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Aqueous Nanoscale Systems

Sylvie Roke*

Abstract: In the past five years the Laboratory for fundamental BioPhotonics (LBP) has worked on developing new
technology that can access the molecular structure and nanoscale properties of buried aqueous interfaces and
aqueous solutions. Using these methods a better understanding of the important role that water plays in (nano-
scale and interfacial) processes can be obtained. These processes include the long-range interaction of ions with
water, structural and charge anomalies of the hydrophobic/aqueous interface, the formation and stabilization
of amphiphilic aqueous droplet interfaces, the formation and molecular properties of the electric double layer,
as well as membrane structure and hydration. The result of our work on these themes is summarized for this

special issue article.
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Introduction

Water. No substance on earth is so in-
timately linked to our well-being. Without
it, we die. On a more scientific level, with-
out water, membranes — the structures that
provide the architecture of our cells and
organelles — cannot function. Charges and
charged groups cannot be dissolved, self-
assembly cannot occur, and proteins can-
not fold. Apart from the intimate link with
life, water also shapes the earth and our
climate. Our landscape is formed by slow
eroding/dissolving processes of rocks in
river and sea water; aerosols and rain drops
provide a means of transport of water. Our
society depends on products that all relate
to water and aqueous systems, such as food
products, medicine, and consumer goods.

In most of the above mentioned systems
itis the interfacial region (of the membrane,
the droplet, or the particle) that determines
much of the physical, chemical, biologi-
cal, and geological properties.[!:2] Interfa-
cial water is often considered in one of two
ways: As a background, describable by a
single parameter, or simply omitted.[3-41 Al-
ternatively, it is studied in great detail in an
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environment or condition that is precisely
defined but so oversimplified that it has not
much to do with the real world. Aqueous
interfaces are mostly studied in vacuo, or
as a planar water/air interface.-!

However, interfacial water occurs on
different length scales, from sub-nano-
meter to micron sized (corrugations, or-
ganelles, membranes, liposomes), and is
often buried inside another solid or liquid
environment that is not at all comparable to
vacuum or air. This absence of molecular
knowledge of realistic interfaces is due to
a lack of tools that can access buried nano-
or microscopic interfaces in liquids and
solids.

Inthe pastyears, we have obtained a bet-
ter understanding of the important role that
water plays in interfacial processes, such
as the long-range interaction of ions with
water, structural and charge anomalies of
the hydrophobic/aqueous interface, the
formation and stabilization of amphiphi-
lic aqueous interfaces, the formation and
molecular properties of the electric double
layer, as well as membrane structure and
hydration. We have achieved these new in-
sights by developing methods that can ac-
cess molecular and nanoscale properties of
aqueous systems and interfaces more accu-
rately, as well as probing multiple time and
length scales simultaneously. In what fol-
lows we will first outline our strategy, and
then consider the above mentioned pro-
cesses in more detail. Finally, we highlight
several differences between nanoscopic
and macroscopic aqueous interfaces.

Probes for Nanoscopic Aqueous
Systems

Probing aqueous systems on different
length scales requires methods that cover
different length scales, such as linear and
nonlinear light scattering measurements:

- Interfaces - Nonlinear imaging - Nonlinear light scattering - Membranes - Water

dynamic light scattering (~mm,s), fem-
tosecond (fs) second harmonic scattering
(sensitive to nanoscale information from
the scattering pattern), vibrational sum
frequency scattering (spectral information,
with sub-ps dynamical information and
nanoscale information from the scattering
pattern), and multiphoton imaging (with a
~200 nm resolution and 500 wm field of
view; and us acquisition times). A large
part of our research effort has been aimed
at developing those methods. We have also
developed the necessary nonlinear optical
models and theories that allow us to access
detailed molecular level information about
interfacial processes. Fig. 1 shows an illus-
tration of the experimental methods with
energy level schemes for second harmonic
(SH) and sum frequency (SF) generation.
In both methods the production of a coher-
ent SH or SF photon only occurs when
non-centrosymmetric molecules are spa-
tially distributed in a non-centrosymmetric
way. This allows one to selectively probe
various specific structures, such as po-
lar fibrils (e.g. microtubules or collagen),
aqueous interfaces, electric field induced
orientation of water molecules or the con-
formation of moleculargroups.

In conjunction with the optical methods
we use a nanoparticle/droplet platform that
allows probing solid and liquid interfaces
around micron or nanoscale particles/
droplets in solution. Nanodroplets have
a surface to volume ratio that is ~4 orders
of magnitude larger than that of a planar
macroscopic interface. Thus, by using na-
no-interfaces we can dramatically increase
the efficiency and accuracy of an interface
measurement. Furthermore, preparation
procedures can be done entirely in the bulk
phase, and require a small sample volume
of typically ~50-100 microliter. This al-
lows for a dramatic reduction of impurity
issues and unwanted oxidation induced by
ambient air. It also reduces restrictions for
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Fig. 1. lllustration of methods. (a). Sum frequency scattering. Sketch of the beam geometry and
energy level scheme. A combined IR and Raman transition occurs, which is only allowed in a
non-centrosymmetric environment. (b) Photo (Alain Herzog, EPFL) of the second harmonic micro-
scope and energy level scheme for non-resonant second harmonic generation. This process is
elastic and has the same symmetry selection rules as sum frequency generation.

optical probes as the scattering experiments
can be performed with the incoming beams
in transmission geometry as opposed to
more complex reflection schemes. In addi-
tion, although many of the nanoscopic sys-
tems studied can be considered as model
systems, they also occur in living systems
with important biological functions (think
of lipid droplets and liposomes).

In what follows, some exiting advance-
ments that were achieved in the Roke lab
at EPFL are outlined, first regarding ex-
perimental and theoretical method develop-
ment, and then regarding the advancements
in understanding the molecular architec-
ture of aqueous systems.

Method Development

We have laid a technological founda-
tion by developing time- and frequency
resolved femtosecond (fs) vibrational sum
frequency scattering (SFS), a combination
of light scattering and nonlinear spectros-
copy in aqueous solutions (see refs [7-11],
as illustrated in Fig. la). Thanks to the
symmetry selection rules for second-order
nonlinear optical processes, SFS allows to
measure the molecular surface structure,
morphology and chirality of nano- and
microscopic objects in solution. A variety
of systems, such as polymer particles in a
solid matrix,[®! particles in solution,/'?! oil
droplets in water,[”l water droplets,[13] a mi-
cro-jetl!land liposomes!!4lin aqueous solu-
tion were characterized, often with surpris-
ing outcomes. Nanoscale curved interfaces
do not always behave in the same way as
extended planar interfaces.

More recently, we have developed a
new instrumental approach for fs-second
harmonic scattering (SHS, a non-resonant
form of SFS, employing two identical fre-
quencies, and addressing the electronic
states of a molecule rather than the vibra-

tional levels, Fig. 1b). This has led to in-
strumentation with an increased through-
put by three orders of magnitude.['5]1 The
enhancement enables the probing of the
orientational ordering of water at nano-
scopic aqueous interfaces on millisecond
time scales.

The technological developments go
handinhand with theoretical work: We have
published a series of papers laying down
fundamental scattering theorems!!6-201 that
can be combined with molecular dynamics
simulations.[21221 Our models are available
as freeware.

One recent example that stands out is
the measurement of unique values of the
surface potential from angle resolved po-
larimetric SHS.[231 The method is illustrat-
ed in Fig. 2. Fig. 2 shows two SH scattering
patterns of 100 nm diameter liposomes in
dilute aqueous solution. The two indepen-
dent scattering patterns are recorded with
the optical fields polarized in different
directions. The patterns can be described
by an optical model that uses the surface
potential as one of two fit parameters.
The obtained surface potential values are
plotted in the right panel and compared to

values from different surface models. In
contrast to other methods, no mean-field
assumptions about the interfacial structure
are needed. The portable table top method
can be applied to any type of particle in any
liquid or solid medium.

In addition, the principles of nonlinear
lightscattering can be transferred to micros-
copy, allowing for high-throughput wide
field multiphoton microscopy.[2+-261 Our
approach relies on reducing the repetition
rate of the femtosecond laser pulse train
(from the GHz range), while optimizing
the pulse energy, so that the throughput can
be optimized. As the number of emitted SH
photons scales quadratically with the pulse
energy and linearly with the repetition rate,
and the lower repetition rate ensures a re-
duced heat load of the aqueous system, a
higher signal to noise level is achieved,24
and photodamage effects are reduced sig-
nificantly in living systems (allowing us
to increase the dwell time by a factor of
~10026]). Fig. 3 shows the improvement
in throughput compared to scanning con-
focal second harmonic imaging. Single
living mammalian neurons can now be
imaged with second harmonic generation
on the sub-cellular level with sub-second
acquisition times,/?#! and the translational
and rotational diffusing of particles can be
measured inside living cells with single
shot (5 microseconds) accuracy. !

Aqueous Systems

To advance our molecular level un-
derstanding of complex aqueous systems
we have studied several phenomena that
capture essential elements of biochemical
processes. Organized in order of increasing
complexity these are: aqueous electrolyte
solutions, hydrophobic aqueous interfac-
es, charged amphiphilic interfaces, elec-
tric double layer and hydrophobicity, and
membrane interfaces.

Aqueous electrolyte solutions form the
matrix of life. Ions interact with water in

0.0001
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Fig. 2. Surface poten-
tial measurements.
(@). SHS patterns of
liposomes in two
different polarization
combinations. Using
the framework of refs
[19,23], the two scat-
tering patterns can be
described theoreti-
cally using the surface
potential and the
surface susceptibility
as sole unknowns.
The procedure allows
for the extraction of
unique surface poten-
tial values.
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Fig. 3. Measured second harmonic imaging throughput. Measured Michelson contrast in images
recorded from the same position of the same 100 nm BaTiO, particle sample in four different
systems: wide-field (200 kHz, gated detection as proposed here, blue and red curves, using
different camera settings), a scanning microscope (Leica TCS SP5 with 1028 nm, 88 MHz, 190 fs
laser pulses illumination, a 1.2 NA 20x water immersion objective, a scanning rate of 1000 Hz/line,
image size of 256 x 256 pixels, and collecting NA of 0.9), and a wide-field 1 kHz geometry with a
normal CCD camera. The used pulse power and repetition rate are given in the legend. The inset
shows an image of the nanoparticle sample corresponding to the red data point with the largest

contrast.

many ways, changing dipole orientation,
inducing charge transfer, and distorting the
hydrogen-bonding network. These effects
have been studied in experiments prob-
ing e.g. vibrational dynamics, dielectric
responses, infrared and Raman signatures
and computer simulations. All these stud-
ies have shown that ion—water interactions
are short-range affecting the structure of
water in the first, second and at most the
third hydration shell. However, such exper-
iments and simulations are biased towards
detecting short-range perturbations. Using
the unique sensitivity of the fs-SHS instru-
mentation and the property of nonlinear
light scattering experiments to be uniquely
sensitive to tiny perturbations on nanoscop-

ic length scales, we have started to probe fs
nanoscale structural correlations in liquid
water and electrolyte solutions. We found,
surprisingly, that electrolytes induce long-
range structural perturbations that appear
at micromolar concentrations, equivalent
to ion—ion separations of ~77 hydration
shells. Two examples of these experiments
are shown in Fig. 4. The change in the rela-
tive SHS intensity is caused by a response
of the water—water hydrogen-bond interac-
tions to the combined electric field of the
ions in the solutions. It can be seen that
the experiment is particularly sensitive to
quantum effects. In addition, the observed
changes in the SHS response correlate with
measurable changes in the free energy dif-
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Fig. 4. Electrolytes in water: Left: fs-SHS data of aqueous solutions, showing changes in the
orientational order at concentrations <10 WM. Right: Large differences are observed between light
and heavy water indicating the importance of nuclear quantumeffects.

ference between the surface and the bulk
of the electrolyte solution.[?”] The observed
phenomena offer unique insights into
the nanoscale properties of liquid water
and electrolyte solutions that is explored
further in studies that involve both theo-
ryl2228291 and experiment.[30!

In a second set of experiments we ad-
dressed the question: “Does water inter-
act differently with positive or negatively
charged ions?”” This question is motivated
by the observation that in biological sys-
tems interfaces are generally negatively
charged or charge neutral. In addition,
hydrophobic interfaces carry an apparent
negative charge. This suggests that there is
a difference between the hydration and sur-
face structure of cations and anions. Com-
bining Raman hydration shell spectro-
scopy with SHS and SFS to investigate the
molecular interactions with water in so-
lution and at oil nanodroplet/water inter-
faces, we mapped the interaction of tetra-
phenyl ions with water. The chosen ions,
sketched in Fig. 5a, that are either cationic,
with an As*ion as the core of the molecule
or anionic, with a B~ion as the core of the
molecule have virtually identical sizes,
structures and polarizabilities. As such,
the electrostatics of the interaction with
water and an aqueous interface should be
identical. The spectroscopic data, how-
ever, shows remarkable differences, as can
be seen in Fig. 5b. Comparing molecular
structures and the vibrational signatures
of the hydrogen bonding in the spectra,
we derived that the solvation of anions is
slightly more energetically favorable than
the solvation of cations. This difference
is caused by the different interactions at
work. Water—ion interactions can either be
dipole-charge interactions, or comprised
of hydrogen bonds between the ions and
the water molecules. The first interactions
have a different orientation, depending on
the charge sign of the ion, while the hydro-
gen bonds are always directed in the same
way, with the hydrogen donor of a water
molecule directed towards the phenyl ring
of the molecular ion. As such, for a nega-
tive ion both interactions will be coopera-
tive, while for the cation they will be anti-
cooperative, leading to a slightly less fa-
vorable solvation energy of the anion over
the cation. At the interface, this results in
the cations being more readily solvated by
the oil phase.

Hydrophobic aqueous interfaces are
key to understanding interactions between
water and macromolecular systems and
can be prepared by dispersing pure hy-
drophobic oil nanodroplets in water!3!-35
or water droplets in oil.l131 Electrokinetic
mobility measurements show that hydro-
phobic droplets in water are negatively
charged and that the charge increases dra-
matically when the pH of the solution is
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Fig. 5. Charge asymmetric behavior of water. a) Cartoons illustrating the solvation of molecular
tetraphenyl ions that have a virtually identical chemical structure and polarizability but a different
charge. For the anions hydrogen bonds and dipole—charge interactions can be optimized with
water oriented in the same direction. For cations each interaction energy minimum requires a
different water orientation. b) SFS spectra of the molecular anion (black) and the molecular cation

(red) on an oil nanodroplet in water. The spectral region below 2960 cm™

1 represents the

vibrational modes of the oil, while the spectral region above 2960 cm~" displays the structure
of the molecular ions, which are seen to be remarkably different.

increased.l31-331 This unusual behavior is
commonly explained by the presence of
hydroxyl ions at the interface. We observe,
however, no pH dependent accumulation
of OH™ at the interfacel33 and can explic-
itly exclude surface active impurities as the
major driving force for charge accumula-
tion.321 By analyzing our data with nonlin-
ear light scattering theory in combination
with molecular dynamics simulations that
include charge transfer effects, we suggest
that rather than ionic adsorption, charge
transfer between water molecules is re-
sponsible for the observed phenomenon. 3!

Charged amphiphilic interfaces are
aqueous interfaces that contain both hydro-
phobic and hydrophilic groups. We have
prepared droplets in water that contain vari-
ous amphiphilic molecules, such as neutral
and ionic surfactants, as well as phospho-
lipids. By measuring the molecular compo-
sition of the droplet oil surface, the surface
amphiphiles and the adjacent water as well
as the interfacial charge, we obtain infor-
mation of different length scales that can be
combined in a unified interfacial structural
picture. With this approach we found that
long chain alkane (>C) oil droplets mini-
mize their interfacial free energy with sur-
face oil molecules that lie flat on the surface
of the oil droplets.[2136] Positively and neg-
atively charged ionic amphiphiles interact
remarkably different with hydrophobic/
water interfaces.l37! Studies of the interfa-
cial structure of sodium dodecylsulfate and
dodecyltrimethylammonium, showed dis-
tinct behaviors for negatively charged am-
phiphiles and positively charged ones. The
negatively charged amphiphiles are more
hydrophilic than the positively charged
ones, as the dipole-charge interaction be-
tween the negative amphiphile and the wa-
ter and the hydrogen bonding of water with
the head group are pointing in the same di-

rection. For the positive ones these interac-
tions are anti-cooperative, similar to what
is illustrated in Fig. 5a. This finding is in
clear contrast to the general understanding
of amphiphilic interfaces.3! Furthermore,
planar interfaces and nanoscopic interfaces
made of the same chemicals do not display
the same chemistryB3% when charges are
involved,3439 which justifies the need for
considering different length scales.

The electric double layer is a layer
that surrounds any aqueous charged in-
terface and is thus a determining factor in
interface stability and nearly all forms of
biochemical change. Although the layer
is usually modelled with a mean field con-
tinuum model (meaning that all ions behave
as point charges and that water is a passive
dielectric), a plethora of specific effects

that indicate the opposite are known.[40-42]
These effects have not been quantified,
however. We have started to do this with our
multiscale toolbox and find that the nano-
meter length scale and the hydrophobic-
ity of the cations is crucial in determining
whether the ions only influence the water
structure in the interfacial region or also
the surface itself.[*3] In addition, the ability
to determine the average value of the sur-
face potential is a great help.[23:44]

Membrane interfaces: Lipid droplets
and liposomes. The interfacial environ-
ment of membranes is crucial for transport,
signaling and the function of organelles.
This comprises the molecular structure of
the lipids as well as the hydrating water. We
have developed a lipid droplet-like system
comprised of oil droplets surrounded by a
lipid monolayer that both mimics the natu-
rally occurring adiposomes and at the same
time presents a tunable, large surface to
volume ratio (but small volume) system for
molecular studies of membrane systems
(Fig. 6).[45:461 These droplets were used to
study the membrane structure of liposomes
in solution and it was found, surprisingly,
that the inner and outer leaflets of lipo-
somes have identical numbers of lipids.
The significant difference in area (~15%,
which was always assumed to be filled
with lipids) is filled up with hydrating water
molecules.[14 Specific head group interac-
tions may cause transmembrane asymme-
tries to occur. In addition surface potentials
of liposomes were determined, and it was
concluded that the commonly employed
mean field model cannot be used to de-
scribe the electrostatic properties of these
interfaces.[23] Instead charge condensation
plays a very important role.[#4
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Fig. 6. Liposome transmembrane asymmetry. a) SFS spectra of ~50 nm radius DPPS (blue), DOPC
(green), and DPPC (red) liposomes in D20, probed in the P-O stretch region together with an SFS
spectrum of hexadecane oil droplets covered with a DPPC monolayer (top trace). The SFS data
are offset vertically for clarity. It can be seen that, in contrast to the oil droplet covered with lipids,
there is no detectable transmembrane asymmetry of lipids. b) SHS patterns of the same liposomes
in pure H,0. The scattering pattern originates from the overall transmembrane asymmetry in the
orientational distribution of water molecules around the lipids (as illustrated in the cartoons).



282

CHIMIA 2017, 71, No. 5

THe LausannE CENTRE FOR ULTRAFAST Science (LACUS)

Conclusions

In summary nonlinear light scatter-
ing and imaging experiments offer a great
multidimensional toolbox to investigate
aqueous nanoscale systems and interfaces.
Future studies aimed at characterizing wa-
ter droplets, and their supercooling/freez-
ing behavior are possible. More complex
membrane and lipid droplet studies can be
investigated as well as more fundamental
energy transfer processes (by for example
implementing a pump beam). With a size-
able amount of information available on the
interfacial structure of nanoscale droplet
systems it becomes possible to more accu-
rately determine the physics and chemistry
behind the difference in nanoscopic and
macroscopic systems. The unprecedented
sensitivity of second harmonic scatter-
ing to the orientational order of water is
a great tool to investigate the active role
water plays in stabilizing interfaces and so-
lutions. It will be used in the future to fur-
ther investigate biological systems as well
as other fundamental surface processes.
Especially the ability to determine surface
potentials has great applications in biol-
ogy, chemistry, and physics. In addition,
many chemical reactions depend on it, for
example the transfer of electrons across
a surface. A combination with imaging
also has promising applications, as many
membrane processes depend on surface
potentials (for example (action) poten-
tials).
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