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ABSTRACT: The surface morphology of atmospheric aerosol
particles can influence the particle’s overall effect on climate
through enhancing or impeding its ability to uptake and
evaporate water. In the work presented here, complementary
surface-sensitive information from π−A isotherms, Brewster
angle microscopy (BAM), and infrared reflection−absorption
spectroscopy (IRRAS) are used to monitor the induced
hydrophobic collapse of a surfactant film by an adsorbed
amino acid at the air−water interface. The stearic acid film
studied here is well-known to form a very stable floating
monolayer at the air−water interface, and is shown in this
work to withstand isotherm compression−expansion cycles
without any premature collapse. With the presence of the water-soluble amino acid L-phenylalanine, however, significant
disruption is observed of the stearic acid film, evidenced by the disappearance of its liquid-condensed phase from the isotherm
cycles, as well as premature collapse structures observed in the BAM images and a change in intensity in stearic acid’s C−H
stretching region in the IRRAS spectra. Throughout this process, the surface layer is transformed from a homogeneous
hydrophobic surface to an inhomogeneous surface with three-dimensional hydrophobic aggregates as well as hydrophilic “holes”
with minimum surfactant coverage.

■ INTRODUCTION
Atmospheric aerosols are globally distributed and are known to
play an important role in Earth’s atmosphere,1,2 although their
overall effect on climate is difficult to quantify.3 Organic
compounds are ubiquitous components of atmospheric
aerosols, recognized to play an important role in climate.4−6

Aerosols containing organic complex mixtures are either
directly emitted or formed by gas-phase photochemistry and
adsorbed onto preexisting particles (secondary organic
aerosols). Their morphological and chemical properties remain
poorly characterized hampering models of their influence on
aerosol properties.7,8 Field measurements have established that
many organic compounds found on aerosols in the atmosphere
are surface active.9−13 The morphology and structure of such
organic aerosol particles affect their optical properties,14,15

heterogeneous reaction mechanisms and rates,16,17 and their
ability to form cloud droplets18−20 and to nucleate ice
particles.21,22

Due to complex mixtures of hydrophobic and hydrophilic
phases in these particles, they can adopt very different
structures. Aqueous aerosols, both marine and continental,
have been proposed to exist with an inverted micelle structure,
with an aqueous core surrounded by a layer of organics.19,23−25

Recent field observations and laboratory studies find that

aerosol particles, in addition to such inverted micelle structures,
can adopt other morphologies and contain organic inclu-
sions.5,26,27 Reid et al. have proposed a complex structure where
the organics can form surfactant lenses.28 The presence of such
different phases and structures29 give rise to different
thermodynamic constraints and hence different morphological,
optical and chemical properties. The scattering efficiency of
aerosol particles has a strong dependency on size,30 requiring
quantitative insight into aerosol size distribution. The
composition of the aerosol, especially of the surface, can
influence the particle’s size through altering its ability to
evaporate or absorb water.8,20,31

It is commonly accepted that surface films composed of long-
chain organics impede water transfer.25,32−36 This effect is
dependent upon the extent of surface coverage and the
solubility of the surfactant. The nature of the films formed by
soluble versus insoluble surfactants varies: soluble surfactants
form more expanded, permeable films, whereas many insoluble
surfactants form close-packed, more impermeable
films.25,33,37,38 Environmental interfaces are more complicated
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systems, however, as they contain mixtures of surface active
organics. The long-chain fatty acids found on aerosols (such as
stearic acid) are insoluble saturated surfactants, and therefore
should impede water transfer into and out of the particle,
thereby affecting aerosol growth. This idea has been tested
experimentally on model aerosol particles in the laboratory, but
the results are conflicting.20,39−42 Moreover, this simplified view
relates to one-component monolayers comprised completely of
long-chain fully saturated fatty acids. It is likely that both
monolayer structure and interfacial water transfer are highly
sensitive to both the composition and morphology of the
interfacial film. Optical trapping has been used recently to begin
to understand some of these complex properties of aerosols
(hygroscopicity, mass accommodation, etc.), but it is still a
developing field of study.43

In this study, a Langmuir film is utilized as a laboratory
model for the surface of oceans, lakes, and atmospheric aerosol
particles. Because of the diversity of the sources from which the
atmospheric organics stem, mixed films are more appropriate
than homogeneous monolayers, in order to better represent the
complex composition of atmospheric aerosols.1,9,44,45 Mixed
films composed of surfactants with similar hydrophobic groups
have been studied previously.44,46 In this work, we chose a
system composed of a soluble surfactant (L-phenylalanine) in
conjunction with an insoluble surfactant (stearic acid), to
monitor surface pressure induced morphological changes at the
air−water interface in a mixed film. Here, two very different
hydrophobic groups are utilized: L-phenylalanine has a bulky
hydrophobic group composed of an aromatic ring, while stearic
acid contains a long hydrocarbon chain as its hydrophobic
group. The use of very different hydrophobic groups in a mixed
film will add to the knowledge of the surface morphology of
complex environmental interfaces such as the surface of
atmospheric aerosols. Isotherm compression−expansion cycles
were then utilized as a model for the complex dynamics at the
ocean surface and processes that aerosol particles undergo
throughout their atmospheric lifetime. In the atmosphere, the
surface coverage of the aerosol particle may be changed
through collision and subsequent coagulation of particles, as
well as selective evaporation and uptake of water. Manually
changing the surface area through the use of the trough’s
mechanical barriers mimics the compression and expansion the
surface of the aerosol particles undergoes through these
processes.
The choice of molecules used in this study is due to their

atmospheric relevance and known surface activity. Stearic acid,
as mentioned earlier, is one of the major surfactants found in
atmospheric aerosols stemming from biogenic sources,42 and
forms a floating monolayer (solubility in water of only 0.0029
g/kg47) with well-known phase changes through induced
surface pressure.33 L-phenylalanine was chosen as it has one
of the highest hydrophobicity ratings of the naturally occurring
amino acids but is still soluble in water with a solubility of 27.9
g/kg, and has been previously seen to exhibit some surface
activity.48−50 Amino acids are also found in atmospheric
aerosols,51 and are known to participate in atmospheric
processes.52−54 The mixed film formed by deposited stearic
acid with adsorbed L-phenylalanine at the air−water interface
was studied using the Langmuir trough in conjunction with
Brewster angle microscopy (BAM) and infrared reflection−
absorption spectroscopy (IRRAS).

■ EXPERIMENTAL SECTION

Materials. All solvents and reagents were used without
further purification. Stearic acid (octadecanoic acid, 98+%) was
purchased from Aldrich Chemical Co., Inc. and then dissolved
in chloroform (ACS grade, Mallinckrodt Baker, Inc.) to a
concentration of 1 mg/mL. L-Phenylalanine (99%) was
purchased from Alfa Aesar, and was prepared to a
concentration of 0.02 M in distilled water (solution had a
final pH of 6).

Instruments. Langmuir Trough. The Langmuir trough for
isotherm studies was custom-built, and consists of a
polytetrafluoroethylene (PTFE) trough (52 × 7 × 0.5 cm)
coupled with two computer-controlled, PTFE barriers. The
barriers were controlled using a computer interface and
software purchased from NIMA (NIMA Technology Ltd.,
UK). The barriers were limited at their open position to an area
of 300 cm2, and at their closed position to an area of 30 cm2 or
surface pressure of 45 mN/m (whichever was reached first),
with a constant barrier speed of 100 cm2 min−1.
The Langmuir trough for isotherm, BAM, and IRRAS studies

was equipped with a Wilhelmy balance, which allowed for the
measurement of surface pressure as the mechanical barriers
were moved across the surface, with the measured area being
the area between the moving mechanical barriers. This
produces a surface pressure−area (π−A) isotherm, thereby
giving interfacial thermodynamic information. In the experi-
ments presented here, isotherm compression/expansion cycles
were performed, during which the mechanical barriers
continuously moved from their open to closed positions with
constant barrier speed (with the limiting conditions described
above).

Brewster Angle Microscope. A similar Langmuir trough as
that described above (168 mm × 86 mm, KSV minitrough,
Finland) was equipped with a custom-built BAM, which further
allowed visualization of the air−water interface during the
isotherm cycles.55,56 The BAM experiments were carried out on
a self-assembled symmetric goniometer system. The laser emits
5 mW p-polarized light at 543 nm (Research Electro-Optics,
Inc.), which is incident at the Brewster angle of the subphase.
The incident beam is passed through a Glen Thompson
polarizer before reaching the liquid surface. An infinity-
corrected 10° Nikon lens together with a tube lens are used
to form the image. The BAM image is collected on an Andor
back-illuminated electron-multiplier charge-coupled device
(EMCCD; Andor DV887) of 512 × 512 pixels. In the BAM
images shown here, the darkest (black) regions represent areas
with negligible surfactant coverage (a two-dimensional (2D)
gas phase), the medium gray areas indicate the presence of a
condensed monomolecular film (e.g., of stearic acid), and very
bright areas indicate the presence of three-dimensional (3D)
structures (e.g., hydrophobic aggregates).

Infrared Reflection−Absorption Spectroscopy. IRRAS
spectra were obtained using the external port of a Bruker
Tensor 27 FTIR Spectrometer. The IR beam exited the FTIR
spectrometer and was passed through a CaF2 lens (remaining
unpolarized), before being reflected off of two 2 in. gold
mirrors positioned over a Langmuir trough, utilized to direct
the IR beam onto the air-aqueous interface at an angle of 22°
relative to the surface normal. This angle of incidence is within
the optimum 0−40° found to be ideal for an air−aqueous
interface and unpolarized light.57 The reflected beam was then
directed to a liquid nitrogen-cooled MCT detector. All external
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optics and equipment were constantly purged with dry house
air. Spectra were collected with a 1 cm−1 resolution and were
averaged over 200 scans. A single channel spectrum of a bare
water surface was used as the background spectrum. The
IRRAS spectra presented here remain as reflectance-absorbance
(RA) spectra, where RA = −log(R/Ro) with R being the IR
reflectivity of the surface of interest, and Ro being the IR
reflectivity of the bare water surface background. Such
reflectivities are described using the Fresnel equations, whose
details are presented elsewhere.58 With unpolarized light
incident at an angle of 22° relative to the surface normal of
an air-aqueous interface as used here, the expected absorption
bands will be negative.
Methods. Isotherm Cycles. The trough was initially filled

with the desired subphase; either distilled water or 0.02 M L-
phenylalanine in distilled water. Thirty microliters of stearic
acid solution was then deposited dropwise on the surface with
the barriers at the open position. The system was then allowed
to equilibrate for 20 min (to allow for solvent evaporation and
L-phenylalanine adsorption), after which 10 isotherm com-
pression/expansion cycles were performed. BAM video of the
interface was continuously obtained throughout this process,
and still images were later extracted from the video. IRRAS
spectra were also taken before and after the isotherm cycles (1
cm−1 resolution, averaged over 200 scans) with the barriers at
their fully open position. The pH of the solution was
unchanged throughout all experiments remaining at a pH of 6.
Adsorption. The Langmuir trough was filled with a 0.02 M

solution of L-phenylalanine followed by the deposition of
stearic acid as described above. The surface pressure was then
monitored over time with the barriers in their fully open
position (300 cm2). As with the isotherm cycles, the BAM
video of the interface was continuously recorded during the
adsorption process.

■ RESULTS
In the following, complementary thermodynamic information
from π−A isotherms was used in combination with structural
information from BAM images and IRRAS spectra to develop a
model regarding the behavior of the interfacial layer. All of
these techniques are highly sensitive to surface films, and
thereby give information about changes in orientation, packing
density and morphology of the molecules residing at the air-
aqueous interface. Stearic acid forms a very stable film with
known thermodynamic features.59 With negligible solubility50

and vapor pressure,60 stearic acid is unlikely to partition into
the aqueous or gas phases, and remains primarily as a floating
monolayer film. A typical π−A isotherm of a surfactant, such as
the one shown in the inset of Figure 1a, exhibits features (such
as plateaus and/or kinks) that indicate the presence of 2D
phase transitions, representative of the ordering and
interactions of the molecules at the surface.61,62 Moving from
large to small molecular area, the film begins in a 2D,
disordered gaseous phase in which there is little order among
the surfactant molecules at the surface, and the surface pressure
is negligibly small. At smaller molecular area, a phase transition
may be observed to a liquid expanded state in which there is
some interaction among the surfactants but still some
translational freedom. In the case of stearic acid, however,
room temperature is below the triple point, and condensation
to a liquid condensed phase occurs directly (at 24 Å2 in the
inset to Figure 1). A large number of studies using a variety of
techniques have led to a deeper understanding of the various

fatty acid liquid condensed phases, which are now characterized
as 2D liquid crystalline mesophases that vary in local packing
geometry, molecular tilt, etc.62−64 The molecules first pass
through a tilted liquid condensed phase (seen at 24 Å2 in the
inset of Figure 1) where the surfactant tails are ordered at the
surface with varying symmetries depending on the mesophase,
but are tilted relative to the surface.62,64 Then, if the barriers
continue to close, another phase transition may occur to an
untilted liquid condensed phase (∼20 Å2 in the inset to Figure
1) in which the surfactant molecules transition to occupying a
minimum surface area. At even smaller molecular areas, the
molecular monolayer becomes unstable with respect to collapse
into a 3D interfacial layer. The nature of this collapse has been
thoroughly studied and can vary depending on the film
composition, the thermodynamic conditions, and the com-
pression rate.65,66 For example, some monolayers collapse via
activated nucleation and growth of small 3D aggregates,65,67,68

while others collapse via the formation of macroscopic
“folds”.66 For stearic acid, the collapse pressure (πc) is around
55 mN/m and is indicated by a sudden decrease in surface
pressure, at which point complex 3D structures begin to form.69

The regime of the isotherm corresponding to the untilted
condensed phase is conventionally extrapolated to zero surface
pressure to yield a characteristic molecular area, or footprint
(Ao). The footprint for stearic acid is known to be ca. 20 Å2/
molecule.69

In the isotherms shown in Figure 1, the film was subjected to
a series of compression/expansion cycles, of which only the
compressions are shown. The film was not allowed to reach
collapse, constrained to a maximum surface pressure of 45 mN/
m. In Figure 1a, stearic acid alone was deposited on an aqueous
subphase, while in Figure 1b, stearic acid was deposited on a

Figure 1. Isotherm compression cycle numbers 1, 6, and 10 of (a)
stearic acid deposited on an aqueous subphase and (b) stearic acid
deposited on an aqueous 0.02 M solution of L-phenylalanine. Inset
shows a typical stearic acid isotherm on an aqueous subphase past the
point of collapse, with the molecular footprint (Ao), collapse pressure
(πc), and maximum pressure for the isotherm cycles (◇) indicated.
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subphase composed of an aqueous solution of L-phenylalanine.
Throughout the course of the isotherm cycles in Figure 1a, little
loss of stearic acid was seen from the interface, evidenced by
the small change in the footprint value (there was a decrease of
ca. 1 Å2/molecule throughout ten isotherm cycles). This is
reinforced by BAM images of the stearic acid film alone (see
Supporting Information, Figure S.1), which show that at a
surface area of 21 Å2/molecule in each cycle, there is simply a
close-packed monolayer film with no evidence of any disruption
or collapse structures. When an aqueous solution of L-
phenylalanine is present prior to the deposition of stearic

acid, however, the stearic acid film is modified (evidenced by
the progressive decrease in the footprint presented in Figure
1b).
Phenylalanine is a soluble amino acid that partitions to some

extent to the interface.49 This surface partitioning is observed
here as an increase in surface pressure over time as the
molecule adsorbs to the air−water interface, a phenomenon
which has been observed and characterized in other systems.70

Figure 2 illustrates the change in surface pressure due to the
adsorption of L-phenylalanine over time in the presence of a
dilute stearic acid film. During this experiment, the stearic acid

Figure 2. Surface pressure measured over time of 0.02 M L-phenylalanine solution after deposition of stearic acid with corresponding BAM images
(scale bar representing 50 μm). The asterisk indicates the time at which the isotherm cycles were started in the experiments shown in Figures 1 and
3.

Figure 3. BAM images of stearic acid deposited on an aqueous 0.02 M solution of L-phenylalanine taken after compression to an area of 21 Å2/
molecule of stearic acid. Numbers 1−10 correspond to the isotherm cycle during which the image was taken with the scale bar representing 50 μm.
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monolayer was present at a molecular area of ∼40 Å2,
conditions under which two-phase coexistence between a 2D
gas and liquid condensed phase would be observed in the
absence of a soluble surfactant. The asterisk and vertical broken
line indicates the time at which the isotherm cycles were started
in the experiment shown in Figures 1b and 3. The surface
pressure ultimately reaches a maximum of 25 mN/m, at which
point it remains constant for the duration of the adsorption
experiment. The BAM images, indicated at varying points along
the adsorption process of L-phenylalanine, suggest that a two-
phase film is present throughout this adsorption process, with
gray condensed phase regions appearing along with dark gas
phase regions.
Thus, in Figure 1b, the increased surface pressure at large

molecular areas can be attributed to the presence of adsorbed L-
phenylalanine. However, at molecular areas approaching 20 Å2

in the first isotherm cycle portrayed in Figure 1b, the isotherm
appears to mirror that of a pure stearic acid monolayer. The
footprint obtained through extending the stearic acid feature to
zero surface pressure is consistent with the footprint of stearic
acid on a bare aqueous subphase (Figure 1a). These
observations are consistent with the removal (i.e., “squeezing
out”) of phenylalanine from the interface at surface pressures

above ∼30 mN/m. As the isotherm cycles progress, however,
the stearic acid character diminishes evidenced by a
progressively smaller footprint. This contrasts sharply with
the behavior described earlier of a stearic acid film on a bare
water subphase where very little loss in surfactant is seen
throughout all 10 isotherm cycles. The experiments were also
performed with a subphase containing a dilute (10−5 M)
CdSO4 solution to test the effect of salt content. It is well-
known that divalent cations increase the stability of stearic acid
monolayers.71 However, the isotherm cycles performed on the
system of stearic acid with an adsorbed phenylalanine film in
the presence of Cd2+ resulted in the same loss of stearic acid
character seen with a pure water subphase (see Supporting
Information, Figure S.2). Again, in this experiment, the
maximum surface pressure allowed was 45 mN/m, thereby
avoiding monolayer collapse due to external barrier pressure.
This indicates the modification of the otherwise stable stearic
acid film due to the presence of the adsorbed L-phenylalanine.
The modification was seen to persist over the course of at least
24 h, indicating that it was an irreversible change to the surface
monolayer.
The disruption of the stearic acid film is visualized in the

BAM images in Figure 3. This series of images was taken at an

Figure 4. IRRAS spectra of the phenylalanine−stearic acid mixed film before isotherm cycles (black) and after isotherm cycles (red). The full IRRAS
spectrum is shown in panel a, and only the C−H stretching region is shown in panel b.
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area of 21 Å2/molecule of stearic acid during each compression
cycle. At this molecular area, the stearic acid film should be
approaching its liquid condensed phase, with a close-packed,
interacting monolayer. This area is also well below the collapse
of the monolayer. In the image from the first cycle, all that can
be seen is a close packed stearic acid film (seen as a fairly
uniform gray color). There are no apparent holes or
hydrophobic aggregates, as is to be expected from the isotherm
data. As early as cycle 2, bright spots representing early collapse
structures begin to appear. As the cycles progress, the collapse
structures are more pronounced, begin to coalesce, and the
surrounding monolayer film exhibits 2D phase coexistence of
condensed and gaseous regions. These 2D gas phase regions
become more prominent in the later cycles seen as large dark
voids in the images.
The IRRAS spectra shown in Figure 4 also confirm the

processing of the stearic acid film facilitated by phenylalanine.
The spectrum shown in Figure 4a is the full spectrum of the
stearic acid−phenylalanine mixed film before (black) and after
10 isotherm cycles (red) taken at a molecular area of 32 Å2 of
stearic acid. In this spectrum, it is clear that there is in fact a
mixed film of stearic acid and phenylalanine in the surface
region both before and after isotherm cycles, evidenced by the
strong C−H stretch peaks around 2900 cm−1 due to the long
hydrocarbon tail of stearic acid, as well as the weaker peaks
below 1600 cm−1 due to phenylalanine (with the exception of
the sharp peak at 1470 cm−1, which is due to the CH2 scissoring
mode of stearic acid). It is also evident when comparing the
IRRAS spectra both before and after isotherm cycles that there
is no change in ionization state of either stearic acid or
phenylalanine in the surface region, as there are no shifts or
appearance/disappearance of any peaks in the full spectrum
(Figure 4a). At the pH of 6 used in these studies, phenylalanine
exists as a zwitterion. The carboxylic acid group of stearic acid
has a bulk pKa of ∼4.85, which increases to ∼8.7 at the surface,
ensuring that at pH 6 the stearic acid molecules at the surface
are un-ionized.72,73 Thus, the effects seen here are not
attributed to a change in the ionization state of the molecules
at the surface.
When comparing the C−H stretch region before and after

cycles, shown in Figure 4b, there is a decrease in intensity after
the isotherm cycles. This decrease in intensity can be attributed
to either less absorbing molecules in the illuminated surface
area, or an orientational ordering change of the stearic acid
molecules at the surface.46,74 It is likely that both of these are
contributing here, when this data is taken in conjunction with
the BAM images shown in Figure 3. There is an orientational
order change of the stearic acid hydrocarbon tails, seen in the
BAM images by the formation of 3D aggregates throughout the
cycles (bright spots in the images). There is also loss of stearic
acid from the surface as seen by the large dark voids in the
BAM images. Over the course of the isotherm cycles, the BAM
images and IRRAS spectra reinforce the information gained
from the isotherms themselves: that the presence of phenyl-
alanine causes modification of the stearic acid film from a
uniform hydrophobic surface to a heterogeneous surface
containing 3D hydrophobic aggregates, regions of condensed
monolayer, as well as exposed hydrophilic “holes” (2D gas).

■ DISCUSSION
Pure films of insoluble surfactants (such as stearic acid) are
known to undergo the transition from a 2D film to form more
complex 3D structures once a characteristic surface pressure has

been reached and the film collapses.66 Among the suggested
collapse structures formed of single-component films are
micelles that partition into the bulk aqueous phase, 3D
aggregates that nucleate and grow at the interface, and the
formation of bilayers and trilayers at the surface through film
fracture followed by folding.65−68 The formation of these
collapse structures is often described as having a nucleation and
growth mechanism, and has been visualized using BAM.67,68,75

Mixed monolayers can have even more complex collapse
mechanisms, depending on the components’ miscibil-
ities.69,70,76−79 It is evident from the first isotherm cycle of
the stearic acid/L-phenylalanine mixture (Figure 1b), that
stearic acid and adsorbed L-phenylalanine form an immiscible
mixed film. In a true miscible mixed film, there will only be one
distinct collapse pressure that is usually different from that of
either individual component.69,76 In this case, there are two
distinct collapse pressures, each characteristic of the individual
components that point toward their existence at the surface as
an immiscible mixed film.69,76 This is seen as the “squeezing
out” of L-phenylalanine, evidenced by the near-horizontal
region of the isotherm at a surface pressure of ca. 25 mN/m,
prior to the expected stearic acid liquid condensed phase.
The collapse of a monolayer to form soluble micelles may be

envisioned through the tilting of adjacent surfactant molecules
due to tail−tail interactions as described by Safran et al.62,80

The heads are assumed to form an ordered array on the surface,
while the hydrophobic tails are allowed to rotate. Safran et al.
suggest that the mismatch between the size of the heads and
tails of the surfactants promote the formation of “micellelike
clusters”, a deviation from the normal uniform tilt state. Here,
there is either a larger head−head spacing than is preferred by
the tail−tail interaction, or there is a larger tail−tail spacing
than is preferred by the head−head interaction (resulting in the
tails splaying outward from each other). The resultant
structures are named “antisolitons” and “solitons” respectively.
Safran et al. then concluded that the antisoliton state can be
lower in energy than a uniform tilt state.80 These antisoliton
“micellelike clusters”, when subjected to the external pressure
supplied by the mechanical trough barriers, could fold on top of
one another, forming a cluster of surfactants with hydrophilic
heads on the outside and hydrophobic tails on the inside.
It is clear from the BAM images shown in Figure 3 that the

collapse structures observed in this study are not folds resulting
in multilayers (which would be seen as long, line-like
structures),66 nor are they micelles, which are nanometer-
scale objects that would be invisible via BAM: micelles or larger
hydrophilic aggregates would be soluble in the subphase, and
would not remain at the surface in the plane of view. In fact, the
structures that are formed during the compression cycles are
consistent with macroscopic hydrophobic aggregates (i.e.,
particles) that remain at the interface, presumably due to
their hydrophobic character.81 This mechanism is consistent
with recent work by Sierra-Hernandez and Allen showing
aggregate formation of long chain halides on the surface of
stearic and palmitic acid Langmuir films.46 In order for such a
structure to form, however, the tails of the surfactants must
splay outward rather than bunch inward (comparable to Safran
et al.’s soliton state versus antisoliton state80). This is generally
considered to be a less favorable state (energetically) than
either the state where the tails are bunched inward or a uniform
tilt state. However, if a large hydrophobic group (like the
phenyl ring from phenylalanine) is inserted between some of
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these long hydrocarbon tails, it could force them to splay
outward and begin the formation of these structures.
The stability and mechanism of the collapse of a monolayer

is usually considered to be due to interactions among the head-
groups of the surfactant molecules at the interface.68,82

Through hydrogen bonding among the head-groups, stable
bridging interactions are formed, and prevent the disruption of
the ordering of the head-groups through collapse.82,83 Hydro-
phobic interactions, however, may also be important in the
formation of hydrophobic collapse structures at the interface.
Hydrophobic interactions have been seen to disrupt stable
hydrogen-bonded networks (like the network formed by the
hydrophilic heads of the surfactant molecules) in previous
studies.84−86 Recently, Zangi et al. have used molecular
dynamics simulations to propose a mechanism for the
denaturing of proteins by urea, where the hydrophobic
interaction between urea and the protein backbone is stronger
than the interaction of water with the protein, thereby forcing
its unfolding.84 Chandler has more broadly explained hydro-
phobic phenomena that occur at interfaces as essentially water-
excluding interactions, where a hydrophobic interaction is
facilitated by the exclusion of water from between the
hydrophobic regions along with the necessary disruption of
hydrogen bonds at the interface.87 Chen et al. have
experimentally shown using BAM and sum-frequency spec-
troscopy that small soluble molecules such as dimethylsufloxide
compete for the surface and can exclude water from the
headgroup region, caging and prematurely condensing
lipids.86,88 In a system such as the one presented here, this
disruption would be facilitated by the phenyl ring forcing its
way in between the hydrocarbon tails and then, through a
hydrophobic interaction, forcing the distortion of the
monolayer. The hydrophilic head of the surfactant would still
be able to form hydrogen bonds to the carboxylic acid and
amine group on the amino acid, and the phenyl group would
have been suspended above the surface as has been observed
using sum-frequency spectroscopy,49,89 allowing for the
necessary hydrophobic interaction with the hydrocarbon tail.
The resultant distortion would be manifested by the splaying of
the long chains outward, and then through continued external
pressure on the film, would force the formation of hydrophobic
aggregates. In contrast to the micelles described earlier, these
hydrophobic aggregates would remain at the surface, as was
observed using BAM and confirmed by the continuing presence
of stearic acid C−H stretches observed using IRRAS.

■ CONCLUSIONS
Surface films on atmospheric aerosols play an important role in
chemistry and climate in both the prebiotic and contemporary
atmospheres.24,25,90,91 In the modern atmosphere, aerosols are
known to have an effect on climate.3 The aerosol direct effect
(light attenuation) is significantly influenced by aerosol size,
prompting the need for a better understanding of the
hygroscopicity of the particles. Surfactants on aerosols have
been proposed to impede the particles’ ability to uptake water,
thereby impeding its growth, but experiments present
conflicting results. The aerosol indirect effect (ability to serve
as cloud condensation nuclei) has also been suggested to be
dependent upon the surface morphology of the particle through
the dependence of Köhler theory on surface tension.92 In this
study we have shown that an otherwise stable surfactant film
can be modified due to the presence of a soluble amino acid,
exposing hydrophilic holes and forming hydrophobic aggre-

gates at the air−water interface. This hydrophobic collapse
suggests that the effect of surfactants on atmospheric aerosols is
more complicated than a simple monolayer impeding water
transfer. Instead, the composition of the entire aerosol and its
atmospheric processing must be taken into consideration
because molecules from the aerosol’s interior may have the
ability to significantly disrupt the surface morphology, thereby
changing the surface tension of the particle (affecting its
propensity to serve as a cloud condensation nucleus (CCN))
and possibly opening up hydrophilic holes to allow for
increased water uptake and growth.
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