512 J. Phys. Chem. B003,107,512-518

Vibrational Sum-Frequency Studies of a Series of Phospholipid Monolayers and the
Associated Water Structure at the Vapor/Water Interface
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The orientation and conformation of phospholipid monolayers and the structure of water associated with
these monolayers adsorbed at the vapor/water interface have been investigated using vibrational sum-frequency
spectroscopy. The phospholipids studied are saturated diacyl phosphatidylcholines, phosphatidylethanolamines,
phosphatidylglycerols, and phosphatidylserines with chain lengths of 14, 16, and 18 carbons. Spectra have
been acquired under different polarization schemes for monolayers at the vapant®rface to examine

chain ordering and at the vapos® interface to examine water structure. Comparisons are made between
the monolayers based on chain length and headgroup differences. These studies show significant differences
between the aqueous environments associated with the zwitterionic lipids and the charged lipids.

Introduction affects the structure of both the membrane and of the water
associated with the membraHeAn understanding of the water
structure in individual phospholipid monolayers can be utilized
to determine the effects of headgroup composition on membrane
structure.

In this paper, we employ an interfacially specific nonlinear
vibrational spectroscopy to examine the orientation and con-
formation of phospholipid molecules in monolayers and the
hydrogen-bonding network of water molecules associated with
the monolayer at the vapor/monolayer/water interface. The
ordering of the acyl chains as a function of chain length and
headgroup identity in various phospholipid monolayers at the
vapor/water interface is investigated as well as the effect of the
different phospholipid headgroups on the structure of the water
. - molecules at this interface. The phospholipids employed in this
charged speciesin other cases, the charged lipids may form study are saturated diacyl phosphatidylcholines, phosphatidylethanol-

i 3
domamsz: i . amines, phosphatidylglycerols, and phosphatidylserines with
The highly complex and inhomogeneous composition of .po., lengths of 14, 16, and 18 carbons (see Figure 1).
natural membranes necessitates the study of simpler, although

still quite pomp]ex, model membranes.. Phospholipid mopolayers Background

provide simplified model systems of biomembrafesd given . .

the physiological importance of the phospholipids themselves, SuUm Frequency and Analysis.VSFS was first treated
phospholipid monolayers have been the subject of intensetheoretically by Bloembergen and Pershan in £8@®d was
scientific inquiry for over 30 year®.” The most widely studied first demonstrated experimentally by the Shen laboratory in
phospholipids are the phosphatidylcholihésdue to their 19871314t is a second-order nonlinear optical technique that
widespread inclusion in cell membranes as a structural com- Provides vibrational spectra of molecules present at the interface
ponent. The study of phospholipid monolayers is also relevant P€tween two centrosymmetric media. In the experiment, a laser
to understanding the behavior of lung surfactant, of which beam with a fixed visible frequency and a tunable infrared beam
dipalmitoylphosphatidylcholine is the major compon&ithe are ove_rlapped spat!ally and te_mp_ora_lly at the |r_1terface. These
phosphocholines, however, coexist with other phospholipids in beams induce a nonlinear polarization in t_he media that ger;erates
real biological systems. Each has its effect on the properties of @ coherent beam at the sum of the two incident frequefies:

the membrane, yet none are so radically different that the 1he sum-frequency intensity depends on the square of the

membrane falls apart. Examination of acyl chain ordering can S€cond-order polarization and, in turn, the square of the

Biomembranes are assembled from a diverse group of
molecules including lipids, sterols, and proteins, and each
subgroup is quite diverse in itself. Among the many types of
lipids residing in biomembranes, phospholipids constitute the
major component of most cell membranes and play an important
role in the functioning of the membrane. At physiologically
relevant neutral pH, some phospholipids such as phosphatidyl-
choline and phosphatidylethanolamine carry no net charge but
are zwitterionic, whereas others such as phosphatidylglycerol
and phosphatidylserine carry a net negative charge. The
molecules in a biomembrane assemble into a bilayer structure
with a nonsymmetric distribution of charge, i.e., one lipid layer
of the bilayer or the other tends to contain the majority of the

be used to elucidate these differences since ehainin nonlinear susceptibility and the incident electric fields:
interactions determine the fluidity of membranes. o2 (2) )
Natural biological membranes are designed to enclose aque- gy U IPZI70 [ EysERl (1)

ous solution and are usually found in an aqueous environment.

The interaction between the water molecules and the membranevherey(@ is the macroscopic second-order susceptibility of the

medium. The sum-frequency conversion efficiency is enhanced
* Author to whom correspondence should be addressed. when the infrared beam is on resonance with a molecular
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vibration. The resonant contributions to the nonlinear suscep- o)
tibility are separable from the nonresonant contribution: o )}\
“ H \\\O CnH2n+1
X(Z) = XF\IZI)? + z%g)(v) (2) @ /\/O/P\\O\X/O CnH2n+1
2 (HsC)aN o \ﬂ/
where the sum is over all vibrational modes of all molecular °
species in the medium. In general, the nonresonant response is O
small for liquid surface$® however, it is not negligible at the 0
vapor/water interfacé The resonant sum-frequency response I H Y CrHan+1
is a sum of resonant peaks that can be described by the second @ _~_-0 \o o CrHzn+1
term in the following equation for the total second-order HaN %
susceptibility: o]
, 0
A g lon—o/rE o
P=r@e’+y [ —————————do, @3 OH [ O Cobans
v wr — o I HO\)\/O/P\O . o] CnHan1
This form of the resonant response for a vibration was first used % \ﬂ/
by Bain'é and convolves the homogeneous line width of the
transition (HWHM, I'\) with inhomogeneous broadening o)
(FWHM, +/2In2T",) from the multitude of molecular environ- ® 0
ments present in the condensed phé&sea complex quantity, HoNg & l| i O CrHans1
is proportional to the product of the number of molecules probed >’°\/0/Fi\o o. CnHan+1
and their orientationally averaged IR and Raman transition 90_//C % \H/
probabilities. It can be thought of as the sum-frequency transition o o]
strength. Figure 1. Phospholipid structures from top to bottom, respectively:

phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphati-
dylglycerol (PG), and phosphatidylserine (PS). Chain lengths are

. . denoted by th fixes: DM for dimyristoyl (§}, DP for dipalmitoy!
Laser System.The laser system used in these studies has (glr;;) imd ){)Sic?rr?jilsxtiz\royl (fs'_r imyristoy! (@ or cipaimitoy

been thoroughly described previolBl? so only a brief
summary will be given here. The amplified output of a
Ti:Sapphire system produces 2 ps pulses of 800 nm light at a

1 kHz repetition rate. Approximately 20J of energy is 1\ phosphate buffered £ or Nanopure water (17.8
directed to the interface as the visible pulse, and the rema'”derresistivity). Spectroscopic samples were prepared in custom glass

is utilized in an OPG stage and two OPA stages to produce gishes-3.7 cm in diameter by pipetting 9 mL of the appropriate
4-13 uJ of tunable IR from 2700 to 4000 crh The beams  5qe0us solution into the dish followed by spreading the lipid

are combined at the interface in a co-propagating geometry with using a 5QuL syringe. All glassware that came in contact with

the visible beam striking the interface at°58om the surface any solution was cleaned in NoChromix Reagent and rinsed
normal and the IR beam at G'J_to the surfacg normal. The i copious amounts of Nanopure water. The syringe was
reflected sum-frequency beam is collected with a thermoelec- rinseq several times with spreading solvent before and after
trically cooled CCD camera with data recorded by tuning the gpeading a monolayer to prevent cross contamination between
IR in 0.0025.m steps and taking a timed exposure at each giqck solutions. Stock solutions were used for a maximum of 2

step. Spectra were acquired undsp and sps polarization days and were stored in a refrigerator between uses.
schemes (SF, Vis, IR) whemepolarized light is polarized in

the plane of incidence arspolarized light is polarized normal
to the plane of incidence.

Interaction between the tunable IR beam and water vapor in  Chain Order. Previous work in this laboratory examining
the air results in considerable temporal lengthening of the 2 ps compact phosphatidylcholine monolayers at the IO
pulses between 3600 and 3800 ©mTo correct for this interface showed that there is a transition from disordered acyl
temporal dephasing and the frequency dependence of the IRchains to well-ordered acyl chains when chain length increases
energy, each SF spectrum has been divided by the nonresonarfrom 16 carbons (or fewer) to 18 carbons or m&t&hospho-
sum-frequency response from gold which would have a constantlipids with acyl chains of these lengths are the most common
intensity in the absence of water vapor and variations in the IR in cell membranes and likely affect the fluidity/rigidity of the
energy as a function of wavelength. Simultaneously, any membrane.
wavelength-dependent effects introduced into the sum-frequency Figures 2a-d show VSFS spectra of monolayers of phos-
signal by the collection optics are corrected. phatidylcholine, phosphatidylethanolamine, phosphatidyl-

Sample Preparation.Lipids were purchased as lyophilized glycerol, and phosphatidylserine, respectively, at the vap@/D
powders from Avanti Polar Lipids, chloroform (396 A.C.S. interface on pH 7.0 buffer (10 mM phosphate)@is used in
HPLC grade) from Aldrich, anhydrous methyl alcohol from place of HO to allow collection of the €H stretching spectrum
Mallinckrodt, DO (d99.9%) from Cambridge Isotopes. Each of the phospholipids with minimal interference from water
was used as received. Sodium phosphate monobasic and sodiurstretching modes. Three spectra are presented for each head-
phosphate dibasic were purchased from Mallinckrodt and dried group, corresponding to saturated diacyl chains of 14, 16, and
before use in preparing buffers. Stock spreading solutions of 18 carbons. The spectra cover the l& stretching region under
each lipid were prepared by dissolving a few milligrams of lipid ssppolarization. The IR and Raman spectral features of alkyl

Experimental

in chloroform:methanol (24:1 by volume) so thab0 uL of
solution was sulfficient to prepare a complete monolayer on 10

Results and Discussion
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—— DSPC

Dsee —— DSPE TABLE 2: Ratio of the Square Root of the Methyl

gmﬁE Symmetric Stretch Intensity to the Square Root of the
Methylene Symmetric Stretch Intensity from the sspSpectra
for Each Phospholipid Monolayer

30

lipid ratio lipid ratio

%u} DMPC 2.5+0.5 DMPG 0.5+ 0.2
| DPPC 47+11 DPPG 45:1.1
o DSPC 7.9+ 1.3 DSPG 4411
1 DMPE 49+ 1.2 DMPS 1.1+£03
2800 2850 2900 2650 3000 3050 DPPE 6.4+ 1.3 DPPS 5512
DSPE 5312 DSPS 50612

SF Intensity (Arb)
SF Intensity (Arb)

the natural line widths of the transitiod from the inhomo-
geneous broadening, in these experimentd;. was set at 2
cmtand onlyl", was allowed to vary? The methylene modes,
CH,SS and CHFR, are in phase due to symmetry considerations
and are given the relative phase of zero. In addition, the relative
phase difference between the €3% and the CBEAS isr due
to symmetry32:33 and the CHFR is in phase with the methyl
symmetric stretch, also due to symmetry. A nonresonant
contribution to the susceptibility is included in the fits to account
for intensity above 3000 cmd. The nonresonant contribution
Frequency (cm'!) Frequency (em™") is independent of wavelength and enters the fit having a constant
Figure 2. Sum-frequency spectra of phospholipid monolayers in the amp“tUde and ph_ase._ The spectra were f't_ asa conS|§tent set
C—H stretching region at the vaporO interface (10 mM phosphate ~ USing the same vibrational peaks and relative phases in every
buffer pD 7.0) acquired undesppolarization. (a) Phosphatidylcholines ~ fit.
(b) phosphatidylethanolamines, (c) phosphatidylglycerols, (d) phos- A useful parameter for examining the relative ordering of

SF Intensity (Arb)
SF Intensity (Arb)

2800 2850 2900 2950 3000 3050 2800 2850 2000 2950 3000 3050

phatidylserines. alkyl chains in linear spectroscopy is the ratio of the integrated

TABLE 1: Vibrational Assignments for VSFS Peaks in the methyl symmetrlc §tretch Intensity to thellntegrated methylene

C—H Stretching Region (2806-3000 cnm?) from Spectral symmetric stretch intensiif.In VSFS a ratio of the square root

Fits to sspand spsData at the Vapor/D,O Interface of the integrated areas of these two peaks is employed since

(Uncertainties are within 5 cm™2) these values are proportional to the number of molecules
lipid CH,SS CHSS CHFR CHFR CHAS contributing to the SF intensity. If the incoming IR beam is
DMPC 2855 2883 2897 2946 2962 p—polarl_zed, the IR transition moment for_the methyl symmetric
DPPC 2854 2883 2897 2046 2059 stretch in an all-trans chain is aligned with the IR electric field
DSPC 2854 2883 2897 2946 2059 resulting in a large SF signal. However, since there are local
DMPE 2855 2883 2897 2944 2958 inversion centers at the center of each@ bond in an all-
DPPE 2855 2883 2897 2944 2958 trans chain, intensity in the methylene symmetric stretch is
DSPE 2855 2883 2897 2944 2958 forbidden under the dipole approximation. Conversely, under
DMPG 2851 2879 2900 2940 2958 thi larizati highlv disordered chains lead t
DPPG 2847 2879 2893 2940 2057 is same polariza lon§$p, ighly disordered chains lead to a
DSPG 2847 2879 2893 2040 2957 more isotropic orientation of the methyl groups (and a reduction
DMPS 2852 2879 2898 2934 2958 in SF intensity), while the gauche defects in the acyl chains
DPPS 2851 2877 2897 2938 2957 relax the symmetry constraints resulting in an increase in
DSPS 2851 2877 2896 2938 2957

methylene symmetric stretch intensity. Thus, for an all-trans
chains in the &H stretching region of these phospholipids have chain, the intensity ratig/CH,S$,/CH,SSapproaches infinity
been previously assignét.26 Similar assignments have been when the methyl symmetric stretch is strong and the methylene
made for the acyl chains of phospholipids in previous VSF symmetric stretch is absent, while a much smaller ratio is
studies?’-28 The same general assignments are used here withexpected for highly disordered chains as the methylene mode
peak positions determined for these studies from fits to the databecomes dominant over the methyl mode. Although the methyl
employing eq 3. symmetric stretch intensity is split by Fermi resonance to yield
The spectra from each of the monolayers exhibit similar peak the intensity in the two peaks at 2880 and 2940 &mwve will
positions for all headgroups and chain lengths. The spectra alsoinclude only the one at 2880 crhin the ordering parameter
exhibit similar intensities for each chain length regardless of for the following four reasons. First, the degree of mixing
headgroup identity except for DMPE. The assignments for each between the two states should not be dependent on methyl group
monolayer as determined from the fits are given in Table 1 and orientation based on symmetry considerations. Second, experi-
have uncertainties of one or two wavenumbers. The peak atmentally the splitting between the peaks does not change with
~2850 cm? is assigned to the methylene symmetric stretch orientation whereas the splitting is very sensitive to the mixing
(CH2SS), the peak at-2880 cnt?! to the methyl symmetric  of the states. Third, the G3S and CHFR intensities track
stretch (CHSS), and the broad peak at2897 cnt! to the together as a function of chain length and order. Finally, this is
methylene Fermi resonance (&HR). The peak at2940 cnt? the parameter that has been utilized in the literature and is
is assigned to the methyl Fermi resonance {ER) with the maintained here for consistency.
possibility of some contribution from methylene asymmetric ~ The intensity ratios are presented in Table 2 for each of the
stretch (CHAS). Both the CHFR and CHAS have been monolayers studied at the vapos@interface. Recall that the
assigned to peaks in this region in previous VSF stutfiés3! ordering parameter utilizes the peaks at approximately 2850 and
When applying the fitting routine to thespdata, several 2880 cnt! that appear in most of the spectra as a large peak
parameters were constrained. Since it is not possible to separatavith a small shoulder on the low energy side. The change in
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—— DSPC j\ — DSPE spsspectrum difficult to fit. The intensity of the GAS as a
- ==~ DPPC M ---- DPPE . . .
DMPC s b i | —— DMPE function of chain length agrees well with the results for the
' “ CHsSS in thesspspectra, supporting the conclusion that the
H ' methyl groups orient more strongly along the surface normal
2F a as the acyl chain length is increased. The absence gS6H
)J ‘\ intensity in thespsspectrum along with the absence of £4$
ez, Ll\ r /-\j | intensity in thesspspectrum suggests that the methyl groups
0 — A 0 S S are oriented isotropically about the surface normal.
2800 2650 2000 2950 3000 3050 2800 2850 2800 2950 3000 3050 Water Structure. Previous work in this laboratory using
isotopic dilution studies has shown that the hydrogen bonding
n interactions at the neat vapor/water interface are liquidlike with
]
|
\
1By ez [ I' 1F
. EEN .

3k

SF Intensity (Arb)
SF Intensity (Arb)

—— DSPG A
- DPPG
DMPG d)

sk
""""""" the major contributions to thespVSFS spectrum arising from
the stretching of uncoupled donor-® oscillators and tetra-
hedrally coordinated molecules in environments more charac-
teristic of bulk liquid water than of bulk ic®:*6There is a strong
narrow peak at~3700 cnT?! from free O-H oscillators with

the corresponding donor €H oscillators appearing at 3420
cm™L. There are also contributions at 3310¢mand to a lesser
extent at 3200 cmt from tetrahedrally coordinated water
molecules with the peak at 3310 chcomparable in intensity

to that at 3420 cm. These features along with the-€l stretch
peaks determined from the vapor® spectra were used in
fitting the vapor/HO spectra.

When the same phospholipid monolayers as those described
above are examined at the vapoi@interface and the ©H
stretching spectrum is measured, it was found that chain length
had no discernible effect on the water spectrum. Therefore, only
the dimyristoyl lipids (G4) will be explicitly discussed with
the understanding that the discussion also applies to the other
chain lengths as well. Additionally, due to the presence of the
monolayers, the free ©H oscillators are no longer present at
the interface and are consequently not included in the spectral

4=

3l

2=

SF Intensity (Arb)
SF Intensity (Arb)

T T 1 I | I ) |
2500 2850 2500 2950 3000 3050 2600 2850 2900 2950 3000 3050
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Figure 3. Sum-frequency spectra of phospholipid monolayers in the
C—H stretching region at the vaporfD interface (10 mM phosphate
buffer pD 7.0) acquired undspspolarization. (a) Phosphatidylcholines,
(b) phosphatidylethanolamines, (c) phosphatidylglycerols, (d) phos-
phatidylserines.

order for the phosphatidylcholines from 2.5 for DMPC to 7.9
for DSPC mirrors what has been found in a previous study on
cholines at the CGID2O interface: relative disorder for&
chains and relatively strong order for;gCchains?® The
ethanolamines are relatively ordered for all three chain lengths
with DMPE exhibiting slightly less order than the others. The
onset of order at shorter chain lengths for the ethanolamines ;
compared to the cholines is consistent with the smaller head_analy3|s. ) o

group of the ethanolamines that allows the acyl chains to get ~The top of Figure 4 showsspspectra for each lipid at the
closer together, resulting in increased van der Waals interactions vapor/HO interface at pH 7.0 (10 mM phosphate buffer). The
The chain order parameters indicate that DSPE is less ordered?@aks in the €H region are disproportionately large for DMPE
than DPPE, but the difference in the order parameter can bePecause the order in this monolayer is much greater than in the
attributed to the larger experimental uncertainties in fitting the Other layers as described above. In addition to changing the
smaller CHSS peak as the chain order increases. The g|ycero|SQ|str|but|on of intensity in thg water region relative to the neat
and serines show a large degree of disorder for theclains, ~ interface, each phospholipid headgroup also enhances the
with the G and Gg chains more ordered and equally ordered. ©Observed intensity relative to the neat vape@$pectrum. Two
These two groups of phospho“p'ds have Charged headgroupgactors contribute to this enhanced IntenSIty InCI’eased al|gn'
that would be expected to repel each other, leading to decreasednent of water molecules perpendicular to the interface and an
chain-chain interactions. However, recent molecular dynathics  increase in the sampling depth. In second harmonic studies of
and IR studies suggest that DPPG headgroups can form charged interfacé%%8 and VSF studies of charged surfactants
hydrogen bonds with neighboring headgroups, which draws the at liquid surfaced? enhancement in the water signal has been
headgroups together’ faC|||tat|ng chain interactions. Recent attributed to alignment of water molecules by the electric field
molecular dynamics Studibsuggest that DPPS headgroups can at the interface and to a contribution from a third-order nonlinear
hydrogen bond with each other in a fashion similar to ethanol- Susceptibility that arises from the combination of the static field
amine headgroups. Overall, the results for all four headgroups With the laser fields.

show that chain ordering increases with increasing chain length,

and that the degree of chain order is the same fgra@d Gg
chains for all four headgroups.
In the sps spectra of monolayers of phosphatidylcholine,

phosphatidylethanolamine, phosphatidylglycerol, and phosphatid-

ylserine shown in Figures 3al, respectively, the CHAS is
the main feature at+2960 cnt! (Table 1) with a contribution
from CH,AS between 2897 and 2910 cfn Included in the fit

DMPC and DMPE show a smaller enhancement in the water
spectrum relative to DMPG and DMPS. Although DMPC and
DMPE are not charged species, they are zwitterionic, and the
charge separation in the headgroup gives rise to a smaller net
electric field. From the fits, the greatest intensity for these two
phospholipid monolayers is in the 3200 chregion indicating
significant tetrahedral coordination between water molecules
near the interface. We attribute the small but significant

of each spectrum are a nonresonant contribution and a tail fromdifferences between the DMPC and DMPE spectra at 3200 and

the O-D stretch band, as there is a significant overlap of the
C—H and O-D intensity inspsfor charged monolayers. There
is a larger uncertainty in the position of the &6 than in the
other peaks in thespandspsspectra due to the low intensity
of this mode and the ©D overlap, making this region of the

3600 cnt? to the differences in hydrogen bonding between the
headgroup and surrounding water molecules. DMPE can
hydrogen bond with water molecules through the amine and
through the phosphate moieties, whereas the cholines can
hydrogen bond through the phosph#teGreater hydrogen



516 J. Phys. Chem. B, Vol. 107, No. 2, 2003 Watry et al.

30 i —— DMPC
B e DMPE

25 i —— DMPG
L e DMPS

201~ P A

1.5

1.0

0.5

0.0 b=

SF Intensity (Arb)

| | [ | | |
2800 3000 3200 3400 3600 3800

Frequency (cm!)

Figure 4. Sum-frequency spectra of phospholipid monolayers withaBains in the €H and O-H stretching regions at the vapog®l interface
(10 mM phosphate buffer pH 7.0) acquired undsppolarization (top) andgpspolarization (bottom).

bonding between the headgroups and the adjacent watemwith varying degrees of hydrogen bond coordination (3200,
molecules would lead to more disorder in the hydrogen bonding 3310, and 3420 cnt) that have been found at the vapor/water
network of water around the headgroup, resulting in less interface.
intensity from highly coordinated water molecules and more  The bottom of Figure 4 showspsspectra from monolayers
intensity from less coordinated water molecules, consistent with containing each of the four headgroups. There is very little
the results of the spectral analysis. intensity in the neat vapord® spectrum for this polarization.
DMPG and DMPS each carry a negative charge at this pH, E&h Spectrum shows significant intensity above 3400%cm
resulting in an electric field and electric double layer at the |nd|c§1t|ve_ of water mo!ec_ules participating in Weak hydrogen
interface. As a result a significant enhancement in the water bonding interactions similar to those observed in Raman and

signal is observed here that is similar to that observed for otherIR studies of solvating water molecules in aqueous salt

D> S solutions*~45 We attribute the intensity in this region to water
charged surfactants at vapor/liquid and liquid/liquid surfa8és. molecules participating in hydrogen bonding with the headgroup.

The spectra of these two lipid monolayers are very similar in gain the choline and ethanolamine exhibit similar spectra. We
the water region, indicating that either the water solvating the 4ibyte the small but significant difference in intensity at 3600
headgroups have similar bonding character, or, more likely, that ;-1 g differences in hydrogen bonding between the head-
the VSFS signal is dominated by water in the interfacial region groups and water, consistent with the interpretation ofstie

as defined dimensionally by the depth of the electric double spectra. The peak for solvating water molecules as determined
layer which should be similar for the two monolayers. Similar  from thespsspectra was incorporated into the fits of data from
to the choline, there is a large contribution from tetrahedrally both polarization combinations in order to get consistent phase
coordinated water molecules in the interfacial region. There is relationships and peak positions for all the spectra, although
also an increase in intensity from the other peaks associatedwater molecules are preferentially aligned to a significant depth
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Figure 5. Sum-frequency spectra undesppolarization of (a) DMPE monolayers at the vapaDinterface with 10 mM phosphate buffer at pH
5.3, 7.0, 9.3, and pH 7.0 with 0.1 M NaCl, (b) DMPS monolayers at the vapOribterface with 10 mM phosphate buffer at pH 5.3, 9.3, and pH
7.0 with 0.1 M NacCl.

along the surface normal due to the electric field, and the in- of salt does have a large effect on the intensity in the water
plane orientation of water molecules should become isotropic region. The structuring of the water appears to be the same,
much closer to the interface. The negatively charged lipids againbut the intensity has dropped. This decrease in intensity is
show a significant enhancement in the water signal, but in the attributed to the screening of the monolayer charge by the salt
region of weak hydrogen bonding interactions including head- which reduces the penetration of the electric field into the
group solvating water molecules. As above, some of this aqueous phase (reducing the double layer thickness), resulting
intensity may be attributed to the lifting of symmetry constraints in fewer water molecules being probed.
due to third-order processes involving the DC field.

Since proper pH and electrolyte levels are important t0 conclusions
successful biological function, the effects of small changes in
pH and the presence of electrolyte on the water structure of Vibrational sum-frequency spectroscopy was employed to
these monolayer systems was examined. The top of Figure 5investigate acyl chain ordering in a series of phospholipid
showssspspectra of DMPE at pH 5.25, 7.00, and 9.27 and pH monolayers at the vapor/water interface and the hydrogen
7.00 with 0.1 M NaCl. These spectra and the same ones forbonding interactions of the water molecules associated with the
DMPC (not shown) indicate that a pH range coveringjorders monolayer. Acyl chain ordering increased with increased chain
of magnitude in hydrogen ion concentration, does not affect length for three of the phospholipids studied (diacylphosphati-
the water structure and that the salt has little to no effect on the dycholines, diacylphosphatidylglycerols, and diacylphosphati-
alignment of water molecules in the presence of the phospho-dylserines) and remained constant for the diacylphosphatidyle-
lipids. Similarly, pH in the same range does not affect the water thanolamines. The degree of chain order was consistent for all
structure associated with the charged monolayers of DMPG (notfour headgroups for chain lengths of 16 and 18 carbons. The
shown) and DMPS (Figure 5 bottom). However, the addition similarities in chain ordering for phospholipids with such
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differing headgroups suggests that the chain ordering of a  (8) Caffrey, M. LIPIDAT: A database of thermodynamic data and

phospholipid monolayer or bilayer is dominated by the length associated information on lipid mesomorphic and polymorphic transitions
. . . ... CRC Press: Boca Raton, FL, 1993.

of the acyl chains and that the different headgroups primarily ™ (g) caffrey, M.; Hogan, JChem. Phys. Lipid4992 61, 1—109.

exert their influence on the water structure at the surface of the (10) Robertson, B.; van Golde, L. M. G.; Batenburg, JPdlmonary
monolayer or bilayer. Surfactant Elsevier: Amsterdam, 1992; p 753.

. (11) Yeagle, PThe structure of biological membran&RC Press: Boca
The presence of the phospholipid monolayers causes anratan, FL, 1991; p 1227.

increase in orientation and bonding of water molecules in the  (12) Bloembergen, N.; Pershan, P.Fy. Re. 1962 128 606-622.
interfacial region. This is attributed to the electric fields 0&)3) Zhu, X. D.; Suhr, H.; Shen, Y. Rehys. Re. B 1987 35, 3047~
established at the interface by the headgroups. These effects (14) Guyot-Sionnest, P.; Hunt, J. H.; Shen, Y FRys. Re. Lett. 1987,
are significant whether the phospholipids are zwitterionic or they 59, 1597-1600.

carry a net charge. The spectra that probe changing dipoles_ (15) Miranda, P. B.; Shen, Y. R. Phys. Chem. B999 103 3292~
perpendicular to the interface show intensity indicative of (16) Bain, C. D.; Davies, P. B.. Ong, T. H.: Ward, R. N. Brown, M. A.
hydrogen bonding between water molecules; however, spectra; angmuir1991, 7, 1563-1566.

that probe changing dipoles in the plane of the interface show (17) Dick, B.; Gierulsky, A.; Marowsky, GAppl. Phys. B1985 38,

he most intensi fr ncies similar to th rved for 107-116.
fne most intensity at Irequencies s ar 1o those observed fo (18) Shen, Y. RThe Principles of Nonlinear Optic®Viley: New York,

water molecules solvating complex salts3600 cnt?). This 1984,
intensity is attributed to water molecules solvating the phos-  (19) Lobau, J.; Wolfrum, KJ. Opt. Soc. Am. B997, 14, 2505-2512.
pholipid headgroups. (20) Raymond, E. A,; Tarbuck, T. L.; Richmond, G.1.Phys. Chem.

. B 2002 106, 2817-2820.
Changes in pH from 5.2 to 9.2 have no effect on the (21) Allen, H. C.; Raymond, E. A.; Richmond, G. L. Phys. Chem. A

orientation and hydrogen bonding of water molecules associated2001, 105, 1649-1655.
with the monolayer for each lipid headgroup studied. Excess _ (22) Gragson, D. E.; McCarty, B. M.; Richmond, G. L.; Alavi, D..B.

; : Opt. Soc. B199§ 13, 2075-2083.
salt has a large effect on the orientation of water molecules and (23) Smiley, B.. Richmond, G. LJ. Phys. Chem. B999 103 653

the depth to which water molecules associated with the chargedssg.
lipids (phosphatidylglycerol and phosphatidylserine) are probed  (24) Snyder, R. G.; Strauss, H. L.; Elliger, C. A.Phys. Cheml982

i i it 86, 5145-5150.
due to the_rgductlon of the double Iayer thickness. However_, it (25) MacPhail, R. A Strauss, H. L.: Snyder, R. G.: Elliger, C.J,
has a negligible effect on the orientation and hydrogen bonding pnys ‘chem1984 88, 334-341.

of water molecules associated with the monolayers of the (26) Ward, R. N.; Duffy, D. C.; Davies, P. B.; Bain, C. N. Phys.
zwitterionic lipids (phosphatidylcholine and phosphatidyletha- Chem.1994 98, 8536-8542.

. . (27) Walker, R. A.; Gruetzmacher, J. A.; Richmond, GJLAmM. Chem.
nolamine) which have a much smaller double layer. S0¢.1998 120, 69917003

These studies suggest that although phosphatidylcholine is (28) Wwalker, R. A.; Conboy, J. C.; Richmond, G. Langmuir 1997,
the most common and most studied phospholipid, the other 13, 3070-3073.

L . (29) Goates, S. R.; Schofield, D. A.; Bain, C. Dangmuir1999 15,
phospholipids studied here form monolayers that are as well 14551409

ordered as the phosphatidylcholine. Subsequently, the study of (30) Liu, Y.; Wolf, L. K.; Messmer, M. CLangmuir2001, 17, 4329~
the interactions between the various phospholipids and large4335.

; ; ; ; ; ; PRI (31) Wolfrum, K.; Laubereau, AChem. Phys. Letll994 228 83—-88.
blom0|e.CUIes’ .mCIUdI.ng .pepfudes. and proteins, will aid in (32) Hirose, C.; Akamatsu, N.; Domen, KRppl. Spectrosc1992 46,
elucidating their function in biological membranes. 1051-1072.

(33) Hirose, C.; Akamatus, N.; Domen, K. Chem. Phys1992 96,

] ; 997-1004.
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