an even number of layers (1e. with polar groups on the top of the
stacking) would cause a resulting shape of the reflectivity curve that would be inconsistent
with the experimental data. Moreover, since the particular shape obtained for an odd number
of layers 1s due to the presence of only one additional layer, 1t tends to a classical (1.e. also
inconsistent with the data) Bragg pattern for an increasing number of layers This indicates
that the monolayer 1s 1n equilibrium with multilayers composed of a small (mainly 3 or 5) odd
number of layers. It 1s generally assumed, but, to our knowledge, without direct experimental
basis, that, such structures are involved 1n the « collapse » of the monolayer According to the
non-direct determination of reference [6], an even number of layers 1s allowed 1n the case of
fatty esters, probably because of a lower surface energy This transition to a multilayer can be
related to the plateaux which are apparent on a few (II, £) curves, at pressures well below
the imit of stability of the film ; such layers exhibiting nucleation were rejected for X-ray
expeniments. However, above their spreading pressure, monolayers are metastable (their
metastability depends whether or not the time of observation 1s larger than the characteristic
time for molecular relaxation, which decreases with increasing pressure [44]) and recent
careful experiments [44] have shown hat nucleation would probably occur in our case.

3 2 BENDING RIGIDITY OF MONOLAYERS IN THE SOLID PHASE. — If the roughness of the film
has been measured for a given resolution of the diffractometer, and if the surface pressure 1s
determined otherwise (Wilhelmy balance), K can be calculated from equation (3). Since a
drop mn the roughness larger than 0.02nm can be detected, ngidities larger than
kg T can be determined. This method is indeed sensitive to the bending ngidity modulus since
the cut-off at high wave-vectors due to rigidity ~/¥/K =~3 x 10°m~"! 1s smaller than the
molecular cut-off 2 7/a (a 15 a molecular dimension), see the appendix. Since K appears mn
equation (3) with a loganthmic dependence, the precision of 1ts determination 1s generally
low. By denivation of equation (3) one gets AK/K ~ (8 wy/kg T) o Ao , if the incertitude on
o 1s as low as 0.01 nm, one should nevertheless have AK/K =05

Behenic acid. In the LC phase, the roughness increases upon compression as 1/ \/_ R
extrapolating to the roughness of water at IT = 0 (Fig 6a) More precisely, the measured
roughness follows equation (3), and thus the sole contribution of capillary waves without
additional rigidity accounts for 1t. According to reference {45] the roughness follows IT More
recently published data by the same group are, however, in full agreement with a
1/ \/; in the LC phase [21] The striking drop in the roughness at the LC/S transition (Fig. 8)
(IT = 20 mN/m) 1s due to the appearence of a high bending rigidity in the solid phase [24],
which can be estimated using equation (3) K =170ky T, the experimental data are
consistent with a rather wide range of bending ngidity values, between 120 kx T and
300 kg T After the transition, the roughness again increases as 1/ \/;, and thus K remains

constant within experimental incertitude

15 alkyl-group compounds The variations of the roughness of the L-a-DPPC film (Fig. 4¢)
are similar to those obtained with behenic acid The drop 1n the roughness at IT = 35 mN/m
(LC/S transition) corresponds to the appearence of a bending ngidity X = 15kg T (with
4k T<K=<70kp T) Both below and above the triple point, 1¢ in the LE and LC phases,
the roughness of the hexadecanoic acid film increases as 1/ \/_ , extrapolating to the
roughness of water At T = 22 °C, a significantly lower roughness was obtained at the limit of
stability of the layer (II = 25 mN/m), which, using equation (3), corresponds to a bending
riggdity K= 70 kg T

Melissic acid The vanations of the roughness (Fig 6c) are also sumilar to those observed
with behenic acid. Their values, however, which are approximately 0.15 nm larger for similar
surface tensions, imply a stronger scattering by surface irregularities, and thus another
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Fig 8 — Measured reflectivity of the monolayer of behenic acid (a) 1n the LC phase-(II = 15 mN/m),
(b) 1n the sohd phase (IT = 22 mN/m), divided by the Fresnel reflectivity of water Rg, and the best fits
) 2 _ 0355nm at 15mN/m and 0.3 nm at 22 mN/m.

contribution to be added to that of caplilary waves From the preceding, one can expect that
this contribution comes, at least partly, from small multilayer domains. Another possibility 1s
that of an intrinsic roughness of the monolayer [40], which would be overwhelmed by
capillary waves for shorter chains. Experiments on transferred films are to be undertaken in
order to clanfy this important point related to chain statistics Assuming a =~ 0.12k5 T
(appendix) bending ngidity 1n the LC phase, as in the case of behenic and hexadecanoic acid,
one can estimate (USINE O 2cpqured = a-czapma,y + oy [32] this additional roughness to be
Oadg = 038 £0.03nm Since this value 1s approximately constant in the LC phase, and since
no dramatic structural changes are observed at the LC/S transition, one can expect that this
estimation is also relevant for not too high surface pressures 1n the solid phase. One can then
get a crude estimation of K, 300k T<K<1000ky T

" Comparison with bending rigidity values in similar systems.

X-ray reflectivity 1s, to our knowledge, unique in allowing the determmation of high
bending rigidities of the magmtude of those of insoluble monolayers. In light scattering
experiments, the observation of capillary waves is limited to wavelengths of approximately
1 pm, a value which 1s much larger than +/K/y. Ellipsometric measurements are very
sensitive to the large fluctuations of interfaces of very low surface tension and bending
ngidity, since, at Brewster angle, the contribution of capillary waves to the ellipticity (which is
imaginary)1s directly proportional to X~ V(5o / v Kvy) [46, 47]. For caplllary waves at the
air/water interface with A = 500 nm, however, this contribution 1s of the order of the
expermmental incertitude [46; 48] ‘

Multi-membrane systems with low surface tension have been extensively studied by vanous
methods, and the values obtained with these systems provide interesting comparisons to our
data Brochard et al. [49] have shown by analyzing the flicker intensity of red blood cells that
K =5 to 20 kg T for this system. K has also been determined by direct [50] or Founer [51]
analysis of the thermal undulations of vesicles or other methods such as the micropipette
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technique [52] .The values obtamned using all these techniques range between 5:and
20 kp T for molecules having between 10 and 20 monomers. Bending nigidity values have also
been measured 1n multimembranes lamellar phases using ESR [53], X-ray diffraction [54] or
hight scattering [55] (since here vy 18 very low, \/K/y 1s much larger than for monolayers) A
cosurfactant 1s generally used to stabilize such lamellar systems, leading to a bending rigidity
=~ kg T approximately one order of magnitude lower than for pure surfactant [54).

Daiscussion.

The questions to be adressed n this last paragraph are Why does the film 1in the solid
phase exhibit a large bending rigidity modulus ? Is it possible to understand 1ts value and
variations with chain length ? Thus problem has recently been tackled for bilayer membranes
[56] and polymer brushes [57], but 1t 1s not clear whether or not these approaches apply to the
case of monolayers. In any case, these theories give a thickness dependence similar to that of
the theory of elasticity for continuous media. The free energy of a plate bent along x 1s [58]

Eh3 aZ{ 2
== | ax( L 4
24(1 — o) x( axz) @

where ¢(x) 1s the deformation of the plate of thickness %, E the Young modulus, and
op the Poisson modulus. This dependence comes from the plate being stretched at some
points and compressed at others Defimng the bending ngidity K by F = 1/2 KC 2 where C 1s
the mean curvature of the surface, one obtains

ER?

- 5
12(1 — o) ®

E/(1 — o) can be calculated from the dilational modulus of the film ¢ = — A (317/0A4) [15,
59] & ~ 1.1 Nm~! for stearic acid [2], and thus E/(1 — ¢3) = eh~' = 5.108 J.m~>. Usmng (5),
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Fig 9 — Bending ngidity modulus as a function of the number of alkyl groups The points are the
expenimental results for Log K and the full Iine has been calculated using equation (5) with no
adjustable parameter
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one finds K = 190 kg T for behenic acid. Moreover, the 4> dependence 1s consistent with the
expermmental data (Fig. 9) The appearance of a high bending rigidity in the solid phase 1s thus
explained by the very low compressibility of this phase. It should also be noticed that a
realistic value for the prefactor in equation (5) can be obtained from the microscopic model of
reference [57], retaining only an entropic contribution [60]. Although this model considers
thickness variations at constant density, 1t is equvalent to lowest order to that developed 1n
reference [58].

Concluding remarks

Among the results presented above, the constancy of the aliphatic medium density within
the hiquid and solid phases appears to be a most general feature of organic films adsorbed on
water From this constraint follows the abrupt increase in thickness at the LE/LC transition-
and the continuous one within the LC phase The transition to the solid phase 1s characterized
at a microscopic level by a more subtle change, the damping of capillary waves, implying the
appearance of a high bending ngdity, which 1s related to the elastic properties of the
monolayer.
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Appendix.

Al. Statistical mechanics of capillary waves.

The purpose of this appendix 1s to calculate the roughness due to thermally excited capillary
waves 1n the case of a nigid interface and to estimate the value to be obtained from X-ray
experiments, taking into account the resolution of the diffractometer

An analysis of the intensity scattered by the surface gives information on the power
spectrum |Z |2 (modes «, and «,) of the roughness :

Z(kyp k,) = 1/S ﬂ dx dyz(x, y)e 2/ Tlex ) A
S

where z(x, y) 1s the height of the interface at (x, y).
The most important charactenistics of the height distribution z(x, y) are its standard
deviation (z%) 2 and the normahized autocorrelation function C(7) (owing to the cylindrical

symmetry, C only depends on 7 = \/x*+ y?

J] di, dr, Jo(7 </ ki + kD|2(x Ky)|2
C(r) = (2(0).z(7)) —

2
S ﬂ dr, di, |Z(x, k) |

where J; 15 the Bessel function of the first kind of order 0 ; the power spectrum of capillary
waves |Z(k,, Ky)l2 15 [39)

(A2

kg T 1

= A-3
47y Apg + yx 2+ Kk ? (A-3)

|Z(Kx, Ky)|2
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v 1s the surface tension and K the bending rigidity of the interface Note that, due to a
coupling between modes [39], every interface exhibits at least a small bending ngidity, which
according to a simple calculation, is equal to (3/8 w) kg T

A conclusive experimental proof of equation (A 3) can only be provided by carefully
examining the intensity scattered outside the specular direction, and we hope to successfully
tackle this problem in future experiments. In any case, the surface tension («?2) term 1s
dommant at higher compressibilities (hquud phases), and this 1s demonstrated by the
measured 1/+/y increase of the roughness. Otherwise, the free energy contains rigidity
(x %) terms which have been kept 1n our analysis, and eventually « * as well as higher power
terms ; such terms may anse from the electric properties of membranes [61, 62). Flexoelec-
tricity (polanzation induced by to curvature) renormalizes the bending ngdity
K. = K+ ef Aleg £, where e; 13 the flexoelectric coefficient on the order of 1.5 x 10-2 C
[63] and A~! 1s of the order of the layer thickness (~25nm). Therefore
4 we? Ajeg e, ~003 ky T is negligible 1n our case The «° term ansing from polarization
charge-polarization charge interactions [61] 1s of the order of 10~ !2 k and may be neglected.
The effect of permanent dipoles depends on their orientation with respect to the surface of
water. For dipoles parallel to the surface, height and polarisation fluctuations are not coupled
[61]. For dipoles normal to the surface, a « * term appears, which is obviously domated by
the surface tension («?) term over the range of wave-vectors mvestigated The ratio of the
k3 term to the « * term 1s p3/2 g, £, Kk With py = 1 D/nm? (p, = 0.1 D/nm? for behemc acid
[64]), the «* term dominates for wave-vectors larger than =~ 10° m~! (corresponding to our
resolution) and for the high bending ngidities that we examine. In any case, the experimental
results with a drop in the roughness correlated to the decrease in compressibility at the
transition (together with the 1/ \/; increase of the roughness mm liquid phases) strongly
supports our treatment which consists in only retaining elastic terms

Using (A 2) and (A 3) one can compute the roughness of the interface due to capillary
waves (the standard deviation of the distribution) -

Jy = (BT v \"” A
= = 47y 8 ApgK

For water, with ¥y = 72mN/m, K = 3/8 wky T, (z% =0392nm at T=25C A
straightforward calculation also gives .

Ky (t VApgly) — Ko(7 vV ¥/K)

(A5)
Log (\/ y¥apgK)

C(r) =

where K 1s the modified Bessel function of the second kind of order 0 C(7) 1s represented 1n
figure 10 (v/v/K)~"1s the cut-off at short distances (high wave-vectors) due to ngidity, and
(VApg/y) ! the gravitational cut-off at low wave-vectors Since K,(z) ~ —Logz and

z0
hm K,(z) =0, C(7) can be approximated as follows .
Z— o0
1 T < \/K/'y
Log (7 K .
cry~ (1 - RO NYE) e Vviseg A6

- Log (v yYApgK)

0 T > v/Apg .

Note that this function is not divergent at 7 — 0.
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»

A2. Scattering by surface irregularities. ' ‘

Using the Kirchhoff theory [65] or other methods [32, 66, 67] (all these methods are
equivalent after the required approximations are performed and amount to computing the
phase differences, due to the roughness, of plane waves reflecting on a perfect diopter), one
obtains for the intensity scattered in the direction q -

I« J'J dx dp ¥+ ) (BN 0.0y A7
scatt

»

Assuming a normal distribution for z(x, y) (this 1s rigorous for an interface described-by a
harmonical Hamiltonian, here in the imit 7 = ~/ K]y, the region that accounts for almost all
the scattered intensity), the mean value of the phase difference 1n equation (A 7) is given by -

Ty a2p.2 _
<elqz[2(x,y) 2(0-0)]> —e 4z <z >(l C(x.y)) (A 8)
and thus, .

Iscattm J 7dr JO(T \/qx+ q; )C ‘lz(Z)(l e(r) . (A 9)

(A 9) shows that for given g, and g,, the contribution due to surface irregularities will only
be significative 1if these irregulanties are separated by less than (¢2+¢q y)‘ 12 (and a high value
of the correlation function)

In the g, direction (g, =0, g, = 0) the information about the roughness spectrum 1s lost
(this 1s an obvious property of the Fourier transform). The morphology z(x, y) cannot be
studied by such a reflectivity experiment, and one describes the interface using a density
distribution p (z) This justifies the method described 1n section I to compute the reflectivity
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For a Gaussian height distribution, p (z) 1s an error function whose width 1s the measured
roughness [32].

A3. Influence of the diffractometer resolution on the measured roughness.

In fact, the angular resolution of the diffractometer 1s fimite, and, thus, (A 7) has to be
summed over a range of q. Near the specular condition, the proportxonahty factor in (A 7)
reduces to Rp(#), and then, the reflectivity 1s the convolution .

. KD -c¢(x, 2
R(qz) _ RF(qz) J:[ dqxdqy J] dx dy el(qu+qyy)e {27 ( C(x“}l’))q R(Qp qy) (A.IO)

where R 1s the resolution function of the diffractometer, for which we assume a Gaussian
shape [32]. Let us note that (A 10) only holds when the dimensions of the illuminated area are
much smaller than the source-to-sample and sample-to-detector distances, and that this is not
verified at too grazing angles of incidence (lower than ~ 10~ 2 rad) Performing the mtegration
over g, and g, .

2 ~
R(q.) = Re(2.) ﬂ dxdy e HED (-CD gy A11)

where the Founer transform of R 1s R :

AR

: A Ag,Aq, -
L Ry = Sl (A.12)

where Aq,/~/2Log2 and Agq,/~/2Log2 are the half-widths at half-maximum of the

resolution function R along the x and y axis. Inserting (A 6) in (A 11), taking into account
that Ag,, Ag, > y/Apg, 1t follows

JK/y

R(q,) = Rp(qz)“ dxdy R(x, ) + -
- vK/y
w2 dxdy R(x, ) exp - | BT 1210g (1(x2+y2)> L (A13)
R R ’ A7y 17 K A
| ¥ =VKiy

The first mtegral, of the order of Abx Ag, K/4 v 15 negligible Most generally, and
particular for our apparatus, the resolution 1s much better along one axis (here the x axis,
sice Ag,~12x10°m™", Ag,~6.8 x 10°m~", see paragraph 2 1). It follows that, i our
case, the average properties of the mterface are determined on an area extending over
= 1 5 nm along y, and over = 10 wm along x. Hence, the vanation of the function along the y
axis over the domain' of integration can be neglected One obtains :

kg T 2 kT

’ TTmyf fo g, —5443 £ 2oy

R(q:) = Re(a) ( %) 2f x (A 14)
TAK T
which gives .
kg T

i I‘( L2 g2 lag2® )

R(q)=R(q)(——27') ’ 2 d4my 2 (A 15)
z F\4:z KAq% \/;
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where I'(a,x) 1s the mcomplete I' function Developing the I" function for
(kg T/4 my) q> <1, one obtamns

[ (2] o
4y t* K 3 B h
R(@:) = Re(a) e w e oEr2Len o] @
where yg 1s Euler’s constant, or: i i
kg T
—ﬁ—y-q%[Log (1:;12) —(¥E+2L°g2)] .
R(q.) = Rg(q;) ¢ ) A17)
which 1s of the form [31, 32] - .-
R _q220,2 —
(¢.) = Re(g.) e (A.18)
where the measured roughness ¢ is such that
kg T .
o= 2" |Log ( Y ) — (yg + Log?2) (A.19)
47y KAg?

For water and with Ag, ~ 12 x 10°m™!, one obtains o = 0297 nm, significantly smaller
than the intrinsic value (A 4) This equation differs from reference [32] by the addition of
corrective terms and without an additional parameter related to the atomic size.
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