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A reflectometer based on a conventional sealed x-ray source for the study of molecular organic
surface films(such as Langmuir monolayerdias been devised, which outperforms similar
instruments using rotating anode generators and approaches even most advanced experimental
stations attached to third generation synchrotron sources. Reflectivities5of10 ° are thus
becoming available while the measurement of a full reflectivity curve takes approxmdateto
complete. The instrument is operated under full digital control, permitting the automated recording
of measurement programs. In an example of its performance we demonstrate that
dipalmitoylphosphatidylglycerol monolayers on electrolytic subphases may be characterized to a
level of detail which until recently was not even available at synchrotron sources. While
conventional box models of lipid monolayers are inadequate for modeling experimental data at the
high momentum transfer that has become accessible with the new instrument, a recently developed
modeling technique based on volume-restricted distribution functiScbalkeet al., Biochim.
Biophys. Actal464 113(2000] enables studies of ion binding to the phospholipid in submolecular
detail. © 2001 American Institute of PhysicgDOI: 10.1063/1.1331329

I. INTRODUCTION mine the structure of organic surface or interface films in
molecular detail*~1® While GIXD is capable of assessing
Molecular organic films on aqueous surfaces and athe molecular order of hexatic or crystalline surface films,
solid/fluid interfaces show complex supramolecular organisuch as lipid monolayets'® or protein sheet crystafg;?*
zation forms that may be characterized with a variety of surspecular reflectometry using x rays or neutrons determines
face sensitive methods developed in the past two decadege scattering length densit§SLD) profiles, i.e., electron
While laser-optical techniques such as fluorescEricand density or neutron SLD, normal to the interfdéé>2*Both
Brewster angle microscopy;, ellipsometry and ellipsomet-  types of x-ray experiments have been developed using the
ric microscopy’, or surface—plasmon spectroscbmye sen- extremely brilliant and well-collimated x-ray beams only
sitive to monomolecular surface films, they report their opti-available at synchrotron radiation faciliti€&sMore recently,
cal properties, such as the index of refraction or the layehowever, x-ray reflectometry of floating surface monolayers
thickness, at best semiquantitativélfThey are, however, has been brought to the laboratory scale, where measure-
methods very well capable of characterizing the lateral orgaments down to the level oR~10"7 have been routinely
nization of such surface films on the mesoscopic lengthachieved*2®
scale. Ramah'® and Fourier transform spectroscopy in the  We report here the design of a new x-ray reflectometer
reflection—absorption mode'* are well-established tech- for the investigation of molecular organic films on fluid sur-
nigues to probe molecular interactions within organic surfacdaces. It is based on a conventional sealed-tube source in
films. This has been exploited to investigate the order irconnection with a multilayered parabolic monochromator
aliphatic lipid chains empirically, to characterize hydrogenmirror and a detection scheme that enables the simultaneous
bonding in molecular film$2 and to determine the orienta- determination of signal and background using a position-
tion of transition dipole moments with respect to the sensitive detectoiPSD. This instrumentation is so sensitive
interface!? as to measure reflectivities downRo-5x 10~ ° within data
Surface sensitive x-ray and neutron scattering, i.e., X-raycquisition times of typically 4 h, a performance that has
diffraction at grazing incidencéGIXD), and x-ray as well as  until recently only been available at synchrotron radiation
neutron reflectometry, have been extensively used to detegources.
Chemical models used for the interpretation of reflectiv-

aAuthor to whom correspondence should be addressed; electronic mailty data from lipid surface monmayers have _been f_requen“y
loesche@physik.uni-leipzig.de composed of a hydrophobic slab of aliphatic chains and a
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translation (Huber goniometer head, part No. 5203.2, and
x—y stage, part No. 5102.2Both detector and tube towers
incorporate an elevatoftype | elevator, JJ X rgyand a
cradle (Huber, part No. 5202)4 The cradles shoulder 500
mm long Newport X95 rails whose cores are sealed with
Kapton windows and serve as evacuated flight tubes for the
x-ray beam. Except for the entrance window of the first rail,
which carries Cu absorbers to optionally attenuate the inci-
dent beam, the flight tubes are terminated at both ends by
adjustable pairs of horizontal and vertical slits.

The x-ray beam is conditioned, controlled, and detected
as follows. The white beam from a conventional sealed x-ray
tube with Cu target, typically operated at 1575 kV/35
mA) at a stabilized temperature df~40°C (type S tube

FIG. 1. Schematic viewgraph of the multipurpose x-ray reflectometer. housing with Kristalloflex 760 power supply, Bruker AXS,

Karlsruhe, Germanyfeeds a graded W/Si multilayer mirror

hydrophilic slab of hydrated headgroups. In such models, th€¢‘Gobel mirror,” AXS) matched to the CK,, line at A
interfaces between the bulk subphase, the 2 monolayer slabs,1.541 A, where its throughput-80%) is at least 3 orders
and the gas compartment are blurred by one surface rouglf magnitude larger than that for the €y line. The well-
ness parametes that accounts for thermally excited capil- collimated and monochromated output from this device is
lary waves which are thought to affect the electron densitythe source of the reflectometer. The parallel beam 60
gradients identically at all interfacé$? This is equivalent  um in height and~8 mm in width. Its flux at 1575 W input
to conceiving the hydrophilic/hydrophobic interface within a power is typically 4.5 10’ photon/s. Monitoring of the pri-
monolayer as infinitely sharp. With such models, reﬂeCtiVitymary intensity may be compromised because of the high
data of lipid monolayers up tq7'*~0.5A (whereq, is the  stability of the power supply after an appropriate period
momentum transfer which is in specular reflectivity experi-(typically 2—-3 B for temperature stabilization after a cold
ments collinear with the surface normal have been suc- start.
cessfully described and the results have been checked for  The mechanical setup, as sketched above, allows control
consistency by comparing the integrated scattering lengthsf the incident angley; in the range 0°~7°, and determi-
i.e., the number of electrons contained in the hydrophobigation of the intensity reflected from the sample at the specu-
slab per unit area, with the molecular density at the interfacgyy positiona; . Immediately after the Guel mirror, the im-
as retrieved from isotherms. The molecular composition ofpinging beam passes a set of calibrated Cu attenuators used
the hydrophilic slab follows then from the scattering lengtheijther individually or in combinatiori§ to reduce the pri-
per unit area in that slab in that electrons in excess of thenary beam intensity to a level such that the reflected inten-
number expected for the lipid headgroup, as derived from theijty falls into the linear regime of the detector response
lateral molecular density in the film, are attributed to inter-(<2000 countss'). After the first flight tube the beam
penetrating water moleculé$?® passes an entrance slit that controls the beam height to avoid

With third generation synchrotron sources becomingbeam footprints in the sample plane that are larger than the
availablé® and—as we show here—uwith the development ofsample area. After reflection from the sample, the x-ray
highly efficient laboratory scale x-ray reflectometers, it haspeam is received in a slit/flight tube/slit combination for dis-
been possible to push the limits of resolutiomith g7  crimination against incoherently scattered photons from the
~1.0 and 0.75 A' for synchrotron and conventional subphase. The reflected intensity is measured with a horizon-
sources, respectively® This enables us to check the as- tally aligned position-sensitive gas detectdr/methane at 7
sumptions that have been made in the interpretation of thBar, PSD-50, M. Braun, Munich, Germanyror reflectivity

more limited data sets. measurements at liquid surfaces, precise determination of
both signal and background is mandatory. Particularly at low

II. INSTRUMENTATION AND EXPERIMENTAL reflectivities, long counting times are required to achieve

DETAILS good counting statistics. The PSD permits simultaneous sig-

nal and background determination by measuring the two
quantities in different parts of its sensitive area while the
The core of the butterfly-type reflectometer—devised todetector arm is rotated out of the plane defined by the inci-
measure small-angle scattering from a horizontal sampldent beam and the surface normal &2°. This not only
surface—consists of three uniaxially aligned goniometerseduces data acquisition time by a factor of 2, but also helps
(Model No. 420, Huber, Garching, Germangarrying the avoid systematic errors that may occur by repeated shuttling
sample stage, the x-ray tube, and detector pivot towers, cbf the detector between the specular and off-specular posi-
Fig. 1. The sample may consist of either a fluid surfacetions for alternating signal and background determination.
contained within the sealed sample compartment of a Lang- The detector signals are evaluated using an analog to
muir film balance, or a planar solid surface. The sample stagdigital convertefCanberra model No. 870 Which stores its
allows elevation(type Il elevator, JJ X ray tilting, and results in a histogramming memofRisg National Labora-

A. X-ray reflectometer
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tory, Denmark. All components are driven by stepper mo-  \wiring diagram
tors using an ECB modul€Risg as interface to the control
computer.

Primarily, the machine is designed a®)a-0 (butterfly
type) diffractometer for reflectometry of horizontal samples
and fluid surfaces. Due to the large number of controlled
mechanical degrees of freedom and the high photon flux,
however, it may also be readily used as a small x-ray and
wide angle diffractometer after a few setup changes. Trans
formation back to reflectivity mode requires only minor re-
alignment.

master computer

scintillation film balance Peltier
controller coptroller

——— gastubes

—— watertubes counter
-

B. Sample environment [ fscintilation +—

temp sensor

Most investigations of the machine described here con-
cern reflectometry studies of Langmuir monolayers at the
air/water interface. Such surface films are prepared in a
Langmuir trough of local desigrisubphase volume, 160 FIG. 2. Wiring diagram of the instrument.

X 300X 5.5 mn?) which is similar to the one we have de-
vised earlier for use at BWIDESY, Hamburg® Both different preparation conditions may be executed. For Lang-
trough and barrier are made from Teflon polytetrafluoroethmuir monolayers, reflectivity measurements as a function of
ylene (PTFE. The smallest area to which the film may be surface pressure at constant temperatufieor as a function
compressed by means of a motorized barrier 45  of T at constantr are often intended. Another option is the
X 160 mnt. The subphase temperature is controlled using atracing of (slow) time-dependent processes. A typical mea-
immersed TFE-coated Pt-100 sensor whose signal is fesurement task is divided in two sections: preparation of the
back to the power supply of 20 Peltier elements distributedequested state of the samtentrol program and sample
underneath the trough botton (,,~250W). To suppress characterizatiorimain routing. Both tasks may be repeated
surface waves underneath the beam footprint, a polishe perform complex series of measurements. Typically, the
glass block (168 60x 5 mn?) may be inserted into the sub- control program starts barrier compression and stops it as the
phase to reduce the subphase depth locally to below®®0 desired lateral pressure has been reached. Afterward it may
This option is only necessary for measurements at bare watevait for an appropriate time span to allow for equilibration
surfaces or with films of low pressure. The surface pressuref the sample film. Subsequently, the main measurement
of the film, w=y,— v (wherey and y, are the surface ten- routine takes over control and performs several tasks: control
sions of the film covered and the clean water subphase of the motors and readout of the PSD; realignment to com-
measured using a Wilhelmy balance operated with ash-frepensate for water level changes; control of the attenuator to
filter paper. The film balance is contained within a gas-tightoptimize counting statistics and protect the detector; control
container sealed with a Kapton windaithickness, 8Qum,  of the beam size by adjusting the slits to avoid oversized
Goodfellow, Bad Nauheim, Germanyhat allows the inci- beam footprints on the one hand and to utilize a maximum of
dent and reflected beams to enter from or into the flighthe x-ray intensity on the other; optimization of the count
tubes, respectively. The whole box is mounted on a Hubetime depending on the actual reflectivity at a given momen-
5102.2x—y stage on top of a 5203.2 goniometer hdafl  tum transfer; adjustment of the step width of the sampled
Fig. 1. momentum transfer values depending on the local slope of
the reflectivity curve; and data processing and storage.

Langmuir [

to external film balance (fb)

—a
coing anauit | Water supply{

C. Master computer and wiring; operation modes

The entire machine is controlled by a Linux work station D. Reflectivity measurements

via a user modified TASCOM packag®isg. The main On water, reflectivities down to %810 ° are routinely
communication wire is a general purpose interface buschieved within~4 h measurement time with a sufficient
(GPIB) chain that connects all devices. Small devices—density of data points. For typical lipid surface films, such
Langmuir balance and temperature controller—are attacheehlues of the reflectivity are reached at anglgs<5° and
to the main chain via a quadruple GPIB/RS232 convertemay be accessed using the motion range of the detector and
(Fig. 2. The homebuilt Langmuir film balance controller is tube towers exclusively—keeping the sample film at a con-
readable and instructible. It drives the film balance mechanstant position. This is important for the investigation of vi-
ics and operates the Wilhelmy sensor. Its operation modelsration sensitive samples such as two-dimensional protein
include maintaining a constant surface pressure or constantystals at water surfacé.For a;>5.2°, the sample itself
area, compressing/expanding the monolayer at a user-defineaust be moved vertically until at;~7° the mechanical
barrier speed, or driving the barrier continuously back orimits of the cradles are reached.
forth for cleansing. Alternatively, for the tracking of slow dynamical pro-
Owing to the full digital control over all components of cesses, reflectivity curves limited to a more confined momen-
the machine, measurement sequences on a single sampletan transfer range between 0 and 0.5%A(«;~3.5°) are
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obtained withn 1 h and may represent a snapshot of the ' my ' T T 1 ' T
sample structure. Faster dynamics of structural reorganiza *\ DPPG on 10 mM BaCl, at = = 30 mN/m
tions may be captured by adjusting the instrument to a fixed 10°), » newinstrument |4
momentum transfer, preferably at a position where the final® £t kN - BWILHASVLAB G0 ) 14
surface film is characterized by an interference minimum,_...fw*?\"w,..
and measuring continuously the reflectivity at thisvalue. '

In standard measurements of reflectivity curves of mo-2 10°k e E
lecular surface films, the height of the impinging beam is g ' “*% : T o ‘
changed aty;=0.7° from 100um—appropriate to measure & 10%¢ e R
the total reflection regime between 0.1° and 0.15°—to the>* | T 1
full beam cross section of 600m. Due to an approximately 0% G070 S
Gaussian profile of the raw beam this results in an intensity * a i t % 19 I I
gain of a factor of~5. The precise scaling factors have been  10————5— Y T T
determined prior to the experiment. momentum transfer, q, (A™)

Using the attenuator, the count rate in the detector, inte-
grated over its entire length, is kept in the range between 600B/G. 3. X-ray reflectograms, reflectiviti® vs momentum transfeq,, of

—1 . . _ DPPG monolayers on 10 mM BagCat 7= 30 mN/m, T=20 °C measured
and 1500 s" as Iong as pOSSIblEBt hlgh momentum trans on the newly designed home-based instrunm{epiper data s¢tand at the

fer, count rates dwindle as the reflectivity dips dowhhe  yndulator beamline BW1 of HASYLABDESY, Hamburg, In most cases,

step width for sampling the reflectivity curves is currently the experimental error bars, determined from counting statistics, are smaller

adjusted according to the intensity of the reflected bearm, igo?'&ﬁﬁyp?;ssﬁé?jb?fr'vl? o e et vt Vol Inca g

essence by concurrently doubling the step width and th ; v '

maximum dwell time as the count rate falls below a preset ate the interference minima in the data

threshold. The maximum step width used is 0.2° and the

dwell time is limited to 1000 s. that depends on the structure of the surface monolayer. For
Beam damage as it happens in reflectivity or GIXD mea Water with pe~0'§336e /A% and\~1.541A, the critical

surements on organic surface monolayers at synchrotrodndl€ iSac~0.15°. _ o

sources was never observed. Third generation synchrotron Fi9uré 4 shows Fresnel-normalized reflectivity data

source®? (e.g., BW1 at HASYLAB, Hamburg, Germahy R/Rg of DPPG on an aqueous subphase with 10 mM BacCl

deliver typically 13?photons/s at the sample. This implies atT~20°C at various surface pressures between20 and

that 1 s of full synchrotron beam is equivalent to more thar{+> MN/m collected in one run on a single monolayer that
4 h of illumination in the full beam of the home-based de-2sted~24 h. For six reflectivity curves at the BW1 facility,

vice. This comparison illustrates why beam damage is not §N€ Needs at least two preparations and roughly 12 h of con-
concern in the instrument described here. tinuous beamtime. The data have been normalized by the

Fresnel reflectivity of the pure subphase in order to empha-
size the modulation of the reflectivity inferred by the pres-

ctivi

E. Chemicals

Spreading solutions af-a-dipalmitoylphosphatidyl-rac- . , . . . . :
glycerol (DPPQG (Sigma-Aldrich, Deisenhofen, Germany iy DPPG on 10 mM BaCl,
were prepared in chloroform/methandl1 v:v) (p.a. grade,
Merck, Darmstadt, Germapy with concentrations of
~0.3¢g/l. BaC} (p.a. gradgwas from Sigma-Aldrich. Ultra-
pure water(Millipore Milli-Q RG, Eschborn, Germany, re-
sistivity >18.2 M() cm) was used for the subphases.

F

Ill. EXEMPLARY RESULTS AND RESOLUTION

A typical reflectivity curveR versus momentum transfer
g,=(4m/\)sing;, for a DPPG monolayer on 10 mM BaCl

at 7=30mN/m andT~20°C measured on the instrument 10°

Fresnel-normalized x-ray reflectivity, R/R

described here is shown in Fig.(&ll symbolg and com- 4 !

. . -7 1 L I 1 | 1 L
pared with a synchrotron data set obtained under the sam 1% 0.4 0.2 0.3 04 05 0.6 07
nominal conditiongopen symbols Experimental error bars momentum transfer, g, (A7)

are shown on all data points and are in most cases smaller

. P FIG. 4. Series of Fresnel-normalized x-ray reflectograms, reflect/iB
than the print symbols. Remarkably, the lower limit of the_vs momentum transfey, measured for a DPPG monolayer on 10 mM BaCl

reflectivity data that may be discriminated ag_ainSt the expe”ét various lateral pressure values as indicated20 °C. Experimental error
mental backgrourid at the synchrotron experimental station bars are only given for the data at the lowest and highest pressure. The
(R=10" 10) is only 1.5 orders of magnitude below the one atreflectivity scale applies to the data at=45 mN/m. For clarity, data sets

the Iaboratory based X-ray SOUI’dE?(SX 10” 9) Above the are offset by factors of 10 for lower pressures. Straight dashed lines connect
) the interference minima in the data to indicate how the monolayer thickness

critical angle a for total _r?ﬂeCtiony the reerCi:‘iVity CUIVES jncreases upon compression. Continuous curves indicate the x-ray reflectivi-
follow the Fresnel reflectivityRe modulated by interference ties derived from the VRDF modésee the text
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F

ence of the molecular surface film. The data setmat

=30 mN/m is the same as the one shown in Fig. 3 with full
symbols. All data sets show two pronounced minima which
are due to destructive interference between amplitudes re
flected off the surface of the lipid monolayer toward the gas
compartment and the interface where the monolayer is in
contact with the aqueous subphase. These minima are tht
characteristic of the thickness of the lipid monolayer film. As
the film is compressed, the positions of the minima shift to
smallerq, values, indicative of an increase of the monolayer

thickness. Quantitatively, by evaluating the layer thickness R T S R TR S IR
as 0 01 02 03 04 05 06 07

momentum transfer, q_ (A™)

o e e SRR
—— VRDF model

— - - realistic box model |
------- box model 1
(unphysical parameters}

-

107

normalized reflectivity, R/R

d . 277- 1 — =L L D D L L L I AL I
L D st e ; ]
| headgroup ‘ : 1

one observes an increase fralpy~23 A at =20 mN/m to 2 acyl chains

e

04 GCfragment\g 3 N ]
[ boxstructure ™\ " S

dm~25A at 45 mN/m. Similar observations have been re-
ported for many amphiphilic monolayers in the

NN

curves. As in other scattering techniques, the intrinsic reso-

(=X

> [

=203 ‘_ K
literature?5-27-33 2 ‘B andCr |

Further details on the conformation of the film-forming 8 020 < (apparent) head-]

molecules are contained in the line shape of the reflectivity § " /i group hydration 3

= «<—:—phosphate

[4]

o

[:}]

lution of a reflectivity experiment is determined by the sam- : : ’ DR e
pling theorem oL el e e 1
10 0 -10 -20 -30 -40
™ distance from surface, z (A
z

FIG. 5. Data modeling using various approactiasReflectivities of best-fit
(Where q?ax is the maximum of the experimenta”y acces- models of the DPPG/Bagldata set atm=30 mN/m derived using the

sible momentum transfeif there is no other information on YRDF approacf{continuous ling, a physically sensible box approattivo
slabs, one surface roughness parametedash-dotted ling and a box

the.sample structure ava”a_ble- Typical valuegiBf*in ex-  model approach with unphysical parametgveo slabs, three surface rough-
periments that marked until recently the state-of-the-art fohess parameters; ; p°2%9°,-0.75e /A% and largesy, o ; dotted ling.
x-ray reflectivity measurements of film structures on aqueougwo-box models generally fail to describe the reflectivity data satisfactorily
’ ) N ) T I R )
subphases were around 0.4%\b0th in measurements using beyondg,~0.5 A~1. Best-fit three-box models with distinct surface rough

h d . | di ness parameters; or model-free data inversion techniquégef. 36 were
synchrotron and conventional x-ray sources, correspon NBund to yield solutions whose electron densities were similar to that of the

to an intrinsic resolution oAz~8 A. The new instrument VRDF model.(b) Structural differences of the electron density profiles ob-

described here pushes the limits of resolution quite considtained with the conventional slab models and the VRDF model. Shown are

erably: The data presented in Fig. 3 extend up gio profiles that descripe the data set takenrat30 mN/m best _in the frgme of

_ A1 ival oAz~45A a two-box model with one global surface roughngkg continuous lingor

0.7 » equivalent toAz : : the VRDF approacltithick line). Sensible electron density profiles derived

from the model-free approach were virtually indistinguishable from that of

IV. DATA INVERSION AND DISCUSSION the VRDF model. Dashed lines indicate the box structure as it would appear
without surface roughness and the components of the VRDF model.

As extensively discussed in the literatdfe!® R(q,) is

approximately connected withe(z) by models, we have developed a composition-space
R(q,) 1 dpe(2) 2 refinement>*! method that uses volumetric information de-
= subphasef exp(—iq,z)dz , (3 rived from molecular modeling by Feller and

RF(qz) Pe dz

co-workers'?*? |t describes the structure of a lipid mono-
wherez is the distance from the interface. Due to the lack oflayer as a volume-restricted sum of distribution functions
phase informationR cannot directly be inverted to obtain (VRDFs) of lipid molecule fragments across the interface
pe(2). Rather, the optical parameters are refined by leastand follows the general line of the data inversion procedure
square fitting of model reflectivities to the experimental datadescribed for the interpretation of small-angle diffraction
The simplest approach is using layer modgtbox  from lipid multibilayer stack$>**it has been described in
models™),2® motivated by the propensity of amphiphilic mol- detail elsewheré®4°

ecules for supramolecular self-organization into molecular ~ With conventional two-slab models we have not been
surface films. A collective roughening of the interface struc-able to describe satisfactorily the experimental data shown in
ture by thermally excited capillary wav¥s®is usually ac-  Fig. 4. While such models perform well in thg, regime
counted for by convoluting the layer structure with a Gauss-covering the first two maxima d®/Rg, they are often found
ian function characterized by a width parametet incapable of modeling the data beyomg=0.5A"1, cf. Fig.
Alternatively, model-free techniques to data inversion haves(a). This is also true if one uses surface roughness param-
been developetf*°Beyond the chemically motivated layer eterso; (i=0,1,2 for the subphase/headgroup, headgroup/
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chain, and chain/air interfaces, respectiydlyat may differ  (P), and the remainde(R) of the headgroup. The AC frag-
for the distinct interfaces of the two slabs. Only upon extendment is treated similarly as in the conventional box models.
ing the two-slab model into a three-slab model with distinctFor the remaining fragments, Gaussian distribution functions
o; (i=0,...,3) were we able to describe the experimentabre usedR is empty for phosphatidic acids or contains the
data satisfactorily. However, at the same time we found thatholin, ethanolamine, ofsecondary glycerol moieties for
various parameter sets which result in simpa¢z) describe various other phospholipid species. In terms of their electron
the reflectivity data equally well. That is, the electron densitydensities, the fragments described Ryre often similar to
profile of the monolayer is overdetermined by a three-slalwater and thus inaccessible in x-ray reflection measurements.
model. While the profiles resulting from the various distinct Neutron reflectivity, particularly on deuterated compounds
solutions after convolution with the surface roughness funcsuch as headgroup-labeled DPP{L-& hoped to afford a
tions are indistinguishable, their parenting box structuresdetailed assessment of this part of lipid headgroup structure.
i.e., the profileswithout surface roughness, are quite differ- To keep the number of independent parameters low, the
ent. Consequently, most or all of such “best-fit” parameterGC fragment has been strictly coupled to the AC fragnfent.
sets are physically irrelevant; moreover, they do not lend~or the DPPG data analyzed in this work, the secondary
themselves to a molecular interpretation. glycerol, whose electron density is essentially that of water,
The major justification for the application of layer mod- has not been explicitly accounted for. Consequently, scatter-
els in the description of surface monolayers has been theing length dubbed “water” in the headgroup—or subphase
apparent natural faculty for a molecular interpretation ofwater immediate underneath the headgroup—contains the
such systems. In view of the failure of genuine two-layerelectrons located on this fragment. On the other hand, the
models to describe data sets at lamgeand in view of the VRDF model included explicitly both Ba and Cl~ ions
inaccessibility of more complex layer models for a molecularthat were presumed to be bound to the PG headgroup. As
interpretation, one may as well resort to model-free data inwith DMPA monolayer$® we observed that significantly
version methods, which are generally not intended for ammore than 0.5 B& ions were predicted to be bound per PG
interpretation of the surface structure in molecular terms. Wéeadgroup by a model that did not allow for the simulta-
have used the approach developed by Skov Pedersen andous binding of Cl anions and B& cations. This would
Hamley2®” which usesB-spline functions to parameterize have resulted in a charge reversal in the lipid headgroup
the electron density profile across the interface. The resultinfayer to a net positive area density of electric charges—a
electron density profiles are virtually indistinguishable fromrather unlikely scenario. A more reasonable interpretation of
the profiles derived from the complex layer models. Thisthe experimentally observed high electron density in the
suggests that the surface film may indeed be described bylaeadgroup is to assume that bottfBand CI” are bound in
unique electron density profile, which can be deduced irre-different concentrations. Since the introduction of
spective of the method used for inversion of the extendedheadgroup-bound C| formally treated as the binding of a
data sets. BaCl" cation, brought about one extra model parameter
Compared to electron density profiles derived from two-(both BaCl" and B&* were assumed to be located at the
slab models based on more restricted data sets, the higekame distance from the interface as the center of the P frag-
resolution profiles are particularly distinctive in the hydro- men), the model assumed an electroneutral headgroup
philic headgroup region. For the data set that corresponds tayer?’ Water molecules introduced into the headgroup by
the DPPG monolayer at=30mN/m, Fig. %a) compares either the B&" or BaCl" cation are indistinguishable from
the best-fit electron density profiles derived from the genuinghe hydration shell of the phosphate itself. Using this model,
two-box model and the free-form fitting. This comparisonwe have been able to describe the data shown in Fig. 4 sat-
reveals that the transition in electron density from the hydroisfactorily and consistently, as indicated by the lines included
phobic chain region g,~0.3e /A% at z>—15A) to the in Fig. 4 and as shown in Fig. 6.
region where the profile attains its maximumpg( Figure 6 indicates the development of the best fit param-
~0.48e /A3 due to the electron-rich phosphates within eters as a function of lateral pressureThe molecular area
the lipid headgroups is more structured than the establisheehalues determined from the isotherm, which is included in
two-slab model would suggest. This finding implies thatFig. 6(a) for reference, have been used as constants in the
structural features of the headgroups, which are not acceéitting procedure. As reported earlier for DMPA
sible in the low-resolution data, may be assessed at highenonolayer$®4° the collective surface roughness.y, at-
resolution. Trying to unveil the available information moti- tributed to thermally excited capillary waves at the surface,
vated the development of the VRDF method, a new and gerincreases withm and develops as expectéd® (data not
eral modeling strategy for data inversion in reflectivity mea-showr). Quantitatively, the values foo, measured here
surements of lipid layer®>4® In brief, distribution vary continuously between 2.95 A at 20 mN/m and 3.95 A at
functions are used to describe the arrangement of functiona@l5 mN/m and lie thus withint0.1 A of those values ob-
molecular fragments of the film-forming amphiphiles acrossserved at similar pressures for the DMPA system.
the interface. Volumetric information obtained from molecu- The hydrophobic chain slab thickness increases linearly
lar dynamics simulations of bilayer systeth$’are utilized  upon compression-fronda.~16.4+0.3 A at =20 mN/m
to constrain the models. Thus, phospholipid molecules aréo ~18.1+0.8 A at 45 mN/m—within the regime of low
parsed into various fragments which contain their acyl chaingompressibility of the isotherrfsee Fig. 6a)]. The fact that
(ACs), glycerol and carbonyl moietig&C9, the phosphate the molecular area of DPPG, as observed in the isotherm, is
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9 yields results similar to those obtained from box models. In
~ 100 2 the following, we focus thus on the PG moieties with ions
< o bound from the subphase. In evaluating the lipid headgroup
< e c structure, the partial volumes of the GC and P moieties have
8 ES been assumed to b&gc=146.8A% and Vp=53.7 A%,

g ;T; respectively®> and the GC fragment has been immediately
3 @ coupled to the acyl chains in the mod@A determination of
2 g“ the centers of gravity of the GC and P moieties, together
E 4 1 B with an estimate of the maximum distance between GC and
i ; , , , i P (Igc_p~5.3A, cf. Ref. 45, enables a measurement of the

IO . . s average inclination angle of the GC—P orientation within
@ 30f B \\'\\{- * B the headgroupgsee Fig. &) (right)]. As observed for
5 5L S ~w ] 10 flgg DMPA on ionic subphase$, a is essentially constant along
E 20k T 135 =9 the isotherm, despite a continuous decrease in area per mol-
E : } ] §§ ecule and a corresponding straightening of the chains as in-
= 15F : o0 30 ag dicated in Fig. 60) (left). In distinction to the results ob-
S 10F l 7777777777777777 1o5 2 8 tained for DMPA monolayers, the GEP orientation is
g st - b ]z closer to the surface normaly~25°+8° for DPPG on
> (b I \ 120 BaCl, versus~45° or ~37° for DMPA on water or BaG|

0 ‘ f——— ’ 1 3 respectively. This is clear indication that the secondary glyc-
IGQ (c) l I % e 1 g, erols partially intercalate the phosphates in the headgroup
ol 04r 18 §§ slab, presumably forming hydrogen bonds between the
%‘ 03 } R H] s C-OH and the -0 groups. Consistent with this conjecture,
_‘g‘a “F N ll 6 ? o we observe scattering length, formally attributed to
3 0af Sl 14 'g-g phosphate-bound watén5=8.5+1, see Fig. &)] that is
= & "l . ] &2 consistently above the value reported for DMPA under simi-
2ol 1, 8%  lar conditions 0}'=5.5+1).”® We suggest that phosphate
e I ., ep W 2 hydration in PG, as revealed from the x-ray reflectivity mea-

) S T S S A v:; surements, is thus aapparentquantity which includes scat-

0 10 20 30 40 50

tering length of the secondary glycerol. Since a glycerol moi-
ety contributes to the electron density roughly the same
FIG. 6. Best-fit parameter6/RDF mode) describing the structure of a number of electrons and the same volume as do three water
DPPG monolayer on 10 mM Baghs a function of surface pressure(@ ~ molecules, it is tempting to speculate that the hydration of
Isotherm as measured with the Wilhelmy balarit scale, continuous o hhosphate moieties in PG and PA are quite similar and
line) and average hydrocarbon slab thicknegs . (b) Average chain tilt . . .
angleB=arccostac /1 gar), Wherel = 19.15 A is the extended length of  that the differences in headgroup structure are mainly due to
a palmitoyl chain(Ref. 23 (left) and average headgroup tilt angle  the secondary glycerol, which may have its center of mass
=arccosfioc .p/lccp), Wherelgc p=5.27 A (see Ref. 4B (c) Number  |ocated at a similar distance from the interface as the phos-
of CI” anions,ng' (left) and of water moleculesy bound per phosphate in  phate. The observation that the large apparent hydration is
the lipid headgroup. The scattering lengths attributed to water may alse.ynstant as a function of pressure suggests that glycerol in-

contain contributions from the secondary glycerol within the PG headgroup{ lati . h h h . d ianifi |
that is likely to partially intercalate the phosphate moieties. The total num- ercalation into the phosphate region does not signiticantly

ber of bound B&" cations is 1/2(# ng3") in the simplified VRDF model change upon compres_s?on. _
(see the teyt Dashed lines are guides for the eye. Why doesn't the lipid headgroup change its conforma-

tion while the area per molecule decreases by 20% along the

isotherm and the acyl chain orientation changes accordingly?
20% (at 20 mN/m to 10% (at 45 mN/m larger than the As with DMPA monolayers on BaGF® we observe that Cl
limiting area for two acyl chainsA,~40A?, as determined anions are bound together with Bacations in significant
from GIXD,*® is consistent with the observation that the amounts and are continuously expelled from the headgroup
chain slab thickness never attains a value corresponding t@pon compression of the monolayef. Fig. 6(c)]. This con-
the length of a fully extended acyl chaih,(,;=19.15A, cf.  clusion derives from the fact that significantly more electrons
Ref. 23. The average acyl chain inclination angles againstre needed in the lipid headgroup to model the experimental
the surface normas are thus significantly larger than zero at results than those supplied by one phophatidylglycerol moi-
all lateral pressures. As shown in Figbp (left), 8 varies ety plus 0.5 of a B&" cation(which would be the headgroup
between 31° and 18°; these values are thus intermediate beemposition if one assumes stoichiometric binding of sub-
tween to those measured for DPPB~30° at 42 mN/r?°) phase cations to lipid headgroup anipnSince it is quite
and DMPA (B8~15° at m values between 30 and 50 unlikely that more B&®" is bound than needed for charge
mN/m?49 in monolayers at high pressure. neutralization of the headgroup, which would lead to an

As shown in previous work® the VRDF model may overcompensation of charges, we prefer the alternate inter-

reveal genuinely new information particularly on lipid head- pretation that B&" and Cl~ is concomitantly bound. Since a
groups, while the assessment of hydrocarbon chain structuguantification of such a model would require an independent

lateral pressure, © (mN/m)
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