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Abstract. Above a surface pressure threshold 7., we detect a buckled state in the low temperature solid
phase of a phospholipid monolayer spread at the air-formamide interface. Stable ripples are observed with

a Brewster angle microscope, and light scattering provides measurements 7. = 7 mNm™

1 wavelength

A~ 16 pm and amplitude £ of a few nm for the deformation. A model, coupling the monolayer thickness
and elongation, and consistent with the monolayer texture, is also presented.

PACS. 46.30.Lx Static buckling and instability — 68.10.Et Interface elasticity, viscosity, and viscoelasticity

— 68.55.-a Thin film structure and morphology

Introduction

Comparing Langmuir film behavior on different liquids
gives information about their effective role on the micro-
scopic film structure and on specific interactions between
the polar heads and the subphase molecules. Amongst
many liquids, formamide (CHO-NHj;, surface tension vy =
58.2 mN m~! at 20 °C) can be used as an alterna-
tive non-aqueous solvent to support amphiphilic mono-
layers [1]. The phase diagram of 1,2-distearoyl-sn-glycero-
3-phophatidylcholine (DSPC) on formamide has been de-
termined from surface isotherms, fluorescence microscopy
observations and X-ray diffraction [2,3]. As on water, one
observes gas, liquid, mesophases and solid phases, but not
at the same relative position.

One of the differences with the phase diagram on water
is that the low temperature solid phase exhibits one single
structure in the full pressure range, 0 < 7 < 50 mN m™!,
as can be seen by X-ray diffraction data [3]. The chains are
organized on an oblique lattice and tilted towards nearest
neighbors, with a tilt angle 6 of about 35° measured from
Bragg rod scans. The tilt remains constant over the en-
tire pressure range, and the compression modulus € of this
rigid phase is very large (¢ = —A97/0A ~ 3500 mN m~1).
Notice the difference with the behavior on water, where
the tilt decreases with surface pressure [4], and the com-
pression modulus € = 350 mN m~! is much smaller.

Another specific feature of this solid phase spread on
formamide is the spontaneous surface buckling occurring
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above a pressure threshold 7, ~ 7 mN m~! [5]. This buck-
ling instability was observed for the first time with a reg-
ular optical microscope: the permanent, roughly periodic,
out-of-plane deformation of the surface acts as a series of
alternate convergent and divergent lenses, and the layer
appears as a succession of bright and dark stripes, roughly
orthogonal to the compression direction [5].

We stress that, since the microscopic structure is in-
dependent of the surface pressure, the buckling instabil-
ity cannot correspond to a structural change in the solid
phase. The large compression modulus ¢ in this phase is
believed to be a relevant parameter for the instability.

No previous report exists of such a permanent defor-
mation on water, except for a polymerized monolayer [6]
and for a monolayer made of copolymers [7].

Brewster angle microscopy

In Figure 1 we present two images obtained by Brewster
Angle Microscopy (BAM) at T' = 10 °C. They clearly
show the difference between unbuckled and buckled states.
In Figure la, 7 ~ 0 mN m~!, and the area per molecule
A ~ 50 A%/mol already corresponds to the solid phase.
The monolayer appears nearly uniform, except for a slight
intensity modulation. We interpret this as due to domains
having different tilt orientations. Taking the FFT of Fig-
ure la, we measured a domain size d = 74+ 1 um, roughly
constant over the sample, independent of the surface pres-
sure, and reproducible from one sample to the other.
Figure 1b is taken right above the buckling pressure
threshold 7. = 7 mN m™'. As soon as 7 exceeds 7,
the contrast due to surface curvature rapidly increases
and several stripes of typical width close to the domain
size appear. They are partially oriented, perpendicular to
the compression direction indicated by the arrows.
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Fig. 1. Two BAM images of the monolayer (400 pm x 250 pm):
a) T ~ 0 mNm™'; in the unbuckled state, the intensity vari-
ations correspond to domains of different tilt orientation. b)
m > mc; the buckled layer shows bright and dark stripes,
roughly oriented perpendicular to the compression direction,
indicated by arrows.

The intensity level, several orders of magnitude higher
than in Figure la, cannot be explained only by an in-
plane texture: as for direct microscopy, this image is the
result of a shadowgraphic process on the rippled interface.
We believe that the domain size and the buckling scale are
directly related, and the model developed in the following
includes the tilt modulation as another relevant parameter
for the occurring of the instability.

Light scattering measurements

Since the characteristic buckling length is a few microns,
light scattering is well-suited to study the deformation.
Our Langmuir trough and experimental set-up for light
scattering have been presented elsewhere [5-8]. A laser
beamline of wavevector k = 2 m/\ hits the surface un-
der a incident angle 8y = 55° with the vertical direction.
The buckled interface acts as a grating, and the inten-
sity I, scattered from the monolayer is detected with a
photomultiplier, in the direction 8 = 0y, at an azimuthal
angle ¢ off the specular reflection. The incidence plane
is parallel to the compression barriers, and normal to the
light polarization. We successively used an argon laser line
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(A = 488 nm, Ppax = 35 mW) and a solid state diode
laser (A = 690 nm, Ppax = 10 mW). For an interface de-
formation &(z,y) = 4% [ & exp(iq - r)d?q, the scattered
intensity per unit solid angle is [9,10]:

4
I(q) = <%> = r0%5<|fq|2> COS3 90. (1)

This relation is true in the direction of observation (6 =
0o, ¢) and for small ¢ wavevectors related to ¢ by the
usual Bragg relation: ¢ = 2k sin 6y sin(¢/2). Here I, is the
total reflected intensity in the specular direction. From
(1), we expect || to scale like \/I(g). Because of the
direct reflected light at small angles, we cannot explore
the angular domain |¢| < ¢_ =~ 1.5°, corresponding to
wavevectors |g| < ¢— = 3000 cm~! at A = 488 nm and
lg| < g— =2000 cm™! at 690 nm.

Figure 2 shows a given set of experimental spectra
recorded from a DSPC film spread on pure formamide,
at four successive pressures 7. We have normalized I(q)
by the value I(q = 0) = I, measured at 7 = 0, and plot-
ted I(q)/I(g = 0) versus the transferred wavevector g.
Apart from a central peak corresponding to direct specu-
lar reflection, one observes scattered light in the inten-
sity range I(q)/I(g = 0) ~ 107% to 10~ 7. The lowest
curve corresponds to pure formamide without film. With
DSPC, there is some scattered light even below the buck-
ling threshold: this may be due to the film texture. As
soon as the pressure gets higher than 7. ~7+1 mN m™!,
a complex structure appears: several sharp peaks superim-
pose to a continuous background. All the peaks appear at
the same pressure 7., they grow with increasing pressure,
without any detectable change in position.

In order to make these spectra more readable and to
emphasize symmetrical peaks, we first subtract from all
spectra an averaged reference spectrum recorded with the
film in the unbuckled state at 7 ~ 0 mN m~!. Indeed, the
spectra recorded at 7 = 0 are quite reproducible from one
run to another. Then we calculate the averaged intensity
over two opposite g-values I, (q) = 3[Is(q) + Is(—g)], with
I(q) = Mgy,

In Figure 3, we have plotted Ip,(q) versus ¢ from the
data of Figure 2. At 7 = 5mN m™!, i.e. below the thresh-
old, the mean Ip,(q) is zero, as expected. The three other
spectra (7 = 18 mN m~!, 30 mN m~?!, and 35 mNm~1!)
still show a complex structure with a set of diffraction
peaks.

Repeating this operation for several runs, we have

listed the observed peak positions in Table 1. Notice that
two runs out of four correspond to A = 488 nm, the two
others to A = 690 nm. Our main conclusions are the fol-
lowing:
i) A family of peaks having approximate harmonic rela-
tions and high intensity (in bold characters in Tab. 1)
are seen in all the runs. Their average positions are
g = 3500 cm™!, 2¢ = 7600 cm™', 3¢ = 12000 cm~!
and 4¢ = 16000 cm~!. The fundamental wavelength is
A = 27/{¢) = 16.5 £ 1.5 pum. Within our accuracy, this
wavelength is present in all the experimental runs.
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Fig. 2. Scattered intensity I(q)/I(¢ = 0)
plotted wversus transferred wavevector ¢, for
pure formamide (0), and with a DSPC film at
four successive surface pressures (a, b, c, d)
(T = 14 °C). Several diffraction peaks simul-
taneously appear at 7. ~ 7 mN m™'.

Fig. 3. Averaged scattered intensity I (q) (see
text) versus transferred wavevector g. The in-
tensity increases with increasing pressure, but
no global change of the diffraction spectra is
observed.

Table 1. Peak positions listed from four set of spectra (Spl, Sp2, Sp3, Sp4). Each set corresponds to a different DSPC film,
and the peak positions are independent of the surface pressure. In bold are the positions of the family of peaks having harmonic

relations and seen in all runs.

Spl 3600 | 4960 7500 9750 11650 | 13250 | 16200
Sp2 3600 | 4800 6350 | 7700 9780 12000 | 14500 | 16000
Sp3 | 2350 | 3400 | 4500 6050 | 7550 | 8700 10500 | 11900 16100
Sp4 | 2350 | 3350 | 4850 | 5400 7700 | 9000 10200 | 12500 | 15000 | 16200
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Fig. 4. Plot of the integrated scattered intensity I; (arbitrary
units) versus surface pressure 7. Iy linearly increases above the
pressure threshold . = 7 mN m™", meaning that the buckling
instability is second order.

ii) The other peaks have usually a lower intensity. Their
positions do not change in a compression-expansion cycle,
but do not appear clearly correlated between them. We
observe sometimes harmonic relationships, but this is not
reproducible through all the runs.
iii) We always observe that I(q) and thus I, (¢q) reversibly
follows the pressure variations without any change of the
peak positions nor of the global spectrum shape.

We have precisely determined the pressure threshold
me of the buckling instability in the following way: in
Figure 4 we have plotted for a particular run the inte-

a+
grated intensity Iy = / I, (q)dq versus w. Here ¢ =

1.8 x 10* cm™! is the maximum transferred wavevector,
approximately corresponding to ¢ = 15°. For 7 < 7, =
8 mN m™!, no signal is detected. Above the instability
threshold 7, I linearly increases with m — m.. Averaging
over several runs, we found 7, = 741 mN m~!. Within our
accuracy, Iy has no discontinuity at the threshold. Thus we
believe that the buckling instability is second order. The
fact that the spectra are reversible through compression
and expansion enforces this conclusion. At any wavevec-
tor go corresponding to a diffraction peak, I1,(qp) has the
same pressure dependence as I;.

We must here comment the surface pressure threshold
and its measurement. It is known that the Wilhelmy plate
method does not give correct values in solid phases, all the
more as the pressure is likely no longer isotropic. In this
way, it is more correct to introduce anisotropic surface
stresses.

We have built a capillary wave probe, which is a stan-
dard technique to measure surface stresses in different di-
rections [11], in order to investigate the mechanical prop-
erties of the DSPC film on formamide. By this technique,
we got information on both surface stresses and compres-
sion modulus €. Among other results, we found by this
method that the surface stresses are anisotropic above the
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threshold: the stress is larger in the direction of compres-
sion than in the perpendicular one [12].

However, since the monolayer remains isotropic below
the threshold, this does not change the value of 7.. In this
paper, all surface pressure values measured above 7. are
in fact surface stresses measured along the compression
direction. This has no incidence on the results concerning
the buckling wavelength and amplitude, nor on the theory
presented below. A full discussion on surface stress and
compression modulus anisotropies will take place in [12].

The vertical deformation amplitude can be estimated
from:

Pmax
™
B (e cost b0 =3 [
0

sin ¢ dp.  (2)

ARy

For our experimental value of the detection solid angle
A2 =~ 1075 steradian, and taking for simplicity AI/I,o =
const. = 4 x 1078 on the range of 0 < ¢ < 10° (at 7 =
30 mN m~!), we find as an order of magnitude A¢ =

(|€]?) = 2 nm. Notice that A& varies as /7 — 7. close
to the threshold.

As a final remark about the light scattering data, we
observed after each compression step a transient relax-
ation of I(g) towards its equilibrium value. The relaxation
time (about one hour) somehow depends on the way the
monolayer has been prepared, and is probably related to
stress relaxation through defects in the monolayer. Actu-
ally, this has no influence on the threshold value nor on
the instability wavelength [8].

A model for the buckling instability

Several theoretical approaches have been proposed to ex-
plain the buckling instability, either in Langmuir monolay-
ers [5,13,14], or in bilayers [15]. In the case of Langmuir
films, the main stabilizing effect at the micrometric scale is
the surface tension. Milner et al. [13], considering only the
balance between surface tension v and curvature energy
K, predict that the instability occurs at a slightly negative
threshold v.. Hu and Granek [14] take also into account a
possible spontaneous curvature of the film and find that .
is positive, but very small compared to our case: remem-
ber that the buckling threshold for DSPC on formamide
was found equal to 7. = 79 — e = 51 mN m™!, of the
same order of magnitude as 7y. The main effect of elec-
trostatic dipolar interactions is to renormalize the surface
tension, but it does not significantly change the threshold
[5]. A more realistic approach takes into account the cou-
pling between the film curvature and the chain tilt angle.
Such a coupling may explain the observation of rippled
phases in bilayers [15]. Hu and Granek [14] extended this
model to monolayers, and found a positive surface tension
threshold. However, reasonable values for the elastic co-
efficients in the tilt texture again lead to a lower surface
tension threshold, and a smaller instability wavelength, as
compared to our data.

The new model presented in this section develops the
following idea: we consider a monolayer presenting a tilt
angle 6y and a thickness e at equilibrium. We represent
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Fig. 5. Model for the instability mechanism. (a) Coupling be-
tween the molecular tilt and the film stretching. (b) Variations
of the molecular tilt order parameter M = sin§ from one do-
main to the next one, and their schematic representation used
in the model.

the tilt projection in the monolayer plane by a vector M
such that M = sinf. Any variation AM of M around its
equilibrium value My = sinfy induces a layer thickness
variation Ae (Fig. 5). It is thus coupled to the total film
area S through the 3D elastic coefficients of the monolayer.
This model includes what we believe to be important pa-
rameters for the instability, i.e. the tilt distribution and
the high stiffness of DSPC films spread on formamide. The
predictions are consistent with our data.

To be quantitative, we consider the 3D elastic energy
in the monolayer [16]:

E=E)+ gﬁz + Mtae + tyy)uz. (3)
Here u;; are the diagonal components of the 3D strain
tensor, K and A are Lamé coefficients, ugy + uyy = AS/S
represents the surface relative variation, and u,, = Ae/e
may be related to the variation AM of the average tilt
angle through:

A(M?)

e @

Uzz =

We have not explicited the in-plane elastic energy E)|, the
details of which are not relevant in our case.

Thus A(ugz+uyy)u.. appears as the coupling term be-

tween layer dilatation and tilt angle variations. The cou-
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pling constant A must be positive, so that stretching the
surface induces a film thinning Ae/e < 0 in order to min-
imize E (Fig. 5). Now, if we consider thickness variations
along the film, the energy will be lowered by making cor-
related modulations of the in-plane strain and of the tilt
angle. Then, the buckling instability will naturally be reg-
istered with the strain (and stress) modulation.

A similar argument was previously presented in refer-
ence [6]: the authors observed buckling in a polycrystalline
polymerized film, and noticed that the buckling scale cor-
responds to the typical size of the domains. They consid-
ered that the surface tension may not be uniform over the
film, and suggested that the instability develops because
the surface tension vanishes at some places, for instance at
the boundaries between domains. This is somehow analo-
gous to the model presented here, which considers a stress
modulation and its coupling to the instability.

Now we introduce a deformation §{ = >_ &, exp(iq - r)
of the interface. It corresponds to a surface relative vari-
ation AS/S = (V&)?/2. Adding to the elastic energy (3)
the usual surface tension and bending energy terms, the
free energy difference AF between a buckled and a flat
interface may be written, to second order in &:

A(M?)

AF = 51(V6)? + 3r(A0° — Ve T

(5)

Here k is the bending elastic constant. We have not
explicited Ej;, which contains u2, and uZ,, terms of order
¢t

From BAM pictures, we know that the tilt angle is
not uniform in the film: it is distributed in domains of es-
timated size d = 7 &+ 1 pum. Thus, even at low pressure,
i.e. below the buckling threshold, there is a tilt angle dis-
tribution which corresponds to a permanent AM. From
X-ray diffraction data [3], we know that the tilt is locked
to the lattice orientation, which is probably random from
one crystallite to the next one. In a first step, a very sim-
ple approximation consists in considering that the direc-
tion of M alternates from one domain to the next one
(Fig. 5), and modelling it by its first harmonic along Oz:
M(z) = My cos(gox), with 27/go = 2d. This model can
also apply to more regular textures encountered in other
systems, like parallel stripes separated by thin boundaries,
or mosaic structures [17,18].

Within this crude hypothesis, M?(z) = MTg +

2
% cos(2gox). We first consider a single mode deforma-

tion £(x) = &, cos(qx). Therefore, to first order in Mg,
AF becomes:

1 1
AF = [§7q2 cos?(qx) + §f<cq4 cos?(qx)
3 1)\ , M2 <1 + cos(2¢gx)

PR 2

) cos(?qoa:)] e.
(6)
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When ¢ exactly matches the tilt modulation wavevector
qo, (AF) presents a minimum (AF)pn:

A Mg Sao

1(2—7M§)> q + fiqé] - @

(@F)mn = | (+-

A stable deformation (§,, # 0) develops if 7 is below the

surface tension threshold ~.:

A MgQZ)\ sin? 6y ®)
42— M;

e 492 —sin? 0o .

In this formula, we have omitted the bending elas-
tic modulus correction —kgZ, which is negligible at the
qo scale. We conclude that the elongation-tilt coupling
is a destabilizing effect leading to the monolayer buck-
ling at a positive surface tension, at the same wavelength
A = 2w/qo = 2d as the permanent tilt modulation due
to the film texture (d is the domain size). The higher the
tilt angle 6y and the coupling coefficient A, the lower the
surface pressure buckling threshold 7. = 79 — 7e-

According to this model, and from previous determina-
tion of fy = 35° (X-ray diffraction) and 7. = 51 mN m~?
(light scattering), we estimate the coupling coefficient
A = 1000 mN m~! at the threshold. This is a reason-
able order of magnitude, comparable to the compression
modulus of the monolayer e = 3500 mN m~!, determined
by X-ray diffraction [3]. We also expect the buckling wave-
length to be identical to the tilt modulation wavelength
A =2d =14+ 2 pm, determined from BAM images. Ac-
tually, this is good agreement with light scattering spec-
tra, for which the lower detected harmonic wavelength is
A=16.5+1.5 ym.

The model is also consistent with the fact that no buck-
ling is observed for DSPC on water. Indeed, in this case
the compression modulus of the film is smaller than on for-
mamide (¢ = 350 mN/m versus 3500 mN/m), and the tilt
angle is also smaller. If the coupling parameter A scales
like €, we expect a much higher pressure threshold for
buckling on water, probably above the collapse pressure
of the film.

Of course, the model is based on several oversimplified
hypothesis and is unable to account for the complexity of
the actual light scattering spectra. However, some simple
remarks may complete our approach. First, the in-plane
tilt distribution cannot be modelled by a simple sinusoidal
function. Therefore, higher harmonics must also appear in
the scattered intensity. In principle, it might be possible to
retrieve the observed spectra from a direct spectral analy-
sis of the BAM images. Unfortunately, the relevant wave-
length is comparable to the BAM resolution, and smaller
scale details are not resolved.

A reasonable simulation should consider a regular lat-
tice of domains with a random distribution of tilt orienta-
tion. A spectrum computed from such a model is the con-
volution of the lattice periodic spectrum with the random
spectrum of tilt distribution. Preliminary computed spec-
tra resemble the experimentally observed quite closely.
Current work is expected to make the comparison quan-
titative.
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Conclusion

In this paper, we have presented a detailed analysis of
the buckling instability in a DSPC monolayer at the air-
formamide interface, using BAM observations and light
scattering measurements. Our interpretation, consistent
with the data, relies on the existence of a permanent film
texture and a coupling between the tilt angle and the
monolayer stretching. We understand the low surface ten-
sion threshold and the rather large instability wavelength.
Our model could also be quite helpful to describe the rip-
pled phases observed in free bilayers.

We acknowledge Michel Assenheimer for numerous discussions
and software assistance, and Sylvie Hénon for her help in BAM
experiments.
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