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ABSTRACT
laboratory on
on vibrational
vibrational sum
sum frequency spectroscopic
spectroscopic investigations
Work from our laboratory
investigations of molecular
molecular ordering
ordering at the
Simple charged
charged surfactants
surfactants adsorbed at the liquid-liquid interface are seen to
carbon tetrachloride-water
tetrachionde-water interface is reviewed. Simple

induce alignment of interfacial
interfacial water
water molecules
molecules to
to aa degree
degreewhich
whichisisdependent
dependenton
onthe
theinduced
inducedsurface
surfacepotential.
potential. Saturation
Saturation of
of
molecule alignment
surfactant surface
surface concentration
water molecule
alignment occurs
occurs at a surfactant
concentration corresponding
correspondingtoto aa calculated
calculated surface
surface potential
potential of
of
approximately 160
complementary studies,
studies, the relative
relative degree
approximately
160 mV.
mV. In complementary
degree of
of hydrocarbon
hydrocarbonchain
chainordering
orderingwithin
withinmonolayers
monolayersofof
symmetric phosphatidylcholines
symmetric
phosphatidylcholines of
of different
different chain
chain lengths
lengthsisisinferred
inferredby
bythe
therelative
relativesignal
signalcontributions
contributionsofofthe
themethyl
methyland
and
methylene symmetric
methylene
symmetric stretch
stretch modes.
modes. The degree of hydrocarbon
hydrocarbon chain
chaindisorder
disorderobserved
observeddepends
dependsstrongly
stronglyononthe
themethod
methodofof
By one
one method,
method, aa decrease
decrease in hydrocarbon
hydrocarbon chain
monolayer preparation.
preparation. By
chain order
order isis seen
seen with
with increasing
increasingchain
chainlength.
length. Another
method of monolayer
monolayer formation
method
formation yielded
yielded very
very well
well ordered
ordered hydrocarbon
hydrocarbonchains
chainsfor
forthe
thelongest
longestchain
chainphosphatidylcholine
phosphatidyicholine
studied, and showed much greater disorder in shorter chain
chain species
species which
which was
was comparable
comparable to
to the
the other preparation
preparation method.
method.
These studies are a foundation
foundation for further work with this
this technique
technique geared
geared towards
towards understanding
understandingmolecular-level
molecular-levelstructural
structural
features in membrane-like assemblies and surface biochemical interactions of relevance
relevance to
to biomedical
biomedical research.
research.
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liquid-liquidinterface,
interface,vibrational
vibrational sum
sum frequency
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keywords:
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ordering, water
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1.
INTRODUCTION
1. INTRODUCTION

Surfactants, of which phospholipids form
form a subclass,
subclass, have
have been
been widely
widelyinvestigated
investigated for
for their
their many
many uses
uses in
in scientific
scientific
research and
industrial processes,
multitude of
research
and industrial
processes, and
and for
for a multitude
of current
current and
and potential
potential consumer
consumer product
product applications.
applications. A main
structural component
component in the membranes
membranes of all
all living
living cells,
cells, phospholipids
phospholipidsare
areof
ofparticular
particularinterest
interestfor
for biomedical
biomedicalscientists,
scientists,
where the large variety of phospholipid types
types allows
allows for
for an
an even
even larger
larger variety
varietyof
ofbiomembrane
biomembranecompositions
compositionsand
andfunctions.
functions.
Surfactants, in
Surfactants,
in general,
general, are
are molecules
molecules with
with both
both aa hydrophobic
hydrophobicand
andhydrophilic
hydrophilicregions
regionssuch
suchthat
thatadsorption
adsorptionatatthe
theboundary
boundary
between hydrophobic and hydrophilic phases
between
phases is
is favored.
favored. Surfactants in aqueous
aqueous solutions
solutions can
can thereby
thereby surround
surroundand
andsolvate
solvateoil
oil
droplets in
typical cleaning
droplets
in a typical
cleaning process,
process, or,
or, by
by their
their presence
presence atat an
an interface
interfacebetween
betweenliquids,
liquids,enable
enabletransport
transportororcatalyze
catalyzeaa
chemical reaction
chemical
reaction which
which would
wouldnot
not occur
occurinin the
the absence
absenceof
ofthese
thesemolecules.
molecules. In
In aa similar
similar way,
way, the
the biomembrane
biomembranebilayer
bilayer
environment isis necessary
environment
necessary for
for integral
integral membrane
membraneproteins
proteinstotohold
holdtheir
theirfunctional
functionalform
formininvivo,
vivo,and
andthe
theintegrity
integrityof
of the
the
membrane itself
molecular level,
membrane
itself permits
permits tight
tight control
control of
of transport
transportacross
acrossit.it. On
On a molecular
level, however,
however, the
the features
featuresof
of the
the interface
interface

formed by these biological surfactants
surfactants are
are not well
well understood
understood structurally.
structurally. Phospholipid
Phospholipid monolayers
monolayers have
have been
been well
well studied
studied
as model membrane systems at the air-water interface
interface due
due to
to the
the ease
ease of
of controlling
controllingvarious
variousthermodynamic
thermodynamicparameters
parametersininthis
this
well-defined experimental
Until very
very recently,
recently, however, phospholipid
phospholipid monolayers
experimental system.
system. Until
monolayers at
at the
the buried oil-water
oil-water interface,
interface,
which more closely model a membrane bilayer,
bilayer, have
have been
been experimentally
experimentallyinaccessible
inaccessibletotomany
manytechniques
techniquesotherwise
otherwisecapable
capable
of providing molecular-level
of
molecular-level information.
information. We have employed
employed the
the interface-specific
interface-specificnonlinear
nonlinearoptical
opticaltechnique
techniqueofofvibrational
vibrational
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sum frequency spectroscopy (VSFS) to examine surfactants
surfactants and
and phospholipids
phospholipids adsorbed
adsorbedatatthe
the oil-water
oil-waterinterface
interfaceto
to gain
gainnew
new
insight into this molecular-level ordering.
experiments performed
This article describes experiments
performed in
in our
our laboratory
laboratorystudying
studyingthe
thestructure
structureofofsurfactants
surfactantsadsorbed
adsorbedatata a
of simple
simple charged
charged surfactants investigated
investigated
liquid-liquid interface using surface
surface specific
Original work
work on
on the
the study
study of
liquid-liquid
specific VSFS.
VSFS. Original
of the adsorbed surfactants and the
both the hydrocarbon chain ordering of
the orientational
orientational ordering
ordering of
of water
water molecules
molecules induced
induced by
by
Further work
work has
has included
included studies of symmetric
the charged surface layer.
layer. Further
symmetric chain
chain phosphatidylcholines
phosphatidyicholines(PC's)
(PC's)adsorbed
adsorbedfrom
from
zwitterionic PC head
head group,
group,
the aqueous
aqueous phase to
to the
the carbon
carbon tetrachioride
tetrachloride (CC14)-deuterium
(CCI4)-deuterium oxide
the
oxide(D20)
(D20) interface.
interface. The zwitterionic
1
although net
,2 as
although
net neutral,
neutral, has
has also
also been
been shown
shown to
to promote
promote the
the ordering
ordering of
of interfacial
interfacialwater
watermolecules ,2
as has
has been previously
emphasis is given to VSFS
symmetric
observed only indirectly with the aid of molecular modeling
modeling techniques.
techniques. Majority emphasis
VSFS of symmetric
ordering in relationship
relationship to
method of sample
chain
chain PC
PC hydrocarbon
hydrocarbon chain
chain ordering
to chain
chain length
length and
and method
sample preparation,
preparation, including
including new
new
observations of
observations
of possible
possible crystalline
crystalline multilayer
multilayerformation
formationatatthe
theoil-water
oil-waterinterface
interfacebybythe
thelongest
longestchain
chainPC
PCstudied.
studied.This
This
foundation for further
further investigations
work provides
provides a foundation
investigations into
into the
the structural
structural aspects
aspectsof
ofphospholipid
phospholipidmembrane
membraneorganization
organizationinin
biomimetic systems.
biomimetic

2. THEORY
THEORY
sum frequency
frequency spectroscopy,
spectroscopy, a nonlinear optical technique with
Vibrational sum
with an
an inherent
inherent sensitivity
sensitivity for
for surfaces,
surfaces, has
has
been widely
widely applied
in the
the study
study of
of physical
physical chemical
chemical phenomena
been
applied in
phenomena at
at many
many types
types of
of gas,
gas, liquid,
liquid, and
and solid
solid interfaces,
interfaces, including
including
Underthe
the electric
electric dipole
dipole approximation,
approximation, the
interfaces. 3 ,4 Under
buried interfaces.3'4
the second
second order
order process
process of
of VSF
VSF generation
generationisis symmetry
symmetry

forbidden in isotropic media and is therefore
therefore allowed
allowed only
onlyatatinterfaces
interfaceswhere
whereinversion
inversionsymmetry
symmetryisisbroken
brokenbetween
betweentwo
twobulk
bulk
phases. At
At aa liquid-liquid
liquid-liquidinterface,
interface, information
information specific
specific to
to the
the surface
surface region may therefore
therefore be
be gained
gained even
even when
when interfacial
interfacial
equilibrium exchange
exchange with one or both bulk phases.
adsorbates of interest are in equilibrium
When two
two intense
intense optical
optical fields,
are overlapped
overlapped both
both spatially
spatially and
When
fields, (Oland
.oi and (02,
o2, are
and temporally
temporallyatat aa surface,
surface, aa
sumfrequency,
frequency, o)SF
(OSF =
(01 + 0)2,
(02, is
polarization, PSP,
thesum
is induced
inducedininthe
thesurface
surfaceregion
regionof
ofthe
theinterface.
interface. The
The generated
generated SF
SF
polarization,
SF, atatthe
= (01
field, ESF,
ESF, is
field,
is proportional
proportional to
to the
the product
product of
ofthe
theamplitudes
amplitudesofofthe
theelectric
electricfields,
fields,and
andtotothe
thenonlinear
nonlinearsusceptibilities,
susceptibilities,X(2)
(2)
and X(3),
the surface
surface region
region being
and
(3) , of the
being sampled.
sampled.

ESF °c SF = (2) EvisEm + (3) EVIsEIRo

[1]
[1]

For our purposes,
the more
more intense
intense field,
= IDVIS,
purposes, the
field, coi
(01 =
(02 =
=
ovis is in the visible (or very near IR) region, and the second field, 0)2

tunable in
in the
the IR
JR region.
region. As
comesinto
intoresonance
resonancewith
with allowed
allowed molecular
molecular vibrational
vibrational transitions
transitions aa sum
(OIR, iS
is tunable
As COIR
IDIR comes
sum
WIR,
frequency signal is produced, generated both in transmission
transmission and
frequency
and reflection
reflection from
from the
the sample
sample surface,
surface, as
as shown
shown in Figure 1.
The second order nonlinear susceptibility, X(2)

= X~ + X~), contains a resonant
with
resonant component
component when
whencoIR
-IR is resonant with

allowed vibrational
small nonresonant
an allowed
vibrational transition,
transition, and
and aa small
nonresonant component,
component,ororbackground
backgroundsignal,
signal,which
whichisisnegligible
negligibleininour
our
experiments. The
The resonant
resonant component,
component, X~) =
= N5
N s (a(2)),
(a.(2)),isisproportional
proportional to
to the
the surface
surface number
number density,
and the
experiments.
density,NN,
the
s , and
molecular hyperpolarizability,
ofthe
the adsorbed
adsorbed molecules.
molecules. The
The brackets
brackets refer to an averaged
averaged molecular
molecular
hyperpolarizability, a(2),
a(2), of
molecular orientational
orientational
distribution within the
frequency dependence
(2) is
distribution
the surface
surface layer.
layer. The frequency
dependence of
of a
(X(2)
is described
describedby
byEquation
Equation2,2,
a(2) =

L

An

n.

nn ron0n- (OIR
IR - I r n

[2]
[2]
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where Oln
is the
the frequency
frequency of
vibrational mode,
the line width,
width, and
an amplitude
amplitude coefficient
coefficient proportional
proportional to
and An
A isis an
to
ofthe
thenth
th vibrational
mode, r1Tn the
(i) is
Raman and JR
IR transition
transition moments.
In order
order for
for aa vibrational
vibrational resonance
resonance to
frequency active,
the product of the Raman
moments. In
to be sum frequency
active,

therefore, it must be both Raman and IR
JR active.
active.
present,
The third order
The
order nonlinear
nonlinearsusceptibility,
susceptibility,X(3)
(3) ,, is nonzero only when a significant surface potential, <I> 0,, is present,
such as might be induced by charged interfacial
interfacial adsorbates.
adsorbates. A monolayer of charged
charged surfactants,
surfactants, for
for example,
example,produces
producesan
an
7
electric field at the oil-water
oil-water interface
interface which
which isis on
onthe
theorder
orderof
of10
iO' VIm.
Vim. Water and
and other
other polar
polar molecules
moleculesnear
nearthe
theinterface
interfaceinin

either liquid phase will be aligned in the electric field
field and
and potentially
potentially contribute
contributetotothe
themeasured
measuredSF
SFintensity
intensityfrom
fromthe
thesurface.
surface.

In the unaligned state the molecules are in a centrosymmetric environment and
and do
do not
not contribute
contribute to
to VSF
VSF generation
generation from
from the
the
of the
the surface
surface potential,
potential, and
and therefore
therefore the degree
degree of molecular
interface. The
The magnitude
magnitude of
interface.
molecular alignment
alignment induced
inducedby
bythe
thesurface
surface
charge, depend on the density of surface charge and
and on
on the
the ionic
ionic strength
strength of
ofthe
thebulk
bulksolution.
solution. Nonresonant
Nonresonant contributions
contributionstoto
X(3)from
from
alignment
watermolecules
moleculesnear
nearcharged
chargedsurfactant
surfactantmonolayers
monolayers at
at air-water
air-water and solid-liquid
solid-liquid interfaces
(3)
alignment
ofof
water
interfaceshave
havebeen
been

generation. 5 ,6 However,
However, for
for studies of
of the simple charged surfactants,
investigated using second harmonic generation.5'6
surfactants, we
we have
have employed
employed
7
9
IR stretching
stretching regions to probe
probe resonant
contributions. - Jn
Inthese
these studies,
studies, nonresonant
nonresonant
VSFS in the O-D and 0-H
O-H JR
VSFS
resonant X(3) contributions.79
contributions totoboth
and (3)
X(3)are
areinsignificant.
insignificant.
contributions
bothX(2)
(2) and

MATERIALS &
& METHODS
METHODS
3. MATERIALS
(d-SDS) was
98% atom d-25 sodium dodecyl sulfate (d-SDS)
was obtained
obtained from
from Cambridge
Cambridge Isotope
JsotopeLaboratories
Laboratoriesand
andused
usedasas
received. d-SDS
d-SDS stock
stock solutions
solutions were
were prepared by dissolving
dissolving in
received.
in HPLC
HPLC grade
gradewater
water(H20)
(H20) from
from Mallinckrodt,
Mallinckrodt,ororultrapure
ultrapure
H20 obtained
obtained from
from aa Barnstead
Barnstead Nanopure
Nanopure purification system. d-SDS
d-SDS bulk
bulk concentration
concentration in the aqueous phase
H20
phase of the
the sample
sample

was increased by stepwise addition of the d-SDS
d-SDS stock solution
solution followed
followed by
byaasuitable
suitableequilibration
equilibrationperiod.
period. 1,2-dilauroyl-sn
1,2-dilauroyl-snglycero-3-phosphocholine (DLPC),
(DLPC), 1,2-dimyristoyl-sn-glycero-3-phosphocholine
1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC),
glycero-3-phosphocholine
(DMPC), 11,2-dipalrnitoyl-sn-glycero-3
,2-dipalmitoyl-sn-glycero-31,2-distearoyl-sn-glycero-3-phosphocholine (OSPC),
phosphocholine (DPPC) and 1,2-distearoyl-sn-glycero-3-phosphocholine
(DSPC),purity
purity greater
greater than
than 99%,
99%, were
were obtained
obtained
from Avanti Polar Lipids (Alabaster, AL)
AL) in powder form
form and
and used
used without
without further
furtherpurification.
purification. Concentrated
Concentrated phospholipid
phospholipid
solutions were prepared in
in 10 mM
mM phosphate
phosphate buffer,
buffer, pH
pH 7.0
7.0 in
in 020
D20 by
by one
one of two
two similar
similar methods.
methods. Differences between the
Walker, et
et al.1
al. l prepared liposome solutions by
two preparation methods are pertinent to the later discussion.
discussion. Walker,
by bath sonication
sonication
above the gel to liquid crystalline phase transition
transition temperature
temperature for
for the
the particular
particularphospholipid
phospholipidfor
foraatime
timesufficient
sufficienttotoclarify
clarify
the solution.
solution. The
Theliposome
liposome solution
solution was
was then
then allowed
allowed to
to sit
sit overnight
overnight to
to allow
allow surface
surface active
active metastable
metastable PC assemblies,
assemblies,
I 0 Smiley, et al.
al. prepared
prepared phospholipid
phospholipid
formed together
liposomes during
sonication, to
formed
together with
with the liposomes
during sonication,
to form
form stable
stable vesicles.
vesicles.10
solutions
at
concentrations
less
than
1
mM
by
prewarming
the
solution
to
at
least
10°C
above
the
gel
to
liquid
solutions concentrations less than
prewarming the solution to at least 10°C above the gel to liquid crystalline
crystalline
phase
transition temperature
temperatureof
of the
the lipid
lipid and
and then
then sonicating
sonicatingthe
the solution
solutionininaa warm
warm ultrasonic
ultrasonicbath
bathatat least
least until
until aa
phase transition

The solution
solution was used same day
homogeneous solution was
was formed.
formed. The
day and
and for
for subsequent
subsequentadditions
additionsthe
thefollowing
followingday.
day. In
In both
both
cases, the sample cell was
was prepared
prepared with
with carbon
carbon tetrachloride
tetrachloride (CCI4)
cases,
(CCI4) from
from Sigma-Aldrich,
Sigma-Aldrich,99.9+%,
99.9+%,HPLC
HPLCgrade
gradeasasthe
the
10 mM phosphate buffer,
bottom phase,
phase, and 10
buffer, pH
pH 7.0
7.0 in
in deuterium
deuterium oxide
oxide (020),
(D20), either
either from
from Aldrich
Aldrich or
or Cambridge
Cambridge Isotope
Isotope
Laboratories,
99.9%
HPLC
grade,
as
the
top
phase.
After
preparation
of
the
neat
CC14-D20
interface
in
the
sample
cell,
Laboratories,
HPLC grade, as the top phase. After
the neat CC14-D20 interface in the sample cell,the
the
cell was then allowed to sit for a few hours to permit adsorption
adsorption of
of any
any possible
possiblecontaminants
contaminantstotothe
theliquid-liquid
liquid-liquidinterface.
interface.
contamination was
The sample cell was emptied and recleaned if contamination
was evident
evident at
at the
the neat
neatsample
sampleinterface
interface(rare).
(rare). A
A small
small volume
volume
of the concentrated phospholipid solution
solution was
was then
then injected
injected into
intothe
theprepared
preparedsample
samplecell
celland
andallowed
allowedtotoabsorb
absorbatatthe
theliquid
liquidliquid interface.
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The
The two
two laser
lasersystems
systems used
used inin our
ourlaboratory
laboratory for
for VSFS
VSFS measurements
measurements have
have been
been described
described previously
previously in
in separate
separate
works. I I,12Briefly,
Briefly,one
onesystem
systemuses
usesa aregeneratively
regenerativelyamplified,
amplified, passively
passively mode-locked
mode-locked Titanium:Sapphire
works)1'12
Titanium:Sapphire 800
800 nm
nm pump
pump
laser
producing
a
2
picosecond
pulse
of
750
j.tJ
at
1
kHz.
A
portion
of
the
800
nm
energy
is
directed
at
the
sample
interface
laser producing 2 picosecond
III at I kHz. A portion of the 800 nm energy is directed at the sample interface

along
interface,asas shown
showninin Figure
Figure I.1. The
along aa path
path normal
normal to
to the
the sample
sample cell at
at the
the critical
critical angle
angle for
for the
the CCI4-water
CCl4-water interface,
The
remaining 800 nm energy is used to seed,
seed, by
by means
means of white
white light
remaining
light generation
generation in
in an
an ethylene
ethylene glycol
glycol cell,
cell, and
and pump
pump aa two
two
stage
counter-rotating KTP
KTPcrystals,
crystals,producing
producingbetween
between22and
and99III
jiJof
ofIR
IRininthe
the
stage optical
optical parametric
parametric amplifier
amplifier constructed from
from counter-rotating
2.7-3.9/lm
region. This
ThisJR
IRbeam
beam isisoverlapped
overlapped with
with the
the 800
800 nm
nm beam, both temporally
temporally and
2.7-3.9
jim region.
and spatially,
spatially, at
at the
the sample
sample surface.
surface.

The
interfaced with
with gated
gated detection
detection electronics
electronics and
and aa computer
computer for
for
is measured
measured in
in reflection using
using aa PMT interfaced
The sum
sum frequency
frequency signal
signal is

automatic
control for
for the
the OPA.
OPA. The bandwidth
for this
this Ti:Sapphire
Ti:Sapphire laser
laser system
system was
was calibrated
calibrated atat
automatic data acquisition and tuning control
bandwidth for
18 cm18
cmI .

water or
deuterium oxide

1R
—

I
carbon tetrachioride

Figure 1:
at the
the CCl4-water
CCI4-water interface.
interface. Measurements were
were
Figure
I: Schematic
Schematic diagram
diagram of VSFS
VSFS at
done in a total
total internal
internal reflection
reflection geometry.
geometry.

The second
second laser
laser system
systemused
usedfor
forVSFS
VSFShas
hasa a6 6cmcmI bandwidth,
limited in
in IR
JR tuning
tuning range
rangetoto 3.2-3.7
3.2-3.7/lm,
jim,
The
bandwidth, but is limited
and is
is therefore
therefore not
not able
able totoaccess
accessthe
theO-H
0-H or
or 0-0
0-D vibrational
vibrational modes
modestotoeither
eitherside
sideofofthis
thiswavelength
wavelengthregion.
region.InInspite
spiteofofthe
the
and
relatively narrow
less sensitive
relatively
narrow linewidth,
linewidth, this
this system
system is
is less
sensitive than
than the
the picosecond
picosecond Ti:Sapphire
Ti:Sapphire system
system because
because of
of aa much
much greater
greater
pulse length.
length. A
laser with
with aa 1064
1064 nm,
nm, 12
12 nanosecond
nanosecondpulse
pulseatat 10
10Hz
Hz isis used
used pump
pump aa
pulse
A portion
portion of
of the
the output
output from a Nd:YAG
Nd:YAG laser
LiNbO3
optical
parametric
oscillator
producing
1-3
mJ
JR
pulses
which
are
directed
to
the
sample
surface
as
was
shown
LiNb03 optical parametric oscillator producing 1-3 mJ IR pulses which are directed to the sample surface as was shown inin
Figure
The 532
532 nm
nm visible
visible beam
beam for VSFS
VSFS is
is generated
generated by
Figure I.1. The
by frequency
frequencydoubling
doublingthe
theremaining
remaining1064
1064nm
nmlight
lightininaaKOP
KDP
crystal,
CC14-D20
interface
at at
this
wavelength.
crystal, and
anddirecting
directing the
thegreen
greenatatthe
thesample
samplesurface
surfaceatatthe
thecritical
criticalangle
angleforforthethe
CCI4-D20
interface
this
wavelength.The
The
SF
system.
SF signal
signal from
from the
the interface
interfaceisismeasured
measuredininreflection
reflectionsimilar
similartotothe
thecase
caseforforthetheTi:Sapphire
Ti:Sapphire
system.The
Themuch
muchgreater
greaterpulse
pulse
length
length (i.e.
(i.e.average
average energy
energyper
perpulse)
pulse)for
forthis
thissystem
systemrequires
requiresthat
that020,
D20,rather
ratherthan
thanH20,
H20,be
beused
used as
as the
the aqueous
aqueousphase
phase inin the
the
cell,
cell, since
since absorption
absorption of the
the IR
IR pulse
pulse energy
energy by
by water
wateratatthe
thesample
sampleinterface
interfacecauses
causesboiling
boilingwhich
whichdisrupts
disruptsthe
thesurface.
surface.
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RESULTS &
& DISCUSSION
DISCUSSION
4. RESULTS
The structure and bonding
bonding characteristics
characteristics of interfacial
interfacial water
water molecules
moleculesnear
nearaacharged
chargedsurface
surfacehave
haveonly
onlyrecently
recently
5
theoretical 13,14
13,14 and
experimentaI ,6,15,16 exploration.
become amenable to theoretical
and direct experimental5'6'15'16
exploration. The
The spectroscopic
spectroscopic complexity
complexity of
of the
the
vibrational
water, which arises
vibrational modes
modes of bulk water,
arises as
as the result of coupling
coupling across
across hydrogen
hydrogenbonds
bondsand
andenergetic
energeticcoupling
couplingamong
among
numerous
numerous normal
normal modes,
modes, has
has been
been extensively
extensively investigated
investigatedwith
withboth
bothIR
IRand
andRaman
Ramanspectroscopy.
spectroscopy.Although
Althoughthis
thiscomplex
complex
vibrational
vibrational structure
structure makes
makes peak
peak identifications
identifications difficult,
difficult,assignments
assignmentsbased
basedon
onthe
theprevious
previousIR
IRand
andRaman
Ramanstudies
studiesofofbulk
bulk
water 17- 19have
haveenabled
enabledmeaningful
meaningfulinterpretation
interpretation of
ofdata
data on
on interfacial
interfacial water structure
water179
structure obtained
obtainedby
byVSFS.
VSFS. At
At the
the air-water
air-water
of charged
charged surfactants,
surfactants, there are two populations of water
water molecules
interface
interface in
in the presence of
molecules with
with accessible
accessible vibrational
vibrational
resonances which are distinguishable based on their hydrogen
hydrogen bonding
An ice-like,
ice-like, symmetrically
symmetrically bonded
resonances
bonding characteristics.
characteristics. An
and aa more
more water-like
water-like asymmetrically
asymmetrically bonded
symmetric
symmetric OH
OH stretch
stretch (OH-SS-S)
(OH-SS-S)appears
appearsbetween
between3200
3200and
and3250
3250cmcm,l , and
bonded
I .7 ,IS,16 At
symmetric
cmAt the
the CCI4-H20
CC14-H20 interface,
symmetricOR
OHstretch
stretch(OH-SS-A)
(OH-SS-A)isispresent
presentbetween
between3400
3400and
and3450
3450
cm1.7l5l6
interface, however,
however,

9 Adsorption
only
evidence, as shown
only the
the OH-SS-S
OH-SS-S stretch is in evidence,
shown in Figure
Figure 22 at
at various
various aqueous
aqueous concentrations
concentrationsof
ofd-SDS.
d-SDS.9
Adsorption of

liquid-liquid interface
the charged deuterated surfactant to the liquid-liquid
interface produces
produces aa static
static electric
electric field
field at
at the
the surface
surface which
which aligns
aligns
interfacial
Deuterated surfactant
surfactant was
was used to prevent interference
interference between
interfacial water
water molecules.
molecules. Deuterated
between CH
CH and
and OH
OH stretching
stretching modes
modes
cmobserved
observed previously8
previously8which
whichisisdifficult
difficulttotodeconvolute.
deconvolute.AAshoulder
shoulderininthe
the2900
2900toto3050
3050
cml region
region to
to the
the lower
lowerenergy
energyside
side
of the large OH-SS-S
OH-SS-S peak results
results from
from trace surface
surface contaminants
contaminants with
with CH
CHstretching
stretchingvibrations
vibrationswhich
whichcould
couldnot
notbe
be
eliminated.
No evidence
evidence of
ofan
an OH-SS-A
OH-SS-A contribution
contribution is seen
seen in the
the region
region to the right of
of the
the symmetrically
symmetrically bonded OH
eliminated. No
ofthe
the OH-SS-S
OH-SS-S peak
peak increases
increases with increasing d-SDS
stretch.
The intensity
intensity of
stretch. The
d-SDS bulk
bulk concentration,
concentration, achieving
achievingaamaximum
maximumvalue
value
at approximately
d-SDS.
approximately 0.5
0.5 mM d-SDS.
Gibbs equation
equation applied
The Gibbs
applied to
to our
our surface
surface tension
tension data
data as
as aa function
functionof
of bulk
bulk d-SDS
d-SDSconcentration
concentrationwas
wasused
usedtoto
estimate the surface excess of surfactant at the liquid-liquid
liquid-liquid interface,
interface, which
which for
fortotally
totallycharged
chargedd-SDS
d-SDSmolecules
moleculescorresponds
corresponds
directly
directly to
to the
the surface
surface charge
charge density.
density. The surface potential as
as obtained
obtained from
from Gouy-Chapman
Gouy-Chapmantheory
theoryusing
usingthe
thesurface
surfacecharge
charge

was then
then estimated
estimated as
as aa function
functionof
ofbulk
bulkd-SDS
d-SDSconcentration.
concentration. AA surface
surface potential
potential
density and the experimental ionic strength was

measurements also indicated that maximum
of approximately
approximately 160
160 mV
mY is
is induced
induced at
at 0.5
0.5 mM d-SDS, but our surface tension measurements

d-SDS
until 1-2 mM
mM bulk
bulk d-SDS
d-SDS concentration,
concentration,or
or260
260mV.
mV. These data and additional
d-SDS surface concentration is not reached until
9 (not
temperature dependent measurements
measurements9
(not discussed
discussed here)
here)have
haveshown
shownthat
thatthe
theobserved
observedenhancement
enhancementofofthe
theSF
SFintensity
intensityinin

the water region results from alignment of the permanent
dipole moment
moment of
of interfacial
interfacialH20
H2Omolecules
moleculesdue
duetotothe
thestatic
static
permanent dipole
electric field induced by surfactant adsorption.
adsorption. Water
to this
this enhancement
enhancement reside
resideinin the
the double
double layer
layer
Water molecules
molecules contributing
contributing to

region,
which for
for an ionic strength of 10 mM
mM is
is approximately
approximately33 nm
nm wide.
wide. Alignment
of interfacial
interfacial water
watermolecules
moleculesatat the
the
region, which
Alignment of
CC14-H2O
interface with
with d-SDS,
d-SDS, as
as probed
probed by
by VSFS,
VSFS, reaches
reaches aa maximum
maximum at
at aa surface
surface potential
potential of approximately
approximately 160 mV
mV
CC14-H20 interface
and is not further increased at higher surface potentials.
potentials.

Given
typically contain
contain charged
charged lipids,
lipids,the
theinfluence
influenceof
of charged
chargedsurfactants
surfactantson
on the
the
Given that natural
natural biomembranes
biomembranes typically
structural arrangement of H20
H2O (or D20)
D2O) near
near aa charged
charged phospholipid
phospholipidmonolayer
monolayeratataaliquid-liquid
liquid-liquidinterface
interfaceisisvery
veryrelevant
relevanttoto
structural

issues of biomembrane interactions
interactions and
and processes.
processes. These studies fall
fall into the
the catagory
catagory of
of future
future work.
work. The remaining results
issues
to be described here focus on VSFS
VSFS investigations
investigations of
of hydrocarbon
hydrocarbonchain
chainordering
orderingof
ofzwitterionic
zwitterionicPC's,
PC's,the
themajor
majorphospholipid
phospholipid

component of natural biomembranes,
without consideration
consideration of
of the
the effect
effect their
their adsorption
adsorptionproduces
produceson
onthe
theinterfacial
interfacial water
water
biomembranes, without
component
(D20) structure.
(D2O)
structure.
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frequency measured
measured for
Figure 2:
Figure
for various
various bulk
bulk concentrations
concentrationsofofd-SDS
d-SDSininH20
H20
interface for
for SSP polarization
adsorbed at the
the CC4-H20
CCl-H2O interface
polarization conditions.
conditions. The
The ionic
ionic strength
strengthof
ofthe
theaqueous
aqueous

phase was
indicated. 9
was constant
constant at
at 10
10 mM,
mM, with
with d-SDS
d-SDS concentration as indicated.9

et al.
al. have
have shown
shown clear differences in hydrocarbon
Walker, et
hydrocarbon chain
chain ordering
orderingobserved
observedas
asaafunction
functionof
ofchain
chainlength
lengthand
and
surface density for
for saturated,
saturated, symmetric
symmetric PC's
PC's adsorbed
adsorbed to
to the CC14-D20 interface by
surface
by transformation
transformation from
from liposomes
liposomes injected
injected
20
Therate
rateofofliposome
liposometotomonolayer
monolayer transformation
transformation and the physical
physical state
phospholipid
into the
the aqueous
aqueous phase.2°
phase. The
into
state of the phospholipid
monolayer formed at
at the
the liquid-liquid
liquid-liquid interface
interface by this method
method are strongly
strongly dependent
monolayer
dependent on
on both
both temperature
temperature and
and liposome
liposome
concentration. Above
Above the
the gel
geltotoliquid
liquidcrystalline
crystallinephase
phase transition
transition temperature,
temperature, Tm,
Tm, for
condensed monolayer
concentration.
for the
the lipid,
lipid, a condensed
monolayer
monolayer formation
formation is
forms more quickly (hours).
(hours). Below
Below Tm,
T m , monolayer
forms
is very
very slow
slow on
on the
the order
order of
of days,
days, and
and even
even very
very high
high bulk
bulk

liposome concentrations
concentrations in
in the millimolar
millimolar range
range may
may not
notproduce
producetightly
tightlypacked
packedPC
PCmonolayers
monolayersatatthe
theinterface.
interface.Therefore,
Therefore,
for PC's with Tm values above room temperature, tightly packed
packed monolayers
monolayers were
were produced
produced by
by heating
heating the
the sample
sample above
above Tm
Tm
period of
of time
time sufficient
sufficient for
for monolayer
monolayer adsorption
adsorption to take place,
allowing the
for aa period
place, and
and then allowing
the sample
sample to
to cool
cool down
down to room
room
temperature before VSFS measurements were taken.
Monomers from these
temperature
taken. Monomers
these tightly
tightly packed
packed monolayers
monolayersdo
donot
notdesorb
desorbfrom
fromthe
the
interface with this reduction
reduction in temperature.1
temperature.! Differences
Differences in hydrocarbon chain
interface
chain ordering
ordering are
are evidenced
evidenced in
in the
the VSFS
VSFS data
data of
of
Figure 3 for
for tightly
tightly packed
packed DLPC,
DLPC, DMPC,
DMPC, DPPC
DPPC and
and DSPC
DSPC monolayers
Figure
monolayers adsorbed
adsorbedatat the
the CC14-D20
CC14-D20interface.
interface. The
The

respective
23, 41 and
respective Tm
T m values
values for
for these
these PC's
PC's are
are -1,
-1,23,41
and 55°C.21
55°C. 21
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CH2-AS,CH3-FR

Molecule
Molecule (n)
(n)
DLPC (12)
DLPC(12)
ratio:
ratio: 1.2±
1.2 ±0.2
0.2

DMPC
DMPC (14)
(14)

ratio:
0.7±0.2
ratio: 0.7
0.2

DPPC (16)

ratio:
0.5±0.2
ratio: 0.5
0.2

DSPC (18)

ratio:
0.5±0.2
ratio: 0.5
0.2

2850

2900
2900
-I
IR Energy
Energy(em
(cm))

2950
2950

Figure 3: VSFS
VSFS spectra
spectrafor
formonolayers
monolayers of
of symmetric
symmetric chain
chain phosphatidyicholines
phosphatidylcholines at equilibrium
equilibrium
surface
surface tensions
tensions formed
formed from
from monomer
monomeradsorption
adsorptiontoto the
the CC14-D20
CC14-D20 interface
interfaceabove
abovetheir
their
respective
Tm's.l
10
mM
phosphate
buffer,
pH
7.0
was
present
in
the
aqueous
phase.
10 mM phosphate buffer, pH 7.0 was present in the aqueous phase. Ratio
Ratio
respective
refers to the integrated intensity ratio of CH3-SS/CH2-SS.
CH3-SS/CH2-SS.
In
In Figure
Figure 3, data for S-polarized sum frequency,
frequency, S-polarized
S-polarized visible
visibleand
andP-polarized
P-polarizedIR
JR(Le.
(i.e.SSP)
SSP)conditions
conditions are
are
shown
shown for
for each
each sample
sample prepared
prepared by
by the
the method
methoddescribed
describedabove,
above,such
suchthat
thatonly
onlySF-active
SF-activevibrational
vibrationalmodes
modesnormal
normaltotothe
the
and 2875
assigned to
plane
planeof
ofthe
theinterface
interfaceare
aresampled.
sampled.The
Thepeaks
peakscentered
centeredatat2850
2850cmcml and
2875 cmcm1l are assigned
to the
the symmetric
symmetricstretch
stretch
modes
modes of
of the
the methylene
methylene (CH2-SS)
(CH2-SS)and
andmethyl
methyl(CH3-SS)
(CH3-SS)groups,
groups,respectively.22,23
respectively.22'23The
Theintensity
intensitypeak
peakcentered
centeredatat2930
2930
l
cmhas been
been assigned
assigned to the methylene asymmetric
asymmetric stretch
cm4 has
stretch (CH2-AS)
(CH2-AS)and
andmethyl
methylFermi
Fermiresonance
resonance(CH3-FR)
(CH3-FR)inindifferent
different
22
cm4
can be
be
sources
,23 The
sources and
and probably
probably contains
containscontributions
contributionsfrom
fromboth
bothmodes.
modes.22'23
Thebroad
broadstructure
structureininthe
thevicinity
vicinityofof2905
2905cm-! can
attributed
attributed to
to contributions
contributions from
from aa methylene
methylene Fermi
Fermiresonance
resonance(CH2-FR).22
(CH2-FR).22The
The solid
solid lines
linesin
ineach
each spectrum
spectrumare
areprovided
provided as
as
aa guide
The ratio
ratio of the
the intensities
intensities from
guide toto the
the eye.
eye. The
from the
the CH3-SS
CH3-SSrelative
relativetotothe
theCH2-SS
CH2-SSfor
forsurfactants
surfactantsatatananinterface
interface
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provides
provides aa measure
measure of how
how well
well ordered
ordered the
the hydrocarbon
hydrocarbonchains
chainsare
arewithin
withinaamonolayer,24
monolayer,24since,
since,for
fora awell-ordered
well-orderedmonolayer
monolayer
with
with few
few gauche
gauche defects,
defects, the
the CH2-symmetric
CH2-symmetricstretches
stretcheswill
will be
be symmetry
symmetry forbidden
forbiddenand
and therefore
therefore not
not contribute
contribute to
to SF
SF
25
generation
from
the
interface.
A
vanishing
CH2-SS
intensity
gives
a
large
CH3-SS/CH2-SS
ratio
indicating
a
well-ordered
generation from the interface.25
CH2-SS intensity gives a large CH3-SS/CH2-SS ratio indicating a well-ordered
of integrated peak intensities
surface.
surface. Calculated ratios of
intensities are
are given
given to
to the
the right
right of
of each
eachspectrum.
spectrum. The ratio is clearly
clearly largest
largest for
for
the
the DLPC
DLPC monolayer,
monolayer, and
and decreases
decreases with
with increasing
increasing hydrocarbon
hydrocarbonchain
chainlength,
length,DPPC
DPPCand
andDSPC
DSPCbeing
beingthe
theleast
leastwell
wellordered
ordered

with the
the lowest
lowest ratios.
ratios. Greater
chain PCts
PC's isis thought
thought to
to result
result from
from the
the greater
greaterconformational
conformationaldisorder
disorder
with
Greater disorder in the longer chain
in the
the hydrocarbon
hydrocarbon chains due to
to screening of chain-chain
chain-chain interactions
interactions by
by CC14.1
CCI4.1
in
Additional experiments with symmetric
symmetric pcts
PC's adsorbed
adsorbed atat the
the CC14-D20
CC14-D20interface
interfaceby
byaadifferent
differentpreparation
preparationmethod
method
have
have given
given very
very different
different results,26
results,26particularly
particularlyfor
forDSPC,
DSPC,the
thelongest
longestchain
chainlipid
lipidstudied.
studied.All
Allsamples
sampleswere
wereprepared
preparedatatroom
room
temperature.
As noted
noted in
in Methods,
Methods, aa second
second injection of sonicated phospholipids
temperature. As
phospholipids isis made
made into
into the
the sample
sample cell
cell following
following an
an
overnight
following the second injection,
overnight equilibration
equilibration period
period subsequent
subsequent to
to the
the first
first addition.
addition. Within a few hours following
injection, a tightly
tightly
packed layer is fonned
formed at the liquid-liquid interface as evidenced
evidenced by
by relaxation
relaxation of the
the meniscus
meniscus between the
the two
two liquids,
liquids, and
and by
by
surface
surface pressure
pressure measurements
measurements which
which give
give surface
surface pressures
pressures of
of approximately
approximately 42
42 mN/m
mN/rn under
under the
the same
same experimental
experimental
For DSPC
DSPC only,
only, relaxation
relaxation of
of the
the cell mensicus
mensicus was pronounced but not complete,
conditions.
conditions. For
complete, and
and the
the final
final surface
surface pressure
pressure
at which
which VSFS
VSFS measurements
measurements were
were performed
performedmay
may have
havebeen
beenasasmuch
muchasas55 mN/m
mN/rnlower
lowerthan
thanfor
forthe
theother
otherthree
threesamples.
samples.
27
The surface
surface tension
tension of the
the neat CC14-H20
CC14-H20 interface
interfacehas
hasbeen
beengiven
givenasas45
45mN/m.
mN/rn.27VSFS
VSFSresults
resultsfor
forDLPC
DLPCresembled
resembledthose
those
and 11.25
already illustrated
already
illustrated in
in the
the previous
previous experiments
experiments by
by Walker,
Walker,etetal.
a!. Ratios
Ratios for
for DMPC
DMPC and
and DPPC,
DPPC, of
of 1.07
1.07 ± 0.22 and
.25

±

0.31,
slightly higher than
indicating no significant change
0.31, respectively,
respectively, were
were slightly
than those
those measured
measured by
by Walker,
Walker, et al., indicating
change relative
relative to
to
DLPC. However,
However, the
the VSFS
VSFS measurements
measurements of DSPC
DLPC.
DSPC adsorbed
adsorbed atat the
the interface,
interface, shown
shown inin Figure
Figure 4,4, clearly
clearly show
show aa well
well-

ordered interfacial layer of hydrocarbon
hydrocarbon chains.
chains. The CH3-SS/CH2-SS
CH3-SS/CH2-SSratio
ratio of
of4.59
4.59 ± 11.38
.38isis roughly
roughly four
four times
times larger than
than
1
for the
the other
other three
three PC's
PC's since
sincethe
theCH2-SS
CH2-SSisisallallbut
butabsent
absentininthis
thisspectrum.
spectrum.The
Theshoulder
shoulderseen
seenatatapproximately
approximately
2944
2944
cm-cm

may be the
the CH3-FR
CH3-FR enhanced
enhanced by
by mode
mode mixing
mixingwith
withthe
thestrong
strongCH3-SS
CH3-SSvibration
vibrationobserved.
observed.The
Thehigh
highdegree
degreeof
ofmolecular
molecular
of a crystalline state of the hydrocarbon
ordering is indicative of
hydrocarbon chains
chains expected
expected for
for aa highly
highly condensed
condensed monolayer
monolayer or
or multilayer
multilayer
structure which
could not reasonably
reasonably be formed
formed by simple
simple adsorption
adsorption from
from liposomes
liposomes in
the aqueous
aqueous phase
phase at room
room
structure
which could
in the
temperature.
In explanation
explanation of
of these
these results,
results, we
we hypothesize that
that the
the second
second sample
sample injection,
injection, done
done somewhat
somewhatvigorously
vigorouslyso
soasastoto
perturb the liquid-liquid interface during the injection, induces
induces collapse
collapse in
in the already
already partially
partially formed
formed monolayer
monolayer by
by pushing
pushing
the adsorbates away from the injection site into the limited
limited available
available surface
surface area
area at
at the
the sample
sample cell
cell surface.
surface. With DSPC well

below its Tm of 55°C, it is not
not able
able to
to desorb
desorb from
from the
the interface as either aa monomer
monomer or liposome component back into the
aqueous phase within the few seconds needed to make the second injection,
aqueous
injection, and is
is not
not likely
likely to
to desorb
desorb into
into the
the CCl4
CC!4 phase
phaseas
as
zwitterionic, hydrated
pressed together
monomer because of its zwitterionic,
aa monomer
hydrated head
head group
groupregion.
region. When pressed
together more
more tightly
tightly than
than close
close chain
chain
packing will allow, therefore, the monolayer collapses.
phenomenon, in
packing
collapses. This collapse phenomenon,
in which
which the
the monolayer
monolayer erupts
erupts out
out of
of the
the
surface plane and
and folds
folds back
back onto
onto itself,
itself, has been previously observed at the air-water interface,28,29
surface
interface,28'29and
andalso
alsoatatthe
theoil-water
oil-water
interface,30 and is thought to result in complete
interface,30
complete or
or partial
partial surface
surface multilayer
multilayer fonnation.
formation. It is, however,
however, possible
possible that
that some
some of
of
the DSPC
DSPC molecules are forming
forming micelles,
micelles, creating
the
creating an
an oil-in-water
oil-in-water emulsion
emulsion inin the
the aqueous
aqueous phase,
phase, and/or
and/or aa water-in-oil
water-in-oil
CCl4 phase.
emulsion of reverse micelles in the CC!4
emulsion
phase. Our VSFS measurements
measurements are
are not
not sensitive
sensitive to
to either
either of
of these
these possibilities
possibilitiesinin
the bulk
bulk phases
phases aside
aside from
from adsorption
adsorption of
of the
the JR
IR pump beam by
the
by any
any PC's
PC's located in
in the
the beam
beam path
path to
to the
the sample
sample surface
surface in
in the
the
factor potentially
CCl4 phase
CC14
phase which
which might
might reduce
reduce or
or eliminate
eliminatethe
the SF
SF signal
signalintensity.
intensity. Another factor
potentially responsible
responsible for
for the
the observed
observed
differences
solution.
of Walker, et a!.
al. are differences in preparation of the stock phospholipid solution.
differences between
between these
these results
results and
and those
those of
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A relatively
relatively brief
briefsonication
sonication time
time was
was used
usedin
inthe
thepreparation
preparation of
ofsome
some samples
samples such
such that
that closed
closed vesicle
vesicle structures
structures may
may not
not
A
have formed,
formed, increasing
increasing the
the tendency
tendency for
for these
these structures
structures to transform
transform into
have
into close
close packed
packed monolayers
monolayersdue
duetoto aa decreased
decreased
overnightequilibration
equilibrationperiod
periodprior
priorto
touse
useof
ofthe
thestock
stock phospholipid
phospholipid solutions
solutions also suggests
suggests the
stability. The
Theabsence
absenceofofananovernight
stability.
10 For
of metastable
metastable phospholipid
phospholipid aggregates
aggregates with
with high
high surface activity relative
presence of
presence
relative to
to that
that of
of the
the liposomes.
liposomes.10
monolayer

the ability
ability of
ofthe
theCC!4
CC4 molecules
molecules to
to penetrate
penetrate between
between hydrocarbon chains may also be reduced.
adsorption below
below Tm,
Tro, the
adsorption
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Figure 4: Measured
at the
the CC14-D20
CCI4-D20 interface
multiple injection technique
technique at room
prepared using the multiple
room temperature
temperaturefor
for S-polarised
S-polarisedSF,
SF,
S-polarized
cell aqueous
aqueous phase
phase contains
mM
S-polarized visible,
visible, and
and P-polarized
P-polarizedIR.
JR. The cell
contains 10 mM
phosphate, pH 7.0.
Peak identifications
identifications are as given in the
7.0. Peak
the text.
text.
Independent of whether a monolayer or surface multilayer
multilayer isis formed
formed atatthe
theoil-water
oil-waterinterface,
interface,aanonzero
nonzeroSF
SFintensity
intensity
components, or perhaps
is generated only from those components,
perhaps layers,
layers, of
of the
the interface
interfacestructure
structurewhich
whichlack
lackinversion
inversionsymmetry.
symmetry. If
If aa
multilayer is
is formed,
formed, it can not be said with certainty
certainty from
from which
whichlayers
layersof
ofthe
thesurface
surfacestructure
structurethe
theSF
SFsignal
signalmay
mayoriginate.
originate.
We can say with reasonable certainty, however, that the observed
observed DSPC
DSPC structure
structure as
as aa whole
whole isis extremely
extremely well
well ordered
ordered and
and
certainly
certainly very
very different
different from
from the
the shorter
shorter chain
chain PC
PC assemblies
assemblieswe
we have
haveinvestigated.
investigated. The
The observed
observed increase
increase in
in hydrocarbon
hydrocarbon
1
chain
chain ordering
ordering for
for longer
longer chain
chain symmetric
symmetric PC's
PC's isis in
in agreement
agreementwith
withstudies
studiesatatthe
theair-water
air-waterinterface
interface'and
andreflects
reflectsthe
theincrease
increase
in
in monolayer
monolayer stability afforded by a thicker hydrophobic
hydrophobic component
component of
of the
the interfacial
interfaciallayer.
layer.

s.
CONCLUSIONS
5. CONCLUSIONS
A
A brief overview has been presented of research
research performed
performedin
inour
ourlaboratory
laboratorypertaining
pertainingtotosurface
surfacestructure
structurededuced
deducedatat
the
the CCl4-aqueous
CC14-aqueousinterface
interfacefor
forzwitterionic
zwitterionicphospholipids
phospholipidsand
anda asimple
simplecharged
chargedsurfactant.
surfactant.Using
Usingsurface
surfacespecific
specificVSFS
VSFSwe
we
have
have selectively
selectively probed
probed both
both the
the degree
degree of
of hydrocabon
hydrocabon chain
chainordering
orderingand
andthe
theorganization
organizationofofinterfacial
interfacialwater
watermolecules
molecules
induced
induced by
by the
the presence
presence of
of aa charged
chargedinterfacial
interfacialsurfactant
surfactantlayer.
layer.In
In the
thewater
waterstudies,
studies,alignment
alignmentofofwater
watermolecules
moleculesbybyanan
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increasing static electric field with increasing surface
surface density
density of
of surfactant
surfactantappears
appearstotobe
beprimarily
primarilyresponsible
responsiblefor
forthe
theincreased
increased
signal intensity
This alignment
alignment appears
appears to saturate
saturate beyond
beyond an
signal
intensity observed.
observed. This
an induced
induced interfacial
interfacial potential
potentialof
ofapproximately
approximately160
160
mY. Deduced
Deduced hydrocarbon
hydrocarbon chain
chain ordering
ordering of
of symmetric
symmetric chain PC's at the CC14-D20
CC14-D20 interface
mV.
interface was
was strongly
strongly dependent
dependenton
on
sample preparation.
While PC
PC monolayers
monolayers adsorbed
adsorbed from
from aqueous
aqueous liposome
sample
preparation. While
liposome solutions
solutionsabove
above the
the respective
respectivegel
geltoto liquid
liquid
crystalline phase
crystalline
phase transition
transition temperatures
temperatures showed
showed aa decrease
decreaseininchain
chainordering
orderingwith
withincreasing
increasingchain
chainlength
lengthfrom
fromDLPC
DLPCtoto

DSPC, the DSPC monolayer prepared by a multiple
multiple injection
injection technique
technique atatroom
roomtemperature
temperaturewas
wasclearly
clearlymuch
muchmore
moreordered
ordered
The latter
latter results
results suggest
suggest that the history
than shorter chain
chain samples.
samples. The
history of the
the interface
interface isis an
an important
importantfactor
factorininthe
theobserved
observed
monolayer characteristics
This work
work provides
provides a foundation
foundation for
monolayer
characteristics for
for these
these samples.
samples. This
for further
further investigations
investigations of
of molecular
molecular level
level
interfacial structure of
essential biological
biological processes.
processes.
of membrane
membrane interactions
interactions and systems which mimic essential
6.
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