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Abstract

Electrolytes are known to impart considerable disorder to lipid assemblies, including
monolayers at the air-water interface, bilayers and vesicles. In the present work we have
investigated the disordering effect of sodium salts of monovalent anions that span the
lyotropic series on the monolayers of 1,2-dipalmitoyl-sn-glycero-phosphocholine (DPPC) at
12 °C. Pressure-area isotherms, Brewster-Angle Microscopy (BAM), grazing-incidence X-
ray diffraction (G1XD), and infrared absorption-reflection spectroscopy (IRRAS) were used
to investigate in complementary ways the salt effects on lipid monolayers. At 12 °C these
effects were found to be quite dramatic, a major finding being that the liquid-expanded phase,
which is not present at this temperature on a pure water subphase, reappears and dominates in
the presence of electrolytes. Salts expand the monolayer, destroy the ordered phase that exists
at zero pressure, and affect the ordering of the lipid chains and their tilt angle in the liquid
condensed phase. Finally, very chaotropic anions force DPPC lipids to adopt an untilted
conformation in the condensed phase, an unprecedented finding for non-mixed Langmuir
monolayers of this phospholipid. A distinctly different behavior of very chaotropic anions
from that of normal chaotropic ones thus emerges. The effect of the former is not just a
limited perturbation of the lipid assembly, but a major disruption of the structure, which arises

from competition between the lipids and the ions for interfacial sites.



1. Introduction

lon-specific effects have been found in a very large variety of systems and phenomena, and
ionic specificity usually follows the Hofmeister or lyotropic series of ions.**" In the last
decade, the mechanism of specific ionic action in several systems has been considerably
clarified through intensive research effort in this area (see recent reviews, journal issues, and

books on the topic®™®

). It has been established that specific ion action involves a fine balance
of interactions between water (the usual solvent), ions, and a solute or a surface, depending on
the system. There is still considerable discussion however about the relative importance of
individual interactions in many systems, while specific ion action is so rich and so far-
reaching that the field is still open for discovery of new phenomena.

For some time we have been using Langmuir monolayers of zwitterionic phospholipids as
model systems to understand specific anion effects in physicochemical and biological
systems.! Our monolayer work focuses primarily on anions. We formerly worked at room
temperature (22 °C), and used a variety of simple sodium salts and the classical phospholipid
1,2-dipalmitoyl-sn-glycero-phosphocholine (DPPC). It was found that the ion-lipid
interaction cannot be described as “binding”, but is satisfactorily described as partitioning of
the ions into the lipid monolayer.>*** The ions create disorder, favoring the liquid-expanded
phase over the liquid condensed phase.! The partitioning chemical potentials of several anions
between DPPC monolayers and bulk water were evaluated with an appropriate electrostatic
model. They were found to favor interfacial solubilization for the chaotropic anions of the
lyotropic series. They were also found dependent on the size of the ions in a rather complex
way, reflecting phenomena related to both ion-cavity creation and ionic solvation that are
involved in the partitioning process.>*** A useful extension of this work would be to extract
ionic partitioning chemical potentials at several temperatures, to obtain the enthalpic and

entropic contributions to the partitioning process. However, at temperatures below ambient



DPPC monolayers become gradually more ordered, and at a low enough temperatures (below
roughly 15 °C) the LE-LC transition disappears.’®?? In Figure 1 we present our own data on
the evolution of DPPC monolayer isotherms with temperature, in order to show more clearly
the temperature at which the LE-LC plateau vanishes. Our results are essentially in agreement
with those in the literature, and demonstrate the progressive monolayer ordering with

decreasing temperature.
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Figure 1: Pressure-area isotherms of DPPC monolayers on water as a function of temperature

in the range 8-25 °C.

Since sodium salts were found to interact quite strongly with zwitterionic monolayers
imparting considerable disorder at room temperature, it is useful to study the effects of these
salts on DPPC monolayers at lower temperatures. The question we wish to address here is to
what extent anions of the lyotropic series can counteract the ordering effect of temperature
observed in Figure 1. Similar phenomena have been observed before in the study of lipid

bilayer phase transitions, where anions have been found to affect the gel-liquid transition



temperatures of phospholipid bilayers and vesicles in ion-specific ways.>2" The literature on
salt effects on lipid bilayers consistently shows that chaotropic anions disrupt the order,
increase the fluidity, and reduce the gel to liquid transition temperature. Cations, especially
multivalent cations, may in fact change the headgroup conformation of DPPC in bilayers, as

observed with NMR spectroscopy,”®!

while the analogous effect for anions is thought to be
smaller.?*® |nvestigations of the interplay of anionic and temperature effects in lipid
monolayers have not been performed in a systematic way to date. This is rather strange as
monolayers offer some unique advantages, as pointed out in our previous work, > since
they exhibit a rich structural and phase behavior that can be probed both with macroscopic
measurements (microscopy, surface pressure and surface potential isotherms) and with
advanced spectroscopic and scattering methods.

In the present work we examine the effects of sodium salts of selected anions of the lyotropic
series on DPPC Langmuir monolayers at 12 °C. As seen in Figure 1, the monolayer is quite
ordered at this temperature, and does not exhibit the LE-LC phase coexistence, which is the
major feature of isotherms obtained at higher temperatures. We have used NaCl, NaBr,
NaNOs;, NaSCN, NaClO,4, NaPFg, and sodium tetraphenylborate (NaTPB) as electrolytes, to
span the greatest possible range of the lyotropic series. Chloride was found to have a very
marginal interaction with DPPC monolayers at room temperature," and is in fact found in
many phenomena to exhibit “indifferent” behavior and to be at the border between
kosmotropic and chaotropic anions.®®***> At the other end of the scale tetraphenylborate is
not usually considered to belong to the lyotropic series. It is a hydrophobic, surface-active
anion, which has been shown to interact very strongly with zwitterionic lipids at the water-
heptane interface,** and in vesicles,®® to intercalate between lipids in charged®® or

37,38

zwitterionic®*® monolayers, and to strongly stick to hard hydrophobic surfaces.*



Besides using pressure-area isotherms to observe anion effects on the macroscopic behavior
of DPPC monolayers at 12 °C, we have examined the phase behavior with Brewster angle
microscopy (mesoscopic (um) scale), grazing incidence X-ray diffraction (GIXD,
microscopic (nm) scale) and infrared reflection-absorption spectroscopy (IRRAS, bond (A)
scale). The broad range of length scales, over which information can be easily collected with
complementary methods, is a unique advantage of Langmuir monolayers as model systems.
This multi-length-scale examination will allow us to extract safe conclusions about ion-

phopsholipid monolayer interactions at temperatures lower than room temperature.

2. Materials and Methods

2.1 Materials

The phospholipid 1,2-dipalmitoyl-sn-glycero-phosphocholine (DPPC) was obtained from
Avanti Polar Lipids, and used without further purification. Chloroform (Acros Organics, 99.9
%) was used as a solvent to prepare 1 mM solutions of DPPC. NaCl, NaBr, NaNOs, Nal,
NaClO4.H,O were purchased from Merck (purity > 99 %). NaSCN was also from Merck
(purity > 98.5 %). NaPFs was purchased from Acros Organics (purity > 98.5 %) and
NaBCy4H;o (NaTPB) from Sigma Aldrich (purity > 99.5 %). NaCl, NaBr and Nal were baked
in an oven at 300 °C for 2 hours, while NaNO3 was baked at 250 °C. NaClO4.H,0, NaSCN,
NaPFs and NaTPB were not thermally treated prior to solution preparation (they are not very
stable upon heating). Salt solutions were prepared using ultrapure water (specific resistance of

18.2 MQ cm) produced by an Arium 611UV (Sartorius) reverse osmosis unit.



2.2 Pressure-area isotherms of Langmuir monolayers

Isotherm measurements were carried out with a KSV Minitrough (KSV Instruments, Finland)
equipped using a Wilhelmy plate made of platinum for the determination of the surface
pressure with accuracy +0.01 mN m™. The trough surface area was 273 cm?and the subphase
volume was 190 mL. All experiments were performed at (12.0+0.1) °C, with the exception of
a few experiments on pure water (reported in Figure 1), which were made at different
temperatures to compare with available literature data and to decide on which low
temperature to use. The temperature of the subphase was maintained constant with a Julabo
recirculating thermostat. DPPC monolayers were obtained by spreading 30 uL or less of a 1
mM chloroform solution of DPPC. After 15 min of evaporation time for the spreading
solvent, the surface pressure — area isotherms were registered while compressing
symmetrically the monolayers at a constant speed of 10 mm/min. For all concentrations of
every salt used, DPPC isotherms were measured at least four to five times, or as many times

as necessary to ensure reproducibility and obtain an accurate average isotherm.

2.3 Brewster Angle Microscopy (BAM)

A Brewster angle microscope (BAM 300, Optrel, Germany) was used to study the
morphology of the lipid monolayers. The instrument uses a 10 mW He-Ne laser, which emits
p-polarized monochromatic light at 632.8 nm. The BAM 300 is fitted with an
EHD®kamPro02 digital monochromatic camera, with a CCD sensor (% " SuperHAD). The
lens (Mitutoyo) has a focusing area of 400x300 um and a lateral resolution of 2 um. Because
the Brewster angle changes with the refractive index of the subphase, which is influenced
significantly by electrolytes, special care was taken to identify the correct Brewster angle

especially for salt solutions with high concentration. The Brewster angle was always > 53.5 °.



2.4 Grazing Incidence X-ray Diffraction (GIXD)

Grazing incidence X-ray diffraction was performed using the liquid-surface diffractometer at
the undulator beamline BW1 at HASYLAB, DESY, Hamburg (Germany). Details of the
setup for measurements on Langmuir monolayers have been given before.”’ The Langmuir
trough (R & K, Potsdam, Germany) was placed in a hermetically-closed metal box, which
was sealed prior to the start of each measurement. The trough was thermostated at 12 °C using
an external water recirculator. To reduce water evaporation and the scattering of x-rays from
air, the oxygen levels in the systems were monitored and kept low by exchanging the air in
the metal box with moistened gaseous helium. A hydrophilic plate of borosilicate material
was placed into the trough under the monolayer to avoid capillary waves produced from
mechanical vibrations of the set-up.* Because X-rays can cause significant damage to the
monolayer, the trough was moved between scans, so that the beam was hitting a different
sample area every time.***?

A monochromatic X-ray beam (A = 1.3038 A), produced by the synchrotron beam after Laue
reflection from a beryllium (2 0 0) monocrystal, entered the monolayer surface at an angle of
incidence a; = 0.85ac, where oc = 0.13 ° is the critical angle for total reflection. A linear
position-sensitive detector (PSD - OEM-100-M, Braun, Garching, Germany) was used to
monitor the diffracted intensity as a function of the vertical scattering angle of with vertical
acceptance 0 < Q, < 0.8 A™. For in-plane diffraction measurements, a vertically oriented
Soller collimator giving a lateral resolution of AQ,, = 0.008 A was placed in front of the
detector. This configuration allowed Bragg peak and Bragg rod measurements to be made
simultaneously. According to the geometry of diffraction, the scattering vector Q can be

written in terms of an in-plane component Qy, and an out-of plane component Q,: 4

Q, = 2% \/coszai +C0s20L; — 200S0;C0S0LC0S20 (1)



and

Q, zz_f(sinoci +sin0tf)“27n5i”0tf when o; << o @)

Where o;, s and 6 are the incident, vertical and horizontal angles respectively. The in-plane

component of the scattering vector provides information about the lattice spacings:

dhk =3 (3)

From these one can deduce the lattice type and lattice parameters (lengths a and b and angle

y), according to

h 2 k 2 hk cos e
dpe =31 — | +] =] -2 ¥ sin 4
hk {(aj [bj - } Y (4)

The area per lipid molecule at the “horizontal” plane x-y is given by
Ayy = ab siny (5)

The out-of plane component of the scattering vector can provide information about the polar

tilt angle, t, and the chain tilt direction ¥ (azimuth ¥).***

0 = QR cosPyy tant (6)

For a distorted hexagonal lattice with NN-tilted chains Eq. (6) becomes:*®*°
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Where d and n denote the degenerate (11) and non-degenerate (02) peaks observed in this
case. For the NN-tilted phase the “lattice distortion” with respect to a perfect hexagonal lattice
is given by:*

e = § (Q?(y _Q?(y)

= ®)
3(Q% +Qky)

The widths of the diffraction peaks determine correlation lengths for the monolayer through a

Scherrer formula:

L =0.88x

FWHM ®)

Here FWHM is the width of the peak at half maximum corrected for effects of instrumental
resolution. Eg. (9) is valid both in the x-y plane and in the z-direction. In the z-direction, L,
provides evidence about the degree of internal order of a chain (its magnitude reflects the
percentage of trans bonds in the hydrocarbon chains). In the x-y plane the correlation lengths
determine the size of the monocrystalline domains. Knowing L,y from the (11) and (02)
peaks, one can obtain a rough estimate of the number of lipid molecules in a monocrystal, by

treating the average crystalline domain as an ellipse:
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Where the correlation lengths are assumed to be equal to the axes of the ellipsoidal domain
and the molecular cross-section is equal to 2Ay for double-chain phospholipids. GIXD
measurements were taken at 10, 20, 30 and 40 mN m™ for pure water subphase and for most
electrolytes, with the exception of NaTPB. For the higher concentrations of this salt that were
used we could not detect a signal at low pressures, so we extended the measurement range to

60 mN m™.

2.5 Infrared Reflection-Absorption Spectroscopy (IRRAS)

IRRAS spectra were recorded using the IFS 66 FT-IR spectrometer (Bruker, Germany)
equipped with a liquid nitrogen-cooled MCT detector. The IR beam was conducted out of the
spectrometer and focused onto the water surface of the Langmuir trough. A detailed
description of the instrumental setup has been given elsewhere.®® The angle of incidence of
the IR beam, polarized by a KRS-5 wire grid polarizer in the plane of incidence (p) and
perpendicular to this plane (s), was 40° or 60° with respect to the surface normal.
Measurements were made by switching between two troughs at regular intervals using a
trough shuttle system controlled by the acquisition computer. One trough contains the
monolayer system under investigation (sample), whereas the other (reference) is filled with
pure subphase. The two troughs are connected through small holes so that the subphase level
is identical in both. To maintain a constant water vapor content the set-up was placed in a
hermetically sealed container. The beam reflected at an angle equal to the angle of incidence
is guided to a MCT detector, kept under very low temperature by cooling with liquid nitrogen.
The spectra from the reference trough, Ro, were subtracted from the sample spectra, R, in
order to eliminate the water vapor signal, and the IRRAS spectrum is reported as —log(R/Ry).
Spectra were recorded with a spectral resolution of 8 cm™ and collected using 200 scans for s-

polarized light and 400 scans for p-polarized light.



3. Results

3.1 Anion effects are significant and follow the lyotropic series

The

anticipated anion effect is observed in Figure 2a, where we show pressure-area isotherms

of DPPC monolayers at 12 °C on solutions of sodium thiocyanate (NaSCN). SCN' is known

to have a strong effect on DPPC monolayers at higher temperatures.” The partition

coefficient of SCN™ between the monolayer and bulk water at 22 °C is among the highest

calc

ulated, implying in fact a specific interaction of the ion with the phospholipids.* Two

separate populations of SCN™ ions have been detected under DPPC monolayers using

vibrational sum frequency generation spectroscopy.”
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Figure 2: (a) Pressure — area isotherms of DPPC monolayers at 12 °C on (a) NaSCN

solutions of various concentrations, and (b) 0.75 M solutions of different sodium salts.



In Figure 2a we see that the presence of NaSCN in the subphase leads to increased disorder,
and an appearance of a plateau that looks like a classic LE-LC equilibrium. As the salt
concentration increases, the pressure of the plateau increases, as does also the range of
molecular areas over which the monolayer LE-like disorder becomes obvious. This is an
anion-specific effect, as corroborated by the results in Figure 2b, where we see the isotherms
obtained for a number of sodium salts in the subphase at a concentration of 0.75 M. The
results in Figure 2b demonstrate that more chaotropic salts produce a stronger effect at the
same concentration. The very weak effects of marginally chaotropic anions, such as CI" or Br’,
raise the question of “concentration onset”. What concentration of a particular salt is needed
for a visible disordering effect? Since there is not a clear or unique criterion to resolve this
issue, we have opted to monitor the isotherm pressure at a molecular area, at which a clear LE
phase is observed at high salt concentrations. This happens at roughly 100 A2 per molecule
for most salts, small changes being allowed because the range of the LE phase is slightly
shifting, depending on the salt. In Figure 3 we show the pressure at this lipid area per

molecule as a function of salt concentration for most of the salts used in this study.
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Figure 3: Monolayer surface pressure at 100 A? per DPPC molecule as function of salt type

and concentration.



The lyotropic series clearly emerges from this plot, since the concentration onset for visible
salt effects is in the order NaPFg < NaSCN ~ NaClO4 < Nal < NaNO; < NaBr < NaCl. It is
tempting to define an “onset concentration” from a linear extrapolation of the data for each
salt, but there are good reasons to avoid this, namely (a) there is no theoretical justification to
pass straight lines through these data, (b) for some salts there are not enough points to decide
the issue, and (c) for some salts we get the impression that the behavior close to the “onset” is
nonlinear. A clear nonlinear behavior at much lower concentrations is observed for the

“hydrophobic” NaTPB. This will be discussed in a forthcoming publication.

3.2 Anions disrupt DPPC monolayers at all length scales

How and to what extent do anions affect the structure of DPPC monolayers at low
temperatures? A complete answer is obtained by examining evidence from several techniques
providing information at different length scales. BAM images obtained at various surface
pressures are shown in Figure 4. They show that even at zero pressure the DPPC monolayers

over water at 12 °C are ordered to a considerable extent.

(a) (b) (c) (d) (€)



Figure 4: BAM images of DPPC monolayers at 12 °C on (top) a pure water subphase, and
(bottom) a 0.5 M NaSCN solution, at the following areas per molecule (from left to right): (a)

120 A%, (b) 90 A%, (c) 80 A2 (d) 70 A2, (e) 60 AZ.

At relatively high molecular areas a condensed phase presumably coexists with a gaseous
phase. The attractive, cohesive forces between lipids apparently are strong enough (and
entropic effects are considerably weakened) to allow formation of extensive ordered domains
in equilibrium with gaseous-state regions, essentially depleted of molecules. The mesoscopic
structure of the monolayer on pure water changes very little upon increasing compression, the
only effect being the disappearance of gaseous voids, which occurs below 60 A? per
molecule. When 0.5 M NaSCN is present in the subphase the situation is quite different. At
large areas per molecule no ordered domains are visible (hence the darker uniform image seen
in Figure 4, bottom, left). The monolayer is fully disordered, being in a pure LE phase or a
coexistence of LE and gaseous states. At 90 A2 per molecule the first domains of the ordered
LC phase appear, which increase in number and size as the monolayer is compressed and
eventually coalesce into a LC phase, similar to that observed on pure water. In fact, the
sequence of images obtained on 0.5 M NaSCN is quite similar to the BAM observations at
higher temperatures." The individual domains have the branched geometry with two, three

(triskelion) or four branches normally obtained for DPPC,>">*

and known to partly depend on
compression speed and time available for monolayer relaxation.”® The sequence of BAM
images obtained at other NaSCN concentrations (0.1 M, and 0.25 M) are in complete
agreement with the results of Figure 4. The conclusion from the BAM investigation is that on

water at 12 °C DPPC forms extensive LC phase domains in equilibrium with a gaseous phase.

These domains appear to “dissolve” in the presence of salts, a LE phase is formed, and the



monolayer subsequently evolves in a way exactly analogous to that observed on water at

higher temperatures.*

Infrared Reflection-Absorption Spectroscopy (IRRAS) was used to provide information about
the influence of electrolytes on DPPC monolayers at the molecular scale. From previous FT-
IR studies we know that changes in the wavenumbers and intensities of specific bands provide
valuable information on chain conformation (vas CH», vs CH,), H-bonding, hydration and ion
binding to the headgroup of the lipid (v CO, vas PO,).%®8 Particularly interesting are (a) the
C—H stretching bands of the saturated hydrocarbon chains between 3000 and 2800 cm™, and
(b) the region between 1740 and 1700 cm™, which gives information about the vibrations of
the carbonyl groups of the DPPC molecule. The C-H region of the IRRAS pattern is shown in
Figure 5a for DPPC monolayers on water or NaSCN solutions at 12 °C and 10 mN m™. The
two prominent bands at ca. 2851 cm™ and ca. 2920 cm™ are due to the symmetric and
antisymmetric CH, stretching vibrations of the alkyl chains of the phospholipids, respectively.
It is known that during the LE-LC phase transition in DPPC monolayers the symmetric CH,
stretching frequency decreases from 2855 to 2851 cm™ and the antisymmetric CH, decreases
from 2924 to 2919 cm™, indicating an increase of trans over gauche conformations and a

higher degree of order in the monolayer.>*°
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Figure 5: (a) The C-H region of the IRRAS spectrum of DPPC monolayers on pure water and
0.1 M, 0.25 M and 0.75 M NaSCN solutions at 12 °C and 5 mN m™. (b) Plots of the vas CH,

peak height vs. lipid density for DPPC monolayers on the same solutions.

The intensities of the bands decrease as the NaSCN concentration increases, indicating a
progressively lower order in the monolayer. The behavior of these two bands is quite similar,
so we focus on the antisymmetric (as) band. The height of the peak is plotted vs. the surface
density of the lipid molecules (which is the inverse of the area per molecule) for DPPC
monolayers on these NaSCN solutions. Linearity of this plot implies that the intensity
increases primarily because of the increased surface density of contributing groups, while the
average chain conformation is roughly constant. Only minor deviations from linearity are
observed in the region of the LE-LC transition on the NaSCN solutions, even though the
chains undergo an ordering transition and there is a continuous change of the tilt angle with
pressure in the condensed phase (see below). Perfect linearity was observed before in such

plots for DPPC Langmuir-Blodgett films deposited on Ge surfaces,”* although a clear break



was observed for dipalmitoyl phosphatidylglycerol monolayers on water.®® In Figure 5b we
do see an obvious break for the data over pure water. The peak heights are larger than those
on NaSCN solutions, indicating a higher ordering of the monolayers on pure water. At low
lipid densities the peak heights are almost insensitive to the lipid density in the pure water
case, showing that the “true” lipid density changes little, because as we compress the
monolayer we mainly remove gaseous voids, but do not change the condensed phase
conformations.

In Figure 6 we see that the wavenumber of the as band on pure water is low and quite
insensitive to surface pressure. This is a strong indication that the monolayer is largely
ordered even at very low pressures, corroborating the BAM evidence, since wavenumber
values around 2925 cm™ indicate disorder in the chain region (significant presence of gauche

conformers), while values below 2920 cm™ are typical for all-trans conformations.
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Figure 6: Wavenumbers of as CH, stretching vibrations of a DPPC monolayer on pure water
and NaSCN solutions of various concentrations vs. surface pressure. The lines are drawn to

guide the eye. s-polarized light at an angle of 40 ° normal to the surface was used.

At low surface pressures we observe that the wavenumber increases considerably in the
presence of NaSCN in the subphase. This behavior is much closer to the behavior on pure
water at higher temperatures, indicating the “melting” of condensed phase domains at low
pressures and the passage from a LE to a LC phase with increasing surface pressure. Similar
results have been obtained for DPPC monolayers on solutions of the other chaotropic anions.

In Figure 7 we see the carbonyl group region of the IRRAS spectrum for DPPC monolayers
on 0.25 M NaClOg solutions at 12 °C at various surface pressures. The corresponding spectra
on pure water are provided as Figure S1 in the Electronic Supporting Information section. The
carbonyl spectra of phospholipids are usually thought to consist of several peaks that reflect
molecules with varying degrees of hydration.®*®® Peaks at roughly 1740, 1726, 1710 and 1685
cm™ have been identified for lipid molecules with progressively larger hydration (zero, one,
two and three hydrogen bonds with water molecules). As can be seen in Figure 7 and also
Figure S1, both bands at 1740 and 1726 cm™ are present, the second being more pronounced.
As the pressure increases and the monolayer goes gradually to the ordered LC phase, the peak
at 1740 cm™, which corresponds to the non-hydrogen-bonded lipids, becomes more dominant
as expected, since the contact of the carbonyls with water becomes progressively more
difficult. A shoulder at about 1710 cm™ (indicating the presence of more hydrated lipid states)
is visible in all spectra and appears to be enhanced at low pressures and in the presence of
electrolyte. Overall however it is found that spectra in the carbonyl region are not strongly
affected by the presence of chaotropic anions. A similar conclusion can be drawn by

examining the region of the phosphate group vibrations (v, PO, vibration in the range 1220-



1260 cm™). We conclude therefore that lipid hydration is not greatly perturbed, even in the

presence of large concentrations of sodium salts of chaotropic anions.
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Figure 7: IRRAS spectrum of a DPPC monolayer in the region of the C-O stretching
vibrations on a 0.25 M NaClO, solution at various surface pressures. s-polarized light at an

angle of 40 ° normal to the surface was used.

The final aspect of electrolyte effects on DPPC monolayers at 12 °C is provided by examining
the structure of the LC phase at higher pressures using the GIXD method. Table 1 contains
the extracted geometric parameters of the LC phase on pure water and NaClO,4 solutions of
various concentrations. Table 2 contains comparative results for DPPC LC phases on 0.25 M
solutions of NaNOs, NaSCN and NaPFs. Several conclusions can be drawn from these
results. In the first place the electrolytes affect the lattice parameters of the LC phase in a
systematic way. In most cases the lattice itself can be identified as the NN-tilted distorted

1,2,42,66-68 The

hexagonal phase that is usually observed for DPPC monolayers. lattice



dimensions increase slightly with increasing electrolyte concentration (see Table 1 for the
NaClO, effect), although for the very chaotropic NaPFs a partial reversal of the trend is
found. The lattice distortion is plotted in Figure S2 in the Electronic Supporting Information
section as a function of sin’(t), t being the molecular tilt angle. Such plots are expected to be
linear, a fact explained by Landau theory.* The linearity of these plots is indeed excellent
and the slopes increase with increasing salt concentration, as we can see for NaNO3 and
NaClO4, although a break in this pattern is once more seen for NaPFs. Similarly the tilt angle
increases in the presence of electrolytes, which may be ascribed to the expansion of the
monolayer at fixed surface pressure. A plot of the inverse cosine of the tilt angle, 1/cos(t) as a

function of surface pressure is roughly linear with a negative slope,®*"*

and the position at
which cos(t) becomes unity indicates the surface pressure at which the lipids would adopt an
untilted conformation. In Figure 8 we see that for most systems such pressures are typically
higher than 70 mN/m, at which pressures the monolayers are past the collapse point. Figure 8
thus indicates that the tilted phase of DPPC persists at 12 °C even at high concentrations of
most electrolytes. An interesting exception to this rule is NaPFg, a salt with a very chaotropic
anion, for which an untilted phase of the DPPC monolayer might appear at surface pressures

of 50 mN m™ or higher (unfortunately measurements at such high pressures could not be

carried out!).
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Figure 8: Plot of the inverse cosine of the tilt angle of the DPPC monolayer as a function of
surface pressure (a) on NaClOy solutions of various concentrations and (b) on 0.25 M

solutions of various electrolytes.

From the results of Figure 8 the following question emerges: Would a sufficiently high
concentration of a very chaotropic salt induce the appearance of an untilted DPPC phase?
Such phases have almost never been observed, because of the cross sectional disparity
between the DPPC headgroup and its two aliphatic chains. Observation of an untilted DPPC
phase is only possible if the area requirement of the headgroup can be changed either by
dehydration or reorientation from an almost parallel to a more vertical alignment.”>”* Another
way to reduce the tilt angle is the insertion of alkanes into the hydrophobic part of the
monolayer.”™ The alkanes are incorporated into the ordered lipid chains without changing the

effective headgroup area, thus changing tail orientation and lattice structure. All cases that



DPPC monolayers were reported to form untilted phases concerned mixed monolayers with
other hydrophobic compounds.
In Figure 9 we see that such an effect is indeed feasible at very low concentrations of NaTPB,

which contains the strongly chaotropic TPB anion.
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Figure 9: Contour plots of the in-plane Qyy and out-of-plane Q, scattering vector components

for a DPPC monolayer on water (a) and on NaTPB solutions of various concentrations

(5x10° M (b), 5x10™° M (c), and 5x10* M (d)) at 7 =30 mN m™ and T = 12 °C.

The (11) and (02) peaks of the usual NN-tilted distorted hexagonal phase of DPPC are found
on both pure water and a 5x10° M NaTPB solutions. However at higher TPB concentrations
only one peak is visible at Q, = 0, which means that the condensed phase exhibits a hexagonal
lattice with upright (untilted) molecules. It must be noted here that, although TPB has been
examined before in monolayers and has been found to form mixed monolayers with lipids, >
%8 this is the first time, as far as we know, that TPB is reported to cause a phase change in
lipid monolayers. A further demonstration of the ordering in the presence of TPB is shown in
Figure S3 in the Supporting Information section. There we plot the area per chain in the LC
phase (Axy of Eg. (5)) as a function of surface pressure. The slope of this logarithmic plot

equals minus the compressibility of the LC crystalline phase. It can be seen that, with respect



to the value on water, the compressibility increases a little in the presence of most
electrolytes, but it decreases dramatically in the case of the TPB anions, since the untilted

phase that is formed is very incompressible.

A final observation regarding salt effects on the condensed phase crystals is based on the peak
widths (correlation lengths), which provide a measure of the crystallite size via Eq. (10). In
Figure 10 we plot the number of lipids in a single crystalline domain of the LC phase for the

various systems studied in this work.
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Figure 10: Average number of lipid molecules in a single crystalline domain of the LC phase
of DPPC at 12 °C, as a function of surface pressure, with salt concentration and type as a

parameter.



In the presence of most electrolytes the average crystal size increases (the statistical
uncertainty of the crystal size is of the order of +£100-150 lipid molecules for large lipid
domains, but may decrease to +10 for smaller lipid domains). A drop of the crystal size at 40
mN m™, observed in many cases, may be a real effect. On the contrary, in the case of TPB the
crystal size decreases substantially, an effect that is greatly enhanced at higher salt
concentrations. This finding illustrates again the completely different mode of interaction of

34-38

this large, hydrophobic ion with the lipid monolayers (mixed monolayer formation rather

than intercalation within the LE phase™™®).

3.3 How to quantitate anion-lipid interactions at low temperatures?

In our previous work we had found that the effect of the salts on the surface pressure of the
LE phase of DPPC at 22 °C can be understood on the basis of electrostatics (monolayer
charging through ionic adsorption) alone.’ Quantification of ion-lipid interactions is possible
at 22 °C by treating anion effects on the surface pressure of the LE phase. At 12 °C the
situation is very different. There is no LE phase in the presence of water, but at high surface
areas one obtains a mixture of a gas phase and a LC phase. The LE phase appears when salts
are added, as illustrated in Figures 2-5. Any attempt to consider ionic adsorption to the
monolayer must take into account this dramatic conformational/phase change. A systematic
way to approach this problem is through the thermodynamic decomposition depicted in
Figure S4 in the Supporting Information section. Preliminary calculations however show that
this systematic approach does not work well, apparently because the DPPC monolayer
structure changes continuously at 12 °C as a function of ion type and concentration. This is
illustrated by the fact that the isotherms are not (even roughly) parallel to each other in the
range of the LE phase (see Figure 2). To extract ion association parameters with DPPC

monolayers at low temperatures one therefore needs very elaborate models, which will



simultaneously take into account the anionic effects on monolayer structure (both at the single
lipid and at the lipid assembly level) and electrostatics. Attempts towards such calculations
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have been presented in the past for lipid bilayers and can constitute a basis to address the

present monolayer problem.

4. Conclusions

In this work we have considered the effects of anions of the lyotropic series on DPPC
monolayers at 12 °C. In the absence of salts the DPPC monolayer is quite ordered at this low
temperature, but anion adsorption has a dramatic effect on the isotherm, counteracting the
ordering effect of temperature. The condensed phase domains at zero pressure disappear and
a LE-LC plateau reappears and shifts to higher pressures as the salt concentration in the
subphase increases. The onset and intensity of this behavior are in agreement with the
lyotropic series. A detailed investigation using isotherms, BAM, IRRAS and GIXD has
revealed that ions impart disorder to the monolayer by intercalating into the LE phase, in
analogy to their effects at higher temperatures.’ Much of the influence of anions can be
understood in this way, most notably the monolayer expansion in the presence of salts, the
changes in the CH, vibrational frequencies of the lipid chains, and the larger tilt of the lipid
molecules in the LC phase domains. There are a few aspects of the monolayer structure that
are not significantly perturbed by the ions, such as the shape of the LC domains (as revealed
by BAM), and the hydration of the carbonyl and phosphate groups (as revealed by IRRAS).
The effects of anions are “extreme” on two aspects of the monolayer structure. One is that the
ions lead to the reappearance of the LE-LC equilibrium, which is missing over pure water. A
second effect is observed when large, hydrophobic anions, such as PFg or TPB, are
introduced. These ions, especially the latter, because of their large size and surface-active

properties, presumably compete with lipids for the water surface, changing the headgroup



orientation/hydration and forcing the lipids to adopt an untilted conformation in the crystals of
the LC phase, a conformation hitherto seen only in rare cases in the case of DPPC, always
using mixed monolayers with proteins or special water soluble compounds. This implies a
dramatic perturbation of the phase structure of DPPC at low temperatures from the lipid point
of view. From another standpoint this different behavior of very chaotropic anions may in fact
indicate that we need to rethink about the lyotropic series. Until now chloride has been used
as the rough dividing line between cosmotropes and chaotropes, implying that the
“Hofmeister line” can be roughly divided into two regimes.®*® The present results illustrate
however that there exists one more “break” in the “Hofmeister line”, which may be of
particular importance in soft-matter systems. Large, very chaotropic anions are apparently
capable of modifying the structure of soft-matter systems in dramatic ways, going beyond the
systematic perturbation described by the lyotropic series. It will be very useful to examine in a
systematic way the action of such ions on model systems such as lipid monolayers. A wealth
of new effects can be anticipated in the presence of large hydrophobic anions, complex ions,
or organic ions, which are potent enough to take part in the structure and organization of self-
assembled soft-matter systems, and to create a link between the typical chaotropic anions and

the biopolymers that take part in the organization of biological membranes.
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Table 1. Lattice parameters, a, b and v, tilt angle t with respect to the normal, in-plane unit
cell area Ay, and correlation lengths Ly, and L, for DPPC monolayers over pure water and
NaClO, solutions at different surface pressures at 12 °C. A distorted hexagonal lattice with

NN tilt was assumed in all cases.

DPPC  n/mN a/A b/A y/° 1/° Ay Ly()/A Ly(02) L./

on m* /A /A A

H,O 10 5.752 5.183 123.7 35.2 2478 83 321 18

20 5621 5.123 123.3 335 24.1 91 343 18

30 5.393 5.049 1223 28.4 23.0 83 369 19

40 5308 5.034 121.8 269 22.7 84 343 18

0.10 M 10 5946 5.250 1245 376 25.7 88 540 18
NaClO,

20 5779 5.189 123.8 355 249 100 481 18

30 5,599 5,132 1231 324 241 114 481 20

40 5.442 5.064 1225 29.8 23.2 69 436 19

0.25M 10 5995 5.264 1247 38.0 25.9 76 481 18
NaClO,

20 5815 5.211 1239 36.2 25.1 87 540 18

30 5,589 5.117 123.7 32.3 23.9 91 343 18

40 5458 5.088 1224 304 234 84 321 18

0.75M 10 6.312 5.373 126.0 420 274 84 369 18
NaClO,

20 6.073 5.294 125.0 39.8 26.3 87 540 19

30 5.806 5.231 1243 374 255 102 481 18

40 5735 5.176 123.6 353 24.7 82 343 18




Table 2. Lattice parameters, a, b and v, tilt angle t with respect to the normal, in-plane unit
cell area Ay, and correlation lengths Ly, and L, for DPPC monolayers over 0.25 M solutions
of NaNOg3, NaSCN and NaPFg at different surface pressures at 12 °C. A distorted hexagonal
lattice with NN tilt was assumed in all cases. At 10 mN m™ over 0.25 M NaPFg the

monolayer is better described by an oblique lattice.

DPPCon =n/m alA  b/A  y/o /O AX£ Lyy(11) Lk(02) L,/
m? /A /A / A A

0.25M 10 5.801 5237 1242 369 255 104 540 18
NaN03
20 5.683 5.164 1234 345 245 110 540 18
30 5530 5.110 1228 316 23.8 119 481 19
40 5385 5.061 1221 287 231 80 481 20

0.25M 10 5.940 5.248 1245 378 25.7 95 481 18
NaSCN
20 5.756 5.187 123.7 35.2 248 93 481 18
30 5568 5.116 123.0 31.8 23.9 93 436 18
40 5440 5.076 1224 294 233 71 302 19

0.25M 10 5918 5178, 1253 376 255 95 368 21
NaPFg 5.288
20 5.665 5132 1235 341 242 91 436 20
30 5196 4965 1216 23.7 220 106 321 19
40 5124 4922 1214 218 215 122 256 18
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