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Vibrational Spectroscopic Investigation of the Phase Diagram of a Biomimetic Lipid Monolayer
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The phase behavior of a biomimetic monolayer consisting of diphospholipid molecules on water is
investigated using vibrational sum-frequency generation and fluorescence microscopy. In addition to the
transition from the — molecularly disordered —liquid phase to the highly ordered and oriented con-
densed phase, a novel, extremely sharp transition is observed at low compression, which is attributed to
the uncurling of the hydrophobic alkane chains upon compression.
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The interest in the behavior of phospholipid layers on
water is due to its importance as a key constituent of
biological membranes. Lipid molecules, such as L-1,2-
Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) under
study here, consist of a polar headgroup and two long
apolar alkyl chains, as shown in the inset of Fig. 1. This
structure gives rise to fascinating behavior, such as self-
organization into different phases [2]. Monolayers are
excellent model systems for membrane biophysics, since
a biological membrane can be considered as two weakly
coupled monolayers [2]. Of particular interest is the phase
behavior as a function of lateral pressure, which has been
studied with various thermodynamic and spectroscopic
techniques [2]. It is clear that insights into the molecular
and mesoscopic structure associated with the phase be-
havior of phospholipid layers are essential for a complete
understanding of cell membrane and vesicle properties.

We have investigated the phase behavior of a DPPC
monolayer on water using vibrational sum-frequency
spectroscopy [3] (VSFG) in conjunction with fluorescence
microscopy [1]. Second-order nonlinear spectroscopies
with their intrinsic surface sensitivity [3] have provided
important molecular-level insights into biological sur-
face systems [4]. In particular, VSFG [5] has been used
to probe DPPC phospholipid layers at the liquid-liquid
interface as well as the kinetics of bilayer formation from
vesicle rupture [6] by monitoring C—H stretch vibrations
of both CH, and terminal CH; groups in the alkyl chain.
VSFG is a very powerful spatially averaged local probe of
molecular structure and orientation and provides infor-
mation that is complementary to that obtained with the
spatially resolved, but molecularly unspecific, fluores-
cence microscopy [1].

Using VSFG we observe, for the first time, a very sharp
transition from a phase with curled alkyl chains to a
phase with spatially extended chains. This transition,
occurring at relatively low DPPC densities, cannot be
observed with fluorescence microscopy and is not accom-
panied by significant changes in surface pressure. In
addition, we analyze the order and orientation of the alkyl
chains throughout the phase diagram.
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PACS numbers: 87.16.Dg, 42.65.-k, 68.37.—d, 68.60.—p

DPPC was obtained from Avanti Polar Lipids
(Birmingham, Alabama), as was the fluorescent probe,
1-palmitoyl-2-[12-[(7-nitro-2,1,3-benzoxadiazol -4-yl)-
amino]dodecanoyl]-sn-glycero-3-phosphocholine (NBD-
PC). The fluorescence experiments were carried out with
a probe concentration of 0.5 mol% [1]. The phospho-
lipid was spread from a chloroform solution (Fisher
HPLC grade) of 1 mM concentration onto Millipore water
(18.2 MQ cm resistivity) of pH 7, in a homebuilt Teflon
trough [dimensions (6 X 40) cm?]. Fluorescence images
were taken with a charge-coupled device (CCD) camera
mounted on a fluorescence microscope, with a 20 X /0.4
NA achromat microscope objective. The VSFG experi-
ments (without fluorescent probe) were performed using
120 fs (6 wJ) infrared pulses (FWHM bandwidth of
~180 cm™!) centered at 2930 cm ™! and 3.5 wJ, 800 nm
pulses with an 11 cm~! bandwidth, unless otherwise
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FIG. 1 (color online). Phase diagram of DPPC showing the
condensed, liquid compressed—liquid expanded coexistence
and the liquid expanded phase. After Refs. [1]. Also shown in
the inset is a molecular model of DPPC. Schematic drawings of
the lipid monolayer illustrate the main findings in this work.
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specified (repetition rate 1 kHz). Spectra are obtained by
dispersing the VSFG light onto a CCD camera [7], and
averaging for typically 200 s. The pulses, focused down to
a ~0.4 mm beamwaist, are incident at a 65° angle with
respect to the surface normal.

Figure 1 depicts the lateral pressure of a DPPC mono-
layer as a function of surface area per molecule, known
to reflect the existence of several phases [1,2]: a con-
densed phase at high compression (molecular area A <
47 A? /molecule), a liquid condensed (LC) phase, coex-
isting with the liquid expanded (LE) phase between 50
and 80 A%/molecule, and the LE phase for A >
80 A%/molecule. At much higher surface areas (A =
400 A? /molecule), there exists an additional gas (G)
phase [2].

Figure 2 depicts three sets of spectra at different po-
larization combinations (s or p) of the SFG, VIS, and
IR light, respectively, indicated in the graph: for the
compressed layer (top, 47 A%/molecule), in the decom-
pression region (middle, 58 A%/molecule), and in the
coexistence region (bottom, 65 A?/molecule). The ab-
sence of signal for other polarization combinations (apart
from pss, identical to sps) establishes that the surface is
isotropic around its azimuth [8]. The fluorescence micros-
copy images (Fig. 2) reveal the onset of domain formation
at ~80 A%/molecule (not shown in the figure). These
domains grow increasingly dense with further compres-
sion, in good agreement with previous observations [1].

The VSFG spectra Ispg(w) can be reproduced very well
by an expression for the second-order nonlinear suscepti-
bility consisting of a nonresonant term X%)z and a reso-
nant term )(g) associated with the vibrational transition,
convoluted ( ® ) with the VIS up-conversion field obtained
from its intensity [9]:
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where the vibrational resonances are described by their
resonance frequencies w,, linewidths 2I',, and ampli-
tudes A,. Ag is the amplitude of the nonresonant sus-
ceptibility and ¢ its phase relative to the vibrational
resonances.

For the strongly compressed DPPC layer
(47 A% /molecule), the three spectra require three reso-
nances, well-established for terminal CH; groups: the
symmetric stretch at 2878 cm™!, the asymmetric
stretch at 2963 cm™!, and a Fermi resonance at
2938 cm™!. As VSFG is inherently sensitive only to me-
dia lacking inversion symmetry [3], CH, resonances (at
~2850 and ~2920 cm™!) are absent for a layer with all-
trans alkyl chains, since these possess such symmetry
[5,6,10]. Indeed, upon decompression of the layer to
58 A% /molecule, the two CH, resonances associated with
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FIG. 2. SFG spectra (gray lines) obtained at different polari-
zation conditions (the three letter code next to the spectra
indicates polarizations for VSFG, VIS, and IR, respectively),
in combination with fluorescence microscopy images (50 um X
50 um) at various stages of compression (no structure for full
compression). Black lines are fits described in the text. The
spectral profile of the VIS up-conversion pulse is depicted in the
upper left corner of the upper panel, which also depicts the
signal from a bare water surface for ppp combination, reflect-
ing the IR pulse bandwidth.

gauche defects appear: The alkyl chain is no longer
perfectly stretched, as demonstrated previously [10].
Further decompression to 65 A?/molecule results in a
further increase of these CH, modes, as well as a marked
decrease in the CHj; intensity, both testimony of disorder
in the monolayer. The experimental spectra are fitted
under the global constraint of fixed frequencies for the
transitions, with linewidths varying in the range I' =
4.5-7 cm~!. This constraint results in ineffectual fits
for 65 A% /molecule (lower panel of Fig. 2), since it does
not allow for different types of DPPC domains, from
which the signals may interfere.

For a fully stretched (all-trans) DPPC molecule, as
depicted in Fig. 1, the transition dipole moment of the
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two CHj; symmetric stretch vibrations (which lie along
the terminal C—C bond in the alkyl chain) make an
angle of ~38° and ~45° with the molecular axis (defined
here along the lower of the two alkyl chains in Fig. 1).
Neglecting this small angular difference and treating the
DPPC molecule as two uncorrelated alkyl chains, we can
deduce the orientation of the chains, by comparing the
amplitude of the )(%y (e, B, vy = s or p) of the CH; C—
H stretching mode for the different polarization combi-
nations, as described in detail in Ref. [8]. For the required
Fresnel coefficients, the complex refractive indices in air
(ny), water (n,), and the interface layer (n}) for the three
beams are set as n; =1 and nj =118 [8] for all
beams; niR =1.39 +0.013i; nyS =1.326 + 1.3 X 1077i
and n5F¢=1331. For the fully compressed phase
(47 A% /molecule), the molecular axis lies along the sur-
face normal, tilting to an angle of ~20° in the decom-
pression region (58 A2/molecule).

Compressing the layer, Fig. 3 demonstrates that, start-
ing at very low densities (A = 110 A%/molecule), no sig-
nal is observed in the C—H stretch region, despite the
fact that some nonresonant VSFG is generated at the sur-
face. Further compression of the layer leads to the sud-
den appearance of two resonances around 2850 and
2920 cm ™!, associated mainly with CH, moieties in the
disordered alkyl chain (although some contribution from
the CH; groups cannot be excluded; to obtain sufficient
signal-to-noise the spectral resolution in this set of ex-
periments is 40 cm ™).

These two peaks can be reproducibly (and without
significant hysteresis) “‘switched on and off” by very
slight recompression and decompression, where the sys-
tem must be allowed to equilibrate for some 20 sec. Note
that the change in surface coverage between the presence
and the absence of the signal is less than 1%. The numbers
next to the spectra (in parentheses) denote the order in
which the spectra were recorded in this particular run.
There is a surprisingly sharp and sudden change in the
signal (also observed under pp p-polarization conditions)
as a function of molecular surface area. This transition is
not caused by laser effects: Variation of the pulse energies
and laser repetition rate over 1 order of magnitude and
beam focus sizes over a factor of 2 does not affect the
presence of the transition. We did observe a slight shift in
the exact position of the transition, converging to a value
of 115 + 3 A% /molecule for low laser power.

Further compression of the layer results in spectra
(with better resolution) in the center panel, demonstrating
that, although the CH; peaks grow in intensity, the CH,
intensity remains constant up to the fully compressed
monolayer, where it rapidly drops off. At the LE-LC
transition at A = 80 A2 /molecule, observed with fluores-
cence microscopy, no dramatic changes are observed in
the VSFG spectra. This is not surprising since the surface
changes at this transition are very slight. The results are
summarized in the lower panel of Fig. 3: With increasing
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FIG. 3. Upper and middle panels: VSFG spectra (gray lines)
upon compression of the DPPC monolayer. The upper panel
also depicts the VSFG signal from a gold surface, to demon-
strate the nonresonant nature of the signal for A >
109.0 A% /molecule. Black lines are fits described in the text.
The spectral profile of the VIS up-conversion pulse is depicted
in the upper left corner of the two upper panels. Lower panel:
Amplitudes for the nonlinear susceptibilities for different vi-
brations obtained from the fits shown in the upper panels.
Absolute values for the area per molecule may vary by 7%,
but the relative values on the x axis are reliable within 0.5%.
Lines in this panel are guides to the eye. The inset shows
enlargement around the transition.

surface area, the amplitude of the CH; symmetric stretch
(v = 2878 cm™ ') decreases much more strongly than ex-
pected from the number of molecules, due to rapid onset
of disorder: The signal is largest when all the dipoles are
aligned. In contrast, for the CH, symmetric stretch (v =
2850 cm™!), the amplitude rises steeply with surface area
due to the onset of disorder o level off at 55 A /molecule,
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and remain at this value until the signal abruptly disap-
pears at 109 A% /molecule. The plateau can be understood
by noting that the magnitude of this signal is determined
by a competition between the number of CH, groups at
the surface and the order in the alkyl chain: As their
density increases (causing a larger signal), the chain-
chain interactions also become more dominant, increas-
ing the amount of order (resulting in a smaller signal, see
above). Apparently, in the range 55-110 A?/molecule,
these two effects are in quite precise balance. Sur-
prisingly, for A > 110 A?/molecule, the signal abruptly
disappears indicating the alkyl chains become extremely
disordered and regain inversion symmetry.

This anomalous behavior—the disappearance of
VSFG signal for constant surface coverage of alkyl
chains — has been observed previously for a surfactant
adsorbed to quartz [11], at a coverage identical to where
the transition is observed here: at twice the surface area
relative to fully compressed. In these experiments [11],
the surface was in contact with solvents of varying polar-
ity. As apolar solvent molecules interact with the alkyl
chains, chain-chain interactions are increased, causing a
lengthening and straightening out of the alkyl chains. In
contrast, polar solvents were observed to cause a curling
up of the chains, due to repulsive solvent-chain interac-
tions; by curling up, the apolar alkyl chain can reduce its
exposure to the polar environment, resulting in the dis-
appearance of the VSFG signal. In the case of DPPC, the
relative strength of the water-chain interactions is in-
creased as the coverage is decreased, and, apparently,
there is a very clear point where the chain-water inter-
actions supersede the chain-chain interactions, resulting
in a sudden, conjunct coiling of the chains. As can be
observed in the inset of Fig. 3 (lower panel), the width
of the transition is less than 0.4 A?/molecule (the
fitted line results in a width of 0.2 A%/molecule). The
narrow range over which the transition occurs can
be understood by noting that, if for one chain (i.e.,
locally) the chain-water interactions exceed the chain-
chain interactions and this chain curls up, its neigh-
bor will experience less chain-chain interactions,
causing it to curl up as well. As a result of this avalanche
process, the transition is very sharp. As such, the ob-
served transition cannot be the LE-G transition, which
is known to exhibit a very large coexistence region.
In contrast to fluorescence microscopy, VSFG is
insensitive to first order phase transitions with coexis-
tence regions, such as the LE-G and the LE-LC transi-
tion, since the onset of coexistence initially affects
only a small fraction of the molecules (and VSFG is
a majority probe, as is clear from the lower panel of
Fig. 3). Inversely, as the molecular transition observed
here with VSFG does not result in mesoscopic changes
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like domain formation, it remains undetected using fluo-
rescence microscopy.

Previous observations of a sudden change in the non-
linear response of Langmuir films in second harmonic
generation (SHG) studies [12], as well as the otherwise
typical behavior of DPPC as a surfactant [2], indicate that
our observation of a molecular coiled-uncoiled transition
is relevant to a wider range of systems.
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