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ABSTRACT: We report a combined vibrational sum-frequency g
and ellipsometry study of different surfactants on water as a function of

surfactant density. Vibrational SFG spectra of surfactants on the water T 12

surfactant CH and the water OH stretch regions. At low densities, the

SEG signal generated at the surface in the presence of the surfactant is ﬁ li B H

interface. When the surfactant density increases, i.e., upon compressing

the monolayer, a very sudden increase in the SFG signal in both the CH and OH spectral regions is observed. For higher laser
clearly present at these low densities, we conclude that at low surfactant density the laser beam displaces relatively high-density
domains with surfactants in the liquid expanded phase out of the region of the laser focus. This is a consequence of the thermal
be circumvented by using a rotating trough. In this manner, the sampled surface area can be refreshed, allowing artifact-free
vibrational SFG spectra to be measured down to the very lowest surfactant densities. In ellipsometry experiments, a similar step
nonresonant) but to a molecular transition. The occurrence of the step in ellipsometry as a function of area per molecule
depends critically on the preparation of the monolayer. By giving the molecules time and space to relax during the preparation of

generation (SFG) spectroscopy, Brewster angle microscopy (BAM), >
surface in a Langmuir trough have been measured in both the ﬁ ﬁ ii

ﬂ
indistinguishable from the SFG signal generated at the clean water—air
fluences, this stepwise increase occurs at increasingly higher surfactant densities. Since BAM shows that surfactant molecules are
gradient induced by local heating of the water phase with the monolayer on top due to repetitive laser excitation at 1 kHz. It can
can be noticed, which, however, is of a different nature; i.e,, it is not related to heating (the laser fluence is very low and the light
the monolayer, this step could also be eliminated.

B INTRODUCTION

In the last decades, infrared-visible sum-frequency generation
(SFG) has been shown to be an excellent tool to study
surfactants on an aqueous subphase.'™ In this technique, an
infrared laser beam is combined with a visible laser beam at the
interface of interest, and the sum-frequency beam of the two is
detected. The generation of a signal is generally forbidden in
centrosymmetric media and therefore sensitive to the presence
of molecules at the interface. The SFG intensity is enhanced if
the infrared laser is in resonance with a vibrational transition of
molecules at the interface, so that the vibrational spectrum of
the interfacial molecules can be measured. The shape of the
SFG spectrum contains information about the molecular
conformation and orientation of the surfactants. Most research
has focused on high density monolayers, although at low
density surprising observations have been reported. Some of us
(Roke et al.*) have previously reported the appearance and
disappearance of the signal of the C—H stretch modes of the
insoluble surfactant DPPC (1,2-dipalmitoyl-sn-glycero-3-phos-

phocholine; see Figure 1) on water at a density around 100 A*
per molecule over a density interval of less than 1 A* per
molecule, which was attributed to curling and uncurling of the
lipid tails. Recently, Chen et al’ reported similar behavior
around this density for the CH signal from DPPC on water and
on water containing a low molar fraction of DMSO. Moreover,
they report that the signal from the P=0 vibration originating
from the headgroup of DPPC only appears if a CH signal is
present. They assign the absence/presence of the CH signal to
disordered/ordered tails of the DPPC molecules. The absence
of the P=O signal was explained by a large orientational
distribution of the headgroup.

While these explanations are consistent with the data, it is
perhaps somewhat surprising that the lipid signal disappears for
all modes; even for a highly disordered monolayer in which the
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Figure 1. Top panel: Molecular structure of DPPC. Middle panel:
SFG spectra in SSP polarization for a bare water surface (bottom
spectrum) and for DPPC on water with increasing density. The
pressure (mN/m) and area per molecule (A?), increasing and
decreasing, respectively, from bottom to top are given next to the
graph. The area per molecule has been controlled by the amount of
droplets of chloroform solution. CH (2800—3000 cm™"), H-bonded
OH (3000—3600 cm™), and the free OH (~3705 cm™) stretch
vibration are visible. Bottom panel: An enlargement from the middle
panel of the bare water surface and the one with DPPC at 108 A” per
molecule to indicate their similarity. The inset enlarges the free OH
stretch vibration region for a bare water surface and one with DPPC
(100 A?). At this area per molecule, the pressure is still below the
detection limit, and the presence of DPPC at the surface apparently
does not affect the amplitude of the free OH stretch vibration. A
relatively high IR fluence (~10 mJ/cm?) is used for this experiment.

lipids are curled up, the symmetry is broken, if only because of
the different dielectric constants of water and air at the two
sides of the (possibly centrosymmetric) lipid layer. Both Roke
et al. and Chen et al. base their conclusions on SFG spectra in
the C—H and P==0 stretch region, ie., on modes originating
from the lipid. The hydrogen-bonded water signal has not been
investigated before and would bring more insight into the
observed phenomenon. One might expect that the water signal
can also contribute to the understanding of the organization of
lipids if the density is changing. In particular, the question
presents itself how the water structure is affected by the
possibly disordered lipids. The signal of the hydrogen-bonded
water at the water—air interface is generally larger if surfactants
are present, where the strength of the water SFG signal
depends on the type of surfactant.'®™'* Therefore, upon
compressing a lipid layer changes in the water band are
expected. Moreover, the free OH is expected to be affected
upon compressing the monolayer, as was seen before for the
free OD."> Here, we measure simultaneously the surfactant and
the water molecules for a monolayer of DPPC at various

densities. In a conventional SFG experiment, in which the
sample reservoir is fixed, with increasing lipid density, a
stepwise transition occurs from a spectrum that is indistin-
guishable from that of the water—air interface to one with a
more intense water spectrum and CH modes present. The
intensity step observed in the water spectrum correlates
perfectly with the CH signal originating from the surfactant.
When the sample reservoir is continuously moved, this
intensity step is absent.

By using Brewster Angle Microscopy (BAM), we will show
that although the surfactant is invisible with SFG it is really
present at the surface already at very low density. BAM is very
suitable to visualize domains of surfactant of relatively high
density on a water surface. At the Brewster Angle (~53° for
water with a HeNe laser), the reflection of p polarized light
vanishes. However, if surfactant or lipid domains are present on
the surface, they can be visualized since they do reflect some of
the light at the Brewster angle.

Here, we investigate to what extent the observed
discontinuity in the SFG signal is induced by the way in
which the measurement is performed. We find that SFG can be
invasive under certain conditions: at low surfactant densities
(i.e., area per molecule > 100 A?), the repetitive heating of the
water surface layer by the resonant infrared (IR) laser pulses
gives rise to high-density surfactant domains being displaced
from the laser focus due to flow induced by the thermal
gradient. At higher average surfactant densities, the laser-
induced thermal gradient is no longer sufficient to keep the
domains out of the laser focus, and the signal abruptly
increases. This explains the discontinuity in SFG signals
previously observed for monolayers at low densities. To
generalize our conclusions, we show that this behavior is not
only observed for monolayers of lipids but also for other
surfactant types. We investigate a fatty acid (palmitic acid) and
an alcohol (1-dodecanol). Moreover, we report the true
noninvasive SFG spectra for DPPC on water from very low
density (~300 A* per molecule) to high density (~50 A* per
molecule) by using a rotating trough. These new results show
very gradual increase in the SFG signals.

Surprisingly, also in the coefficient of ellipticity obtained by
performing ellipsometry, a similar step at low density has often
been observed for lipids and fatty acids."*'® Ellipsometry is
basically the spatially integrated version of BAM,; i.e., instead of
a two-dimensional picture the coefficient of ellipticity is
obtained. We submit that the intensity step observed for
ellipsometry is of a different origin than the step in SFG.
Heating of the monolayer is negligible, because in ellipsometry
the laser is not resonant with water and the fluence is low. We
find that for ellipsometry, in contrast to SFG, the step is
dependent on the sample preparation. By giving the molecules
time and space to relax we could also eliminate this step.

B EXPERIMENTAL SECTION

For the SFG experiment, broad band infrared pulses (fwhm of
~200 cm™") were generated by an OPG/OPA (TOPAS, Light
Conversion) pumped by ~1 W of 800 nm pulses from a
Coherent Legend laser system (1 kHz, ~120 fs fwhm). In
parallel, ~0.5 W of the laser output is passed through an etalon
generating the narrow band VIS pulse (12490 cm™, ~30 ],
fwhm bandwidth of ~15 cm™) to provide the spectral
resolution of the experiment. The broad band IR pulse allows
the detection of a multitude of vibrational modes at once. The
infrared pulse is centered at ~3100 cm™ (~6 uJ) for the
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Figure 2. (a) Surface pressure (black, left axis) and integrated SFG intensity (right axis) for the CH signal of DPPC (green), the H-bonded OH
signal (blue), and the free OH signal (red) as a function of the area per molecule during continuously compressing the monolayer. The integrated
SEG signals are normalized and have a small offset with respect to each other for clarity. The integrated spectral areas are marked by the colored
squares in the insets showing the SFG spectra for 50 and 100 A per molecule in the CH/OH-bonded and free OH region, respectively. A relatively
high IR fluence (~10 mJ/cm?) has been used. (b) Like (a), but with a four times lower IR power resulting in a four times lower fluence (~2.5 mJ/
cm?). The inset shows the effect of changing the IR fluence on the area per molecule where the SFG signal appears. (c) Like (a), but for palmitic
acid. (d) Like (a), but for 1-dodecanol. The free OH was not measured in this case for 1-dodecanol. The SFG results are obtained under SSP

polarization.

experiments in which the CH and hydrogen bonded OH
vibration are detected and at ~3700 cm™ (~3 uJ) for the free
OH experiment. For some experiments, the IR center
frequency was continuously varied (“swept”) between 2750
and 3750 cm ™' to measure the CH and full OH region on the
same time. It took roughly a minute to cycle from 2750 to 3750
and back to 2750 cm™". The incident angles of the VIS and IR
beam were, respectively, ~35° and ~40° with respect to the
surface normal. The VIS beam was focused down to
approximately 400 ym beam waist. The IR focus was changed
in between experiments. Most experiments were performed
with an IR focus size of ~200 um Gaussian beam waist,
resulting in a fluence of ~10 mJ/ cm?. For the low fluence (~1.5
mJ/cm?) experiments (Figures S and 7, top panel), we moved
the IR lens so that the beam waist at the sample was ~500 pm.
The SFG light was spectrally dispersed by a monochromator
and detected by an Electron-Multiplied Charge Coupled
Device (EMCCD, Andor Technologies). During monolayer
compression SFG spectra were continuously measured with an
acquisition time of 30 s for each spectrum with a fixed IR
frequency. An acquisition time of 6 (high fluence) or 10 (low
fluence) min was used for the experiments where the IR
frequency was scanned between 2750 and 3750 cm™". The SFG
spectra are recorded under s-polarized SFG, s-polarized VIS,
and p-polarized IR conditions (SSP) unless stated otherwise
and are normalized to a reference spectrum taken from z-cut
quartz.

For the Brewster Angle Microscopy (BAM), a home-built
machine was used equipped with a 50 mW 532 nm laser." The
p-polarized light was reflected off the surface at approximately
the Brewster angle (~53°) and received by a microscope. As
the monolayer was inclined on the visualization axis, the image
was in focus only on a narrow strip. To obtain a sufficiently
large image, the images of different strips formed by focusing at
different levels on the monolayer were then placed side by side.

Large images of 600 ym X 600 ym were thus obtained, with a
spatial resolution close to 1 ym.

Ellipsometry measurements were performed using two
different ellipsometers. One was a home-built polarization
modulated machine working at the Brewster angle (~53°) and
equipped with a laser that produced S mW 632 nm light. The
other one was a commercial null ellipsometer (Optrell) with a 2
mW 632 nm laser incident under an angle of 50°. For both
ellipsometry and BAM, the illuminated area amounted to a few
square millimeters.

The surfactants DPPC (1,2-dipalmitoyl-sn-glycero-3-phos-
phocholine), 1-dodecanol (C,,H,;OH), and palmitic acid
(CysH;;COOH) were obtained from Avanti Polar Lipids,
Fluka, and Sigma-Aldrich, respectively, and were used without
further purification. Monolayers were spread from a chloroform
solution (DPPC ~0.5 mM, 1-dodecanol ~3 mM, palmitic acid
~2 mM) on an air—H,0 (Millipore, 18 MQ cm) interface.
Monolayers with varying surface density were prepared in two
ways: the area per molecule was controlled either through the
number of 0.5 uL droplets spread on the water surface or by
compressing the layer. The surface pressure was measured with
a commercial (Kibron Inc, Finland) tensiometer using a
needle. As the ellipsometry results depend on the manner of
monolayer preparation, we provide an explicit description of
the preparation for each type of experiment.

SFG. In the experiments where we swept the IR frequency
continuously to obtain the whole CH and OH spectrum at
once, a home-built 7 X 7 cm? Teflon-coated trough was used
(Figure 1 and Figure 7, bottom panel). For the experiments for
which the sample is (partially) refreshed between laser shots, a
home-built, circular (8 cm diameter) Teflon trough was used
(Figures S and 6). This trough was rotated using a simple 12 V
DC electromotor driving a home-built rotation stage in such a
manner that at the laser focus the sample moves with a speed of
~0.06 m/s. In both cases the area per molecule was controlled



by the number of 0.5 uL droplets spread on the water surface.
For experiments that required a high resolution for the area per
molecule (Figure 2), we used a commercial metal Langmuir
trough of 6 X 23 cm (Kibron Inc, Finland). The layer was
compressed with one barrier with a speed between $ and 10
mm/min (~1.3-2.6 A?/chain/min). The initial area per
molecule was controlled by the number of 0.5 uL droplets of
a solution of surfactant in chloroform.

BAM. In the Brewster Angle Microscopy (BAM) experi-
ments (Figure 3), a Teflon trough with an area of 324 cm” was

Figure 3. Brewster Angle Microscopy images for different densities of
DPPC on water. The image size is 600 X 600 pm. White regions
indicate high density, while black indicates low density. In every panel
the area per molecule (in A%) is reported in the bottom left corner and
the surface pressure (in mN/m) in the bottom right corner. The
pictures are taken with a camera that automatically adjusts its
sensitivity, so that the intensity gray scales cannot be compared
between images.

used. After depositing droplets of solution such that the area
per molecule was 150 A” per molecule, the density of the layer
was controlled by compressing the monolayer with one barrier.
At certain densities, the barrier was stopped to collect images.

Ellipsometry. In one set of experiments, the surface area
was controlled, after initially depositing droplets of a chloro-
form solution, by compressing the layer with a speed of S mm/
min in a commercial metal Langmuir trough of 6 X 23 cm
(Kibron Inc., Finland) with one barrier (Figure 8a and 8c). In
another experiment, the area per molecule was controlled by
the number of 0.5 yL droplets spread on the water surface in a
home-built round (8 cm diameter) Teflon-coated trough

(Figure 8b). As shown below, different results can be obtained
for monolayers prepared in different manners.

B RESULTS AND DISCUSSION

In the following, we will present SFG experiments on a static
monolayer, which shows anomalous, stepwise intensity
variations of the SFG signals. In contrast, BAM microscopy
images reveal a homogeneous monolayer on the length scales
of the SFG experiments. By reducing the fluence, or
continuously moving the monolayer during the SFG experi-
ment, the true SFG response of the monolayer can be recorded.
Finally, ellipsometry experiments are presented to complement
the SFG results.

SFG Measurements on a Static Monolayer: Density
Dependence of the SFG Spectra. In the middle panel of
Figure 1, SFG spectra for DPPC on H,0O are depicted at
different areas per molecule (density). The density was varied
by adding droplets of solution of DPPC in CHCl;. The bottom
spectrum is from the air—water interface and shows a signal
originating from the hydrogen-bonded water molecules
between 3000 and 3600 cm™' and a signal from the free OH
at ~3700 cm™'.*° The addition of the surfactant DPPC to the
surface, surprisingly, does not result in changes in the SFG
spectrum as long as the pressure remains below our detection
limit. Although lipids are present on the surface, they are not
detected in the SFG experiment and do not detectably
influence the water structure: the SFG spectra in the absence
of lipids and in the presence of DPPC at low density are
indistinguishable (see bottom panel of Figure 1). Given the
signal-to-noise of our SFG experiment, an intensity drop of
10% would be measurable. Since the intensity depends on the
square of the number density (all other things being equal), we
conclude that at most 3—4% of the free OH groups is
influenced by the lipids. Remarkably, the surfactant does not
affect the water structure either, especially if one realizes that
the minimum area taken up by a lipid molecule (for a fully
compressed monolayer) is ~40 A% On a water area of 100 A?,
there are approximately three OH molecules,*"** so that the
area per free OH is roughly ~30 A% If we assume a statistical
distribution of surfactants over the surface, one would therefore
expect that at a lipid density of 108 A’ per molecule
approximately one in three free OH groups would be affected,
which would make the SFG signal at the free OH drop to half
of the original intensity. The surfactants also do not show up in
the spectrum: no detectable CH vibrations occur between 2800
and 3000 cm™' in the middle panel of Figure 1 for low
density—in agreement with Roke* and Chen.” As visible in the
middle panel of Figure 1, increasing the density of surfactant by
adding more droplets of DPPC in chloroform results in a
pressure rise and changes in the SFG spectrum: CH vibrations
appear at frequencies of ~2850 (CH, symmetric stretch),
~2880 (CH, symmetric stretch), and ~2950 cm™ (CH, Fermi
resonance and CH, asymmetric stretch),”*® the water H-
bonded signal increases, and the free OH peak disappears. The
interfacial system effectively changes in a stepwise fashion from
a water/air to a water/surfactant interface. To quantify how
abrupt the spectral changes are, we measured continuously the
pressure and SFG spectra while compressing the monolayer.
The initial monolayer was prepared by adding drops of 0.5 uL
DPPC solution until an area per molecule of ~100 A* was
achieved. The results for DPPC on H,O are depicted in Figure
2a. The different curves are obtained by integrating different
spectral windows from SFG spectra as is indicated by the insets



in Figure 2a. For these experiments, the central frequency of
the IR pulses was kept fixed to achieve sufficient signal strength
during continuous compression. Therefore, in this experiment,
we could only measure the CH vibrations of the surfactant and
the H-bonded water together. The signals of the H-bonded
water and the free OH bonds were measured in a subsequent
run at higher IR frequency. From Figure 2a it is clear that
changing the density of the surfactant by only a few percent
around 85 A’ has a dramatic effect on the system. The very
sudden rise of the CH signal has been reported before,” but
the sharp changes in the water spectrum have not. The increase
in the water signal seems to be a stepwise process: between
roughly 85 and S0 A® per DPPC molecule the SFG intensity is
constant. Changing the lipid density by a factor of 1.5 has little
effect on the signal strength of the water molecules in and
underneath the monolayer. Like the water signal, the lipid C—H
stretch intensity is also more or less constant up to ~50 A% per
molecule (Figure 2). The constant SFG signal for the C—H
vibration of DPPC at the plateau in the pressure isotherm has
been reported in the literature.*” We observed the same sharp
rise of the SFG signal for DPPC upon compression under PSS
and SPS polarization. Moreover, two different surfactants,
palmitic acid and 1-dodecanol (see Figure 2c and d), show a
similar sudden sharp rise measured under SSP polarization,
although the area per molecule where the step occurs depends
on the molecule (20 and 30 A? per molecule, respectively). The
observed behavior therefore appears to be general for
surfactants: it is observed for a lipid, alcohol, and fatty acid.
BAM Measurements. To confirm that the surfactant
molecules are present on the surface, we have performed
Brewster Angle Microscopy (BAM) measurements of which the
results are depicted in Figure 3. Already at the very low density
of 140 A* per molecule DPPC is visible on the surface. It is
well-known that at a DPPC density below roughly 90 A” per
molecule the monolayer displays coexistence of the gaseous and
liquid expanded phase, giving rise to dark and light patches in
the BAM experiments, respectively. The amount of bright area,
representing the denser liquid expanded phase, increases upon
increasing the density. At 84 A* per molecule the image is
without any contrast showing the homogeneity in the layer on
the micrometer length scales: the system is in the liquid
expanded phase. A further compression of the layer (increase in
density) results in small, bright, star-like domains presenting
the liquid condensed phase on a dark background of the liquid
expanded phase. The isotherm shows a plateau here. At the end
of the plateau the pressure rises sharply, and the BAM picture is
homogeneous: the entire surface is in the condensed phase.
Our BAM results are in agreement with the literature.'”**
SFG Measurements on a Static Monolayer: Fluence
Dependence of the SFG Signal. Although the BAM
microscopy data show that already at 140 A® per molecule
the domains with lipids in the liquid expanded phase are visible,
the molecules are invisible for SFG. As mentioned already in
the Introduction, in the past the invisibility in the CH stretch
region was assigned to curling up of the tails* or disordered
tails.” However, this explanation cannot explain why the water
signal is not influenced by lipids up to a density of roughly 85
A? per molecule. In particular, the free OH groups should be
affected by the presence of the lipid, irrespective of whether the
lipid is curled or not. According to the SFG results the system
behaves as water/air-like above 85 A* per molecule. It seems
that in the laser focus at the measurement location the surface
is cleaned; all the domains with liquid expanded phase appear

to be removed from the SFG laser spot. In this case, one might
expect that the position of the step relative to the area per
molecule will depend on the laser fluence used in the
experiment. To test this hypothesis we repeated the SFG
measurements using a four times lower IR power. As the beam
size was kept constant, the fluence was reduced by a factor 4. As
is clear from Figure 2b, the step indeed moves to lower density,
higher area per molecule, and becomes less steep. The inset in
panel b summarizes the fluence dependence by showing the
correlation between the fluence and the area per molecule at
which the SFG signal appears. Apparently the laser intensity has
an effect on the appearance of the SFG signal. This explanation
is also in agreement with the observation of Chen et al.” that
the P==0 signal from the headgroup is only visible at high
density, because only then the lipids are present in the laser
focus.

Explanations of “Cleaning” of the Surface. It can be
calculated that with the used laser parameters (beam size, pulse
energy, and frequency) the water interfacial region will be
heated. A detailed calculation is shown in the Appendix. These
calculations reveal that, for the highest pulse energies available
in conjunction with regions in the infrared spectrum where
absorption is very strong, the single-pulse temperature increase
can amount up to 10 °C. Given the repetition rate of our laser
of 1 kHz, also steady-state heating occurs due to the repetitive
single-pulse heating. The resulting steady-state temperature
increase can amount up to tens of °C.

As a result, a lateral and axial temperature gradient appears.
The lateral temperature gradient, i.e., that along the surface,
gives rise to strain along the surface, which in turn will trigger
the flow of water.”> Water will flow radially away from the
center of the irradiation spot, as exemplified in Figure 4a. To
conserve mass, fresh water from below will replenish the water
that has flown out of the irradiation spot. In this way, a donut-
shaped, circular Marangoni-type flow cell will ensue, as
illustrated in Figure 4b. A similar mechanism was proposed
previously by Bain et al.>® The resulting flow cell explains why
there are no lipids present in the laser focus. If the fluence is
too high, the diffusive, entropic forces that drive lipids into the
laser focus are insufficient to counteract the Marangoni flow of
water with lipids out of the laser focus. The surface is very
effectively cleaned by the laser, with fresh water appearing at
the surface continuously from the bulk. As the surface density
and associated surface pressure increase, a point arises where
the flow is insufficiently strong to counteract the diffusive,
entropic forces of the surfactants. While water may still flow
underneath the lipid monolayer, the monolayer is sufficiently
rigid that it remains in place. At the corresponding surfactant
density, the surfactant signal suddenly appears. The appearance
of such interfacial Marangoni flow cells explains why the surface
looks pristine when the pressure is sufficiently low, why the
surfactant signal suddenly appears with increasing pressure, and
why the pressure at which the signal appears depends on the
laser fluence.

Another contribution to the reduction of the local lipid
density within the laser focus could result from the pressure
increase upon heating the layer. The surface pressure of water
will increase roughly with 0.15 mN/m K> A temperature
increase of 10 °C will result then in a pressure increase of 1.5
mN/m for a bare water surface. With lipids on top, most likely
this pressure increase will be even larger, as an estimate of the
pressure increase in just the surfactant layer amounts to around
0.15 mN/m if one assumes an ideal gas, a temperature increase
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Figure 4. Schematic representation of the flow induced by the steady
state heating of the near-surface region of the water sample. The
temperature is schematically indicated by color, where red is hot and
blue is cold. Orange shaded area shows the laser beam incident on the
surface, and arrows denote the direction of the temperature gradient-
induced flow. (a) Top view, showing the radial displacement of the
near-surface region and (b) cross-sectional side view showing the
resulting Marangoni flow cell. Note that at the center of the focus the
flow of water is upward, so that the surface is effectively renewed
continuously.
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of 10 K, and a density of 10" molecules/m”. Clearly, the
temperature increase will introduce a pressure increase. This
pressure increase will result in a local expansion of the
monolayer—at sufficiently low pressure the system locally may
even go into the pure gaseous phase. As the unperturbed area
of the trough is many orders of magnitude larger than the
perturbed area, the local expansion is easily possible. At the
laser spot the system is in the very low density gaseous phase
with an SFG signal maybe below our detection limit. With this
equilibrium thermodynamics scenario, no SFG signal is
expected for the whole coexistence region of the gaseous and
liquid expanded state. The system will locally reduce its
pressure, and the system is at the laser spot in the full gaseous
state. However, our data (Figure 2b) show that the step could
already appear at the coexistence, which indicates that
equilibrium thermodynamics cannot explain everything. We
might also have dynamical contributions. At low IR fluence the
heating is not sufficient anymore to make the phase transition
to the gaseous phase.

SFG Measurements on a Moving Monolayer: Density
Dependence of the SFG Spectra. To obtain the “true”
surface SFG response at low surfactant densities, we performed
SEG experiments in a rotating trough which are depicted in
Figure S. The sample is rotated in such a manner that at the
laser focus the sample moves with a speed of ~0.06 m/s, and
the steady state heating is minimal in this case. Figure 5a shows
SEG spectra for the water—air interface and for 230 A* per
molecule DPPC while rotating the trough and not rotating it.
The SFG signals for a bare water interface and a nonrotating
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Figure S. (a) SFG spectra in SSP polarization for DPPC on water at
230 A’ per molecule with (black) and without (red) rotating the
trough. The sample is rotated in such a manner that at the laser focus
the sample moves with a speed of ~0.06 m/s. Without rotating, the
spectrum is identical to the water—air interface (blue). (b) At high
density (50 A% per molecule), there is no difference between rotating
(black) and nonrotating (red). (c) SFG spectra (SSP polarization) for
a bare water surface (bottom spectrum) and for DPPC on water with
increasing density. The pressure (mN/m) and area per molecule (A?),
increasing and decreasing, respectively, from bottom to top are given
next to the graph. The area per molecule has been controlled by the
amount of droplets of chloroform solution. The colored squares mark
the area of integration used for Figure 6. A relative low IR fluence (1.5
mJ/ cm?) was used in this experiment.

trough are identical. By rotating the trough, a CH signal
appears, and the water signal increases. The appearance of the
signal is a delicate balance between the rotation speed and the
IR fluence. To obtain a low enough IR fluence (~1.5 mJ/cm?)
we used a relative unfocused IR beam (beam waist ~500 ym)
in this experiment. At a too low rotation speed, still no SEG
signal is visible; the laser-induced flow that serves to repel lipids
from the focus is still too high. At high density the signal shape
and strength are independent of whether the trough is rotating
or not (Figure 5b). Figure Sc depicts SFG spectra for increasing
density (from bottom to top) of DPPC on water while
continuously rotating the trough. The lipid density has been
controlled by adding drops of DPPC in chloroform. The
bottom spectrum is for the air—water interface. Clearly, the CH
and H-bonded OH signals increase slowly and continuously as
the DPPC density increases, while the free OH signal decreases
smoothly as well.

The integrated SFG intensities for the different vibrations in
the SFG spectrum are plotted together with the surface
pressure in Figure 6a as a function of the area per molecule.
The CH intensity increases in a nonlinear fashion with the
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Figure 6. (a) Surface pressure (black, left axis) and integrated SFG
intensity (right axis) for the CH signal of DPPC (green), the H-
bonded OH signal (blue), and the free OH signal (red) as a function
of the area per molecule. The data points are obtained by integrating
specific spectral regions, marked by the colored squares, in the spectra
from Figure S. The CH, OH, and free OH areas of a pure water layer,
measured just before spreading the surfactant, are given as green, blue,
and red dots, respectively. The integrated SFG signals have been
normalized and slightly offset with respect to each other for clarity. (b)
Surface pressure (black, left axis) and the absolute amplitude/
bandwidth ratios (IA/T'l) of the different CH; resonances (right
axis), obtained by fitting the data of Figure S with a Lorenztian line
shape model. (c) Like b, but for the CH, resonances. Typical error
bars are indicated in the graphs.

amount of DPPC molecules present on the surface. The water
signal continuously increases, while the free OH signal
continuously decreases with increasing amount of molecules
at the surface and, as expected,27 reaches zero value when the
system reaches the liquid expanded phase. In principle, in the
coexistence region of the gaseous and liquid expanded phase
(above ~100 A* per molecule), one might expect to see a
fluctuating SFG signal because the gaseous phase does not give
a signal, while the liquid expanded phase does. Such fluctuatin
signals have been observed with second harmonic generation”
and ellipsometry.”® However, these fluctuations are not
observed here as the presented SFG spectra are averaged
over 10 min which is long on the time scale of the diffusion of
the domains, which happens on time scales of tens of
seconds.”®*’

Different SFG Spectra at High Density As a Function
of Laser Fluence. By comparing two SFG spectra (Figure 7)
of a lipid layer at high pressure (high lipid density), measured at
different fluences, a difference is observed at the CH peaks,
while the water band is more or less the same. At the relatively
high fluence (bottom panel) of ~10 mJ/cm?, the CH, peak at
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Figure 7. SFG spectra (SSP polarization) for DPPC on water at high
density (~45 A% per molecule) at low (~1.5 mJ/cm?) and high fluence
(~10 mJ/cm?), respectively, for which the single pulse heating
amounts to between 0.3 and 3 °C (depending on the IR frequency)
and between 2 and 19 °C, respectively. The spectra are offset for
clarity and are scaled to the relative IR intensities. Note the very
different shape, as a result of thermal effects occurring at high fluence.
Both spectra were measured with a nonrotating trough.

2850 cm ™ is still clearly visible, while this peak is absent in the
top panel for low fluence (~1.5 mJ/cm?). Also, in the high
fluence spectrum the intensity of the CH; peaks (2880 and
2950 cm™!) is low relative to the water, in contrast to the low-
fluence measurement. These two observations are a clear
indication that at high fluence the monolayer is affected by the
laser: due to the heat the tails are more disordered resulting in
more gauche defects and therefore the presence of the CH,
peak and a weakening of the CHj; signal. Apparently, the
repetitive excitation with the laser induced a phase transition
from the gel state with ordered tails to the liquid crystalline
state with less ordered tails.>® As the experiments were
performed at room temperature (~23 °C) and the phase
transition temperature is 41 °C,>® we can conclude that the
steady state heating of the sample is at least 18 °C in the high
fluence case, which is not unreasonable given the single shot
temperature rise estimated to be between 2 and 19 °C
(depending on the IR frequency) based on the focus size and
the penetration depth of the IR light (see the Appendix). For
the low fluence case (top panel), the steady state temperature
rise does not exceed 18 °C, as we still see ordered tails
indicating the gel state also by stopping the rotation of the
trough.

Moreover, the thermal effect of the laser is already visible in
the spectrum in Figure 1 taken at an area per molecule of 78 A?,
where, remarkably, a large signal is present in the O—H but not
in the C—H stretch region. This can be traced to variations in
the IR laser intensity by scanning across the C—H and O—H
stretch regions: at low frequencies the IR intensity is higher
than at high frequencies, resulting in an accumulation of more
heat at the interface in the C—H region than in the O—H
region (see the Appendix). Note that thermal diffusion in
between laser shots occurs over large length scales compared to
the penetration depth, so that only the laser intensity (and not
the penetration depth) is relevant for the steady state
temperature increase (see Appendix, Figure 9). As soon as
the infrared source reaches low frequency (C—H region), the
lipids are transported away more efficiently due to the flow
because of the larger thermal gradient. If the infrared frequency
is slightly higher the accumulated heat is slightly less, and the
domains can be detected. This explains the presence of the
water signal but the absence of the CH signal. In line with the
observation of Casson et al>® in experiments with a



DPPC -0.005
—~ 40F
£ -0.004
p4
= 30
s -0.003
2 20r -0.002
3
5 10F -0.001
pressure
O | 0.000
40 b g whb 3 J-000%0 _| 5005
— L Z 3o o — -0.0020
£ 2 ¥l\y 00010 - -0.004
% 30k 2 o [Reseure _Puaagl (000
£ ] 500 100015002000 —-0.003
© S 2 ©
o 20k area/molecule (A%)
2 -0.002
3
2 10t
o} —-0.001
pressure Puater
O | ! 0.000
40 60 80 100 120
area per molecule (Az)
palmitic acid -{-0.005
E 40
S —-0.004
IS 30+
s ~-0.003
= - P
a 20 palmitic acid - -0.002
3
5 10F —-0.001
water
O 1 1 T T =2 0.000

15 20 25 30 35 40 45
area per molecule (Az)

Figure 8. (a) Surface pressure (black, left axis) and the coefficient of
ellipticity (red, right axis) for DPPC on water during continuously
compressing the monolayer after preparation of the monolayer by
quickly adding DPPC solution until an area per molecule of 130 A* has
been reached. (b) Surface pressure (black, left axis) and the coefficient
of ellipticity (red, right axis) for DPPC on water as a function of the
area per molecule. The area was changed by adding more DPPC in a
drop by drop fashion with a few minutes between each drop. The
lowest area per molecule reached in this way is 2000 A* per molecule.
The inset shows the coefficient of ellipticity (for one particular
experiment (red) and the average of three experiments (gray)) and the
pressure at very low density. (c) Surface pressure (black, left axis) and
the coefficient of ellipticity (red, right axis) for palmitic acid on water
during continuously compressing the monolayer after preparation of
the monolayer by quickly adding a solution of palmitic acid until an
area per molecule of 45 A” has been reached. The ellipticity of pure
water, measured just before spreading the surfactant, is given as a blue
dot in each panel.

nanosecond IR laser, our data show that by using high intensity
femtosecond IR lasers experimental care has to be taken for
distortion of results due to sample heating. In both cases, steady
state heating is mainly responsible for the observed distortions,
and therefore only the laser fluence is important.
Ellipsometry. Interestingly, in ellipsometry a step in the
coefficient of ellipticity has repeatedly been observed when
compressing the layer at low densities (near-zero pressure) for
both lipids and fatty acids."*~"® The same is observed here: in
Figure 8a the coefficient of ellipticity as a function of area per
molecule for DPPC is depicted together with the simulta-
neously measured surface pressure. The reflectivity at 130 A
per molecule is comparable to that for a water—air interface.
Upon compressing the monolayer after initially making the
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Figure 9. Temperature increase as a function of depth into the water
layer for the IR beam in resonance with the CH (green) or OH (blue)
vibration. The solid and dotted line are for t = 0 and t = 1 ms,
respectively. The inset shows the same graph but with an expanded y-
axis.

layer by adding drops of chloroform solution until an area per
molecule of 130 A% a similar step as in the SFG data has been
observed, but the step appears at different area per molecule, 95
vs 85 A2, For palmitic acid, a step is observed with ellipsometry
at ~37 A% per molecule (Figure 8c), as opposed to the SFG
experiments where it occurs at 20 A* per molecule (Figure 2c).
In contrary to the SFG experiments, the laser used in the
ellipsometry experiments is not in resonance with a molecular
transition, and the fluence of the laser is very low, so that
Marangoni flow cells appearing as a result of heating effects can
be excluded as a cause for the step in the signal. The
temperature increase, calculated using the same expressions as
given in the Appendix for the IR, is below 0.001 °C in 1 s.
Remarkably, if the ellipsometry experiment is performed in a
different way, not under continuous compression but by
changing the area by adding more DPPC solution, the
coefficient of ellipsometry behaves very differently (Figure
8b): The discontinuity in the ellipticity coefficient is absent. We
note that, in contrast to these ellipsometry results, the SFG
results were independent of the manner in which the
monolayer was prepared. For the ellipsometry, already at very
low density, even after adding the first drop of DPPC solution,
the coefficient of ellipticity clearly differs from that of pure
water. Up to roughly 300 A’ per molecule the value is
fluctuating because liquid-expanded domains of a size
comparable to that of the laser spot are floating around. One
might expect that upon averaging multiple experiments the
coefficient will increase linearly with density in this regime
where we see fluctuations for one experiment. Indeed, as can be
seen from the gray line in the inset of Figure 8b, an average of
three experiments approaches this linear relationship. At higher
density, from ~300 to 90 A* per molecule where the system is
still in a coexistence of gaseous and liquid expanded phase, the
coefficient of ellipticity is flat. At lower density, it rises in a
similar way as observed under compression (Figure 8a). The
main difference between the two types of experiments is the
time that the system is allowed to relax and equilibrate. In the
first experiment, under continuous compression, the layer is
made by quickly adding DPPC solution until the area per
molecule reaches 130 A’ per molecule. In the second
experiment, the layer is a few minutes at 2000 A* per molecule,
then a few minutes at 1000 A* per molecule, and so on.



Ducharme et al.'* have previously observed that the onset of
the plateau at low density in a compression experiment
depends on the initial surface density. They suggested that at
low initial density the molecules have space to orient resulting
in a layer that is active in ellipsometry; i.e., the molecules are
aligned and oriented under a similar angle with respect to the
surface normal.'* If the initial concentration is too high, the
molecules are constrained in their motion due to lack of space
and get stuck in a metastable state that exhibits no or only very
little interfacial birefringence, to which ellipsometry is very
sensitive. At high initial densities, the intermolecular
interactions within the surfactant layer apparently prevent
ordered alignment of the lipid molecules. The critical area per
molecule is expected to be approximately 300 A* per molecule,
the area for a flat-lying DPPC molecule. For this initially
kinetically frozen monolayer that does not provide any contrast
in ellipsometry, significant intermolecular interactions (that
become more important as the monolayer is compressed) are
required to induce collective alignment of the lipid molecules.
Our observations are perfectly consistent with the hypothesis of
Ducharme et al.: for the slowly prepared layer, the onset of the
plateau is at the low density (high area per molecule) of around
250 A? per molecule, while for the layer with the initial surface
coverage at 130 A? per molecule the step appears at much
higher density. Interestingly, the coefficient of ellipsometry
remains constant from roughly 300 A” per molecule until the
moment the pressure starts to rise at roughly 90 A* per
molecule. Although the density in the coexistence of gaseous
and liquid expanded phase changes by a factor of 3, the
coefficient is fully flat. However, the BAM results show that
more liquid expanded phase (the domains get larger) is
occurring by compressing the layer. These results can only be
brought in agreement with each other if the effective refractive
index or the thickness of the layer decreases. Fitting of the SFG
results obtained with the rotating trough (Figure S) with a
Lorentzian line shape model (see, e.g, ref 4) shows that in the
same density regime where the coefficient of ellipsometry is
constant the amplitude of the CH, symmetric stretch vibration
is flat as well. The results of the fit are depicted in Figure 6b and
6¢. Although the lipid density increases, the average number of
gauche defects remains constant, indicating that the layer
changes orientation. Apparently the layer does that in such a
way that both the coefficient of ellipsometry and the SFG
signals of the CH, symmetric stretch vibration remain constant.

Although both ellipsometry and SFG show a discontinuity in
their signal before or around the surfactant density at which the
pressure starts to rise, the origin appears to be different. In SFG
measurements, the step is related to the heating of the water
phase. Due to this heating a net flow of surfactants out of the
laser focus will occur, as illustrated in Figure 4. At low
surfactant density, the surface is cleaned in the laser focus: all
the lipid molecules are effectively removed from the SFG laser
spot. We would like to stress that a very low fluence of the
resonant IR laser (less than 3 °C temperature increase per pulse
with the IR at the maximum of the OH band) is already
sufficient to displace the domains with surfactants out of the
focus as indicated in Figures 2 and 5. At higher surfactant
density the repelling laser force does no longer win from the
diffusion force driving the molecules into the laser focus. The
density where this occurs, and thus where the SFG signal
appears, depends on the type of surfactant in a similar way as
the isotherm. The earlier, upon compression, the pressure
deviates from zero, the earlier in a compression isotherm the

step from no SFG signal to a signal is observed. We would like
to emphasize that only by refreshing the sample in between
laser pulses by using a rotating trough, the step observed in an
SEG experiment can be fully eliminated. Only then the steady
state heating is low enough to avoid repelling of the domains
out of the laser focus. With the rotating trough, the “true” SFG
spectrum can be measured already at very low density.

In ellipsometry, the laser does not disturb the layer to the
same extent because the peak power is much lower and the
radiation is not in resonance with a molecular transition. The
step in ellipsometry has its origin in a metastable state that
occurs when the initial lipid density is too high. For such a
system, it takes significant compression to induce the molecular
transition from the invisible disordered state to a visible state
with collectively aligned tails. However, the density where this
step takes place depends on the preparation of the layer. The
step is even completely absent if the layer is prepared by
allowing the molecules sufficient space and time to relax. The
transition from not aligned to aligned tails, responsible for the
step in ellipsometry, can not explain the observed behavior in
the SFG case because the water signal, both the hydrogen
bonded and the free OH, should not show a step if the tails of
the surfactants align.

B CONCLUSION

We have elucidated the origin of the sudden increase in signal
observed in SFG experiments for surfactant monolayers on
water as a function of surfactant density. We demonstrate, by
measuring the water signal, that surfactants are displaced from
the probed region by the laser pulses. The use of a rotating
trough avoids the steady state heating of the sample causing
photocleaning and makes the sample spatially homogeneous.
This allows the measurement of “true” SFG spectra in the CH
and OH region of DPPC on water over the whole density
range. The presence of CH, vibrations in the spectrum in the
liquid expanded phase shows that the tails of the molecules are
not well ordered. In the liquid condensed phase only vibrations
originating from the CH; groups are present: the lipids are
ordered without gauche defects. The water signal increases
continuously until the liquid condensed phase is reached. The
free OH peaks, representing water molecules without DPPC on
top, decrease until no gaseous phase is present anymore. If a
nonrotating trough is used, no SFG signal is detected up to very
high densities because the liquid expanded phase domains are
readily removed from the laser spot by the same laser. Brewster
angle microscopy which shows the domains, in combination
with an infrared laser beam, might be able to visualize the effect
of steady state heating,

B APPENDIX

The single shot temperature rise can be calculated from the
beam size and the absorption cross-section at a given frequency.
According to ref 31 the Lambert absorption coefficient is a(4)
= 47k(A)/A, where A is the wavelength of light and k the
imaginary part of the refractive index. For an infrared laser
beam with a frequency of 3100 cm™, a is 0.36 um™.
Neglecting the roughly 1% reflection of the light from the
surface, and considering that from the original transmitted
intensity I, the remaining intensity I at distance ! from the point
of incidence scales as I/I, = e"*!, the average absorbed power
in the interfacial region where 50% of the IR light is absorbed
from the laser pulse can be readily calculated.



Specifically, with the details given in the Experimental
Section about the IR beam (power: 6 yJ; beam waist: 200 ym;
angle of incidence: 40°) for the high fluence case (Figures 1, 2
(except Figure 2b), and 7 bottom panel) and the heat capacity
of water (4.2 J/gK), we obtain a single shot temperature
increase of 9 K averaged over the volume formed by the beam
size of the laser at the surface and the 50% penetration depth.
At the peak of the water absorption (at ~3300 cm™ with ~4 yJ
IR), the rise is even 19 K with a 50% penetration depth of 0.6
um, while at the CH region (at ~2940 cm™" with ~6 uJ IR) the
rise is 2 K with a 50% penetration depth of 10 gm. For the low
fluence case (Figures S, 6, and 7, top panel) the beam waist is
roughly 2.5 times larger, resulting in a roughly 6 times lower
fluence. The single shot temperature jumps are therefore also 6
times lower.

The same calculation for the visible beam reveals that the
visible beam is not relevant for the heating process: the single
shot temperature increase for the visible beam is only 0.06 mK
and therefore negligible.

The effects described in the current paper are, however, not
caused by a single shot but by steady state heating. Given the
thermal diffusion coefficient of water being 1.11 X 1073 cm?/s
and assuming one-dimensional diffusion of heat perpendicular
to the water surface, one can calculate that in 1 ms (the time
between two laser shots) the heat diffuses roughly 20 ym away
from the interface. More precisely, at 1 ms after the pulse hits
the surface, the heat has a Gaussian distribution with a half
width half-maximum at ~20 gm. As the IR penetration depth is
at all our frequencies smaller than the diffusion length of 20
pum, the distribution of heat at 1 ms is more or less frequency
independent. Therefore, the heat at the surface at 1 ms is
predominantly determined by the IR power which is higher at
low frequencies (i, at the C—H region) resulting in more
steady state heat at low frequencies. The heat distributions
obtained from such calculations are depicted in Figure 9 for two
different times after excitations at the CH and OH vibration.
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