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X-ray diffraction and molecular-dynamics studies: Structural analysis of phases
in diglyceride monolayers
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IChemistry Department I1l, H. C. @rsted Institutet, University of Copenhagen, Universitetsparken 5,
DK-2100 Copenhagen @, Denmark
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SCentre for Interdisciplinary Studies of Molecular Interactions, Department of Chemistry,
University of Copenhagen, Fruebjergvej 3, DK-2100 Copenhagen, Denmark
4Physics Department, Risg National Laboratory, DK-4000 Roskilde, Denmark
(Received 16 August 1996; revised manuscript received 18 August 1997

We report a detailed structural analysis of the phases o ii;@ipalmitoylglycerol Langmuir monolayers at
room temperature. Pressure-induced transitions have been investigated by combination of molecular-dynamics
simulations and grazing-incidence x-ray diffractiotRD). The diglyceride film undergoes two phase transi-
tions occurring at 38.3 and 39.8Anolecule. Simulation indicates that the first transition involves a reorien-
tation of the headgroups while simulation and XRD show that in the second transition the order parameter is
the tilt angle of the alkyl chains. A methodology for Fourier analysis of simulated Langmuir monolayers is
presented. According to the simulation, in the two states of higher surface pressure the alkyl chains are vertical
and pack in a centered-rectangulaearly hexagonallattice. In the second phase transition the alkyl chains
start tilting. At the lowest pressure the tilt angle reacheb4° in a direction close to a nearest neighbor
direction. Both arrangements of the alkyl chains are confirmed by XRD. For higher order and fractional order
Bragg peaks, simulations predict higher intensities than observed with XRD. This may indicate that in the
simulated monolayer the finite size with periodic boundary conditions imposes a higher degree of order.
[S1063-651%98)01503-1

PACS numbe(s): 68.10.Cr, 61.90td, 68.35.Rh, 68.55.Nq

I. INTRODUCTION molecules across the membrane, or the binding constants of
receptors for substances such as hormones, antigens, or nu-
In recent years considerable progress has been made fients. Most commonly, phase transitions in Langmuir
refining the application of scanning probe microscopies, immonolayers have been inferred from surface pressure versus
aging, and diffraction techniqudd—4] to study highly or- Mmolecular area £-A) isotherm measuremenf{80-32. A

dered molecular films on solid substrates or aqueous suiumber of new experimental techniques have recently been
used to determine structures in monolayers at different

drastically diff ¢ h £ th dina b Ik?ength scales. Structures on a mesoscopic scale may be ob-
rastically different from those of the corresponding bulkiaineq by fluorescence or Brewster angle microscopies

phases. A detailed understanding of the properties of thesq 3 333§, whereas structure on a microscopic sdpiesi-
self-assembled films and the physical origin of the surfacgional order in, e.g., hexatic and quasicrystalline phases, tilt
structure is fundamentally important to basic and appliecangle, and orientation of the alkyl chains, rotational order of
problems such as adhesion, capillarity, contact formationthe backbones of the chains resulting in herringbone or rota-
friction, lubrication, wear, modifications of surfaces, ¢t~  tor phases and order of ions attracted to the monojasaer

13]. Theoretical approach¢44—16 and, in particular, with now be deduced from x-ray reflectivity and diffraction meth-
the recent developments and implementations of comput2ds[39—59 and from neutron reflectivity60,61. Informa-

tional methods, simulation techniqués7—2§ have been tion about dynamics, structural orientation of the headgroups
’ at the aqueous subphase, or influence of internal chain con-

used to elucidate the microscopic origins of these IOhenomformation on molecular packing and phase stability is, how-

ena and their technolo_gmal consequences. .. ever, experimentally difficult to obtain. Instead, it may be
Some of the most intensively studied systems are I'p'qﬁnferred from computer simulation techniques, which
monolayers at air-water interfacesangmuir films, being  complement experimental methods to assess the relative role
particularly attractive model systems for the study of dy-of order-disorder phenomena involved in lipid monolayer
namic processes occurring in restricted molecular geomdynamics and phase transitiof&2—79. It has been demon-
etries. Various parameters such as temperature, moleculatrated that the simulations reproduce cooperative tilt effects
packing density, molecular composition, and the nature oénd tilt transition§66—68 as well as backbone ordering and
the subphase can be controlled, and the effect of these vauiifferent rotator phasg$2,63. Additional results have been
ables on, e.g., lateral diffusion can be examif@@l. Thisis obtained describing headgroup orientation and location of
an important aspect in biological membranes, where laterajauche defects in the chaif89-79.

interactions determine the fluidity and permeability. Fluidity In the present study, we have performed molecular-
and permeability may modulate the activities of membranalynamics simulations and a synchrotron x-ray diffraction
proteins, controlling, e.g., enzyme activity, transport of smallexperiment to determine the structural ordering of
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1,2-sn-dipalmitoylglycerol monolayers at room temperature.rections and the minimum image conventif88] was em-

Our earlier simulation results indicated that the monolayeiployed. The equations of motion were integrated using a
undergoes two phase transitions, where the transitions #&tapfrog algorithm[83] with a time step oft=0.7 fs[73—

high and low surface pressures involve the reorientation o¥6]. The temperature was maintained at 25 °C with a Nose-
the headgroups and tilting of the alkyl chains, respectivelyHoover thermostaf84—86. To obtain a stable film and to

An analysis of the headgroup orientation and distribution ofavoid mechanical non-equilibrium respond&$], such as
trans-gauche defects in the alkyl chains has appéa@d4]. strains and stresses within the film, the layer was compressed
Here, we present a detailed analysis of the structures olie a mean molecular area &f=36.2 A2/molecule by adjust-
served in the different phases. Though Fourier analysis igg the ratio of the simulation cell dimensions such that the
often considered in simulations, the structure factors haveff-diagonal pressure tensor components on average equal
usually been reported only for a two-dimensiorplanay zero and the diagonal elements equal the spreading pressure
cut in three-dimensiondBD) reciprocal space. Considering [78]. The configuration for the next lower surface density
also the third dimension in reciprocal space increases theas obtained by expanding the monolayer in thandy
amount of extractable structural information, such as quantidirections while maintaining the ratio of the simulation cell
tative descriptions of tilt angle and molecular orientation.dimensions[87]. Thermodynamic, structural, and dynamic
Furthermore, higher and fractional order peaks may elucidatquantities were sampled after thorough equilibration of the
the extent of ordering phenomena. In this study, we havéilm for at least 100 ps. Details of the equilibration and sam-
calculated both the plandprojected structure factor inten- pling procedure are provided elsewhgvd].

sities and the intensity dependence on all three dimensions of

reciprocal space, giving information about the crystalline or-

dering of the alkyl chainglattice parameters, tilt, and tilt lll. EXPERIMENTAL DETAILS

direction and the crystalline order of the headgroups. The Experimental data were obtained using a Langmuir trough
simulated structures and their calculated structure factors afgr measuring the surface pressirs versus mean molecu-
compared with the x-ray diffraction results. lar area Q) isotherm and synchrotron x-ray diffraction for
The paper is organized as follows. In the next section, Wejetermining the packing and conformation of the molecules
briefly present the model and details of the molecularin the monolayein situ.

dynamics simulations. In Sec. Ill we discuss the experimen- The (7-A) isotherm measurements were performed by
tal setup and in Sec. IV we compare the simulation resultgpreadig a 1 mg/ml solution of (chiral resolved

with the x-ray diffraction data. Finally, in Sec. V, the main 1 7_sn-dipalmitoylglycerol (Sigma; ~99% pure; substan-

findings of our investigation are summarized. tially free of 1,3 isomerin chloroform (Merck; analytical
grade on Millipore filtered water(18.2 M() cm) thermo-
[l. MODEL AND SIMULATION DETAILS stated at 2@0.2 °C. After evaporation of the solvent, the

monolayer was compressed at a rate of 0?Aolecule min

In the molecular-dynamics calculations, which consist ofto a surface pressure of 50 mN/m, which is just below the
the integration of the Newtonian equations of motion, wecollapse pressure. The compressed monolayer was left for
have investigated the dynamical behavior and structural ormore than 12 h at constant surface pressure, maintained by
dering of the diglyceride monolayer at different surface presadjusting the barrier position, in order to equilibrate. The
sures. The monolayers are treated in full atomic detail witisotherms were measured with a KSV5000-3 Langmuir
the exception that the methyl and methylene units of thdrough (KSV Instruments, Helsinki For comparison with
alkyl chains of the molecule are modeled as “anisotropicsimulation results, experimentally determined isotherms
united atoms”(AUA) [74,80. The different potential func- were recorded during the expansion of the compressed
tions for the intramolecular contributiorgsond length, bond monolayer, as discussed in Sec. IV. The expansion rate was
angle, torsion, Lennard-Jones type, and Coulombic engrgie®.03 A%molecule min up to a mean molecular area of
and intermolecular interactior(tennard-Jones type and di- 45 A%/molecule, and beyond this point the rate was
polar energied81]) have appeared in the literature many 0.15 A%/molecule min. The structure of the Langmuir mono-
times and are fully described in RdfZ4]. The various po- layer was investigated by synchrotron x-ray diffraction using
tential parameters appearing in the potential function ar¢he liquid surface diffractometer on the undulator beamline
based on recent experimental data or force field calculationBW1 at HASYLAB, DESY, Hamburg. A beam of wave-
and numerical values of the parameters are provided in Refength 1.351 A was incident on the surface at a shallow angle
[74]. The aqueous subphase is considered to be a continuous=0.85x. (to enhance surface sensitiityvhere « is the
medium modeled by an external figld4], whose strength is critical angle for total external reflection, giving a footprint
based on data for the free energy of solvation for simpleof 50 by 5 mm on the water surface. The background level of
esters and alcohols. This static field maintains the feature dfcattering was reduced by a He atmosphere inside the trough.
a soft(flexible) interface and serves as a stabilization of theDiffracted x rays were detected by a vertically oriented
monolayer. position-sensitive detector with 256 channels mounted be-

The simulation was started from one layer of the three-hind a Soller collimator, giving dhorizonta) |dy,| resolu-
dimensional structure of thelg; mesophase of tion (full width at half maximum of 0.011 A1 and a(ver-
1,2-sn-dipalmitoylglycerol [74,82. 48 chiral molecules tical) g, resolution of 0.005 A% Here, d=(ax.qy.9,)
were placed in a rectangular simulation cell, where the alkyk=(dy,;q,) is the scattering vector. Since generally Lang-
chains were perpendicular to the surface and in an all-transiuir monolayers are seen to consist of domains that are ran-
state. Periodic boundaries were imposed inxhandy di-  domly oriented around the vertical axis, the horizontal com-
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50 T - - - 50 Similar observations have been reported, e.g., for long chain
X aliphatic alcoholg90,91. The isotherms calculated in the
40r Experiment _ 140 simulations and the experimental isotherms measured during
a0l 130 expansion of the film show two discontinuities in slope oc-
e curring at 38.3 and 39.8 Zmolecule. Experimentally, the
*e 20} 20 = location of the kinks could be determined with a precision of
\E, +1 A%/molecule, and good agreement is found between
10y 10 simulations and experiment. The differences in the slopes of
Simulation the isotherms will be discussed later.
or 10 Structural information about the simulated Langmuir film
—10 , , , , ~10 was obtainedjualitativelyby inspection of several snapshots
36 37 38 39 40 41 at the different surface pressufes. Figs. 2 and i) below],
arca (A*/molecule) and quantitativelyby computing the structure factor intensi-
ties. In the simulations, periodic boundary conditions were
FIG. 1. Surface pressure computed in the simulatitefs ordi-  applied to avoid boundary effects. Hence, the system can be

nate and determined by experimefright ordinaté during expan-  considered as a set bl replicas(superlatticg of the actual
sion[74]. Computed surface pressures are given in reduced unitsimulation cell. Then, the intensity from the extended sys-
m* =0— ya?le, whereyis the computed surface tension andnd ~ tem, | o, iS given by[92]

€ are the Lennard-Jones parameters for methyl gréaps3.527 A

and e/kg=120 K; kg is the Boltzmann constant 1 Ne Ne L 2

led @\ |5- 2 2 exdliq-(Ri+1)]
ponents, gy and q,, could be resolved only in the RIZHIE
combination g, =|Gxy| = v(a3+d?). Spreading conditions 1 Nr N A s |
were equivalent to those described above. After evaporation =INg 121 exp(idyy- R)) ;1 exp(iq- )

of the solvent, the film was compressed at a rate of

1.5 A%/molecule/min to a surface pressure of 40 mN/m. To =1 rep( Gxy) 1 (G) (1)
S N . ph Hxy '

allow for equilibration and stabilization of the film, the com-

pressed monolayer was maintained foh atconstant pres- where the two sums are over the different replicas of the

sure by adjusting the barrier position before the first diffrac-systemNg(—=) and over theNp particles in the simulation

tion scan. Diffraction scans were conducted at constange]l. <-..> denotes an ensemble average over independent

surface pressures of 40, 20, and 5 mN/m. At the highes&onfigurationsﬁj is a vector pointing to the origin of thigh

surface pressure, a broad scan resolving @plywas per-  renjica in the superlattice, and is the position of thdth
formed to detect the presence of pedkt following sec- gl in the simulation cell. As shown, the double sum can

tion). Peaks_were obse_rved only in th_e range _1.47—1.55,_& be separatedcf. [93]) into two factors:| ey (arising from
(corresponding approxmately to the mtercha_m distance in ‘?eplication of the simulation céllives a set of Bragg peaks
compact hexagonal lattite Consequently, this range was ¢qresponding to the superlattice structurgs,, is unity for

used for scans simultaneously resolving bggh) andq, at attering vectorsi= (G.. - ith horizontal comMponents
all three surface pressures. In-between scans, lower press&r ng v $4p_(q><y'q2) Wi 2 P
=2mplLy andqy =2mv/L (u,v=%0,1,...;L, andL,

states were obtained by expanding the film at a rate oflx X < ; ; X
0.1 A2/molecule/min. are the replication translations in tlkeandy directions, re-

spectively while (for Ng— ) Igep (@ndle,,) are zero else-

where. The spacing between tﬁEy can only be reduced by
increasing the size of the simulation cell. Due to the inherent

Surface tensiony and the positional order of the mono- restriction of system replication along the real space lateral
layer at different surface pressures are easily calculated iiimensions, any crystalline particle lattice must necessarily
the simulations and can direcﬂy be Compared with experibe commensurate with the superlattice, so that the reciprocal
mental results. In monolayer experiments, the lateral predattice of the particle lattice will be subset of tkiéy lattice.
sure 7 is given by the difference of surface tension in thelt is conventional in simulation studies to denote as the in-

absence o) and presenceyq) of amphiphilic molecules at  tensity the factorl(q)=(|=!"",exp(d-r)|, the intensity
the water surfacerr=yo— ;. In the simulations, the posi- 4ising from theNp particles in the simulation cell. As
tive spreading pressureis calculated from the intermolecu- . . N .

lar interactiong88] and the external force field contributions pointed 9”t ab?;/e’ the intensitiééd,y:q,) are meaningful
[89]. only for que{qu} [94].

Surface pressure data are shown in Fig. 1. The experimen- A top view of the monolayer is shown in Fig. 2. It appears
tal isotherm was obtained during expansion. Small hysteresiat the chains form a crystalline lattice, where the chains
effects were observed in the isotherms during compressiodfemain straight and parall¢tf. Fig. 7(c) top]. To quantify
expansion cyclegdata not shown The hysteresis is prob- the ordering of the layer, we have calculated the intensities
ably caused by large relaxation times of structural orderingd (dy .Gy .d) [95]. For simplicity, we first consider projected
in the film. Discontinuities in the slope of the isotherm ob-intensitiesf* ,1(ay ,q} ,q,)dd,. A map is shown in Fig. 3,
served during expansion were not detected upon compresrhere intensities due to the entire molecules are indicated by
sion. This is inherent to the diglyceride monolayer film. the white area of the semicircles and intensities due only to

IV. RESULTS AND DISCUSSION
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5 5 5 [dashed lines in Fig. Pleft)] with basis vectora andb as
a< w=—at shown in Fig. 2(top lefi). Projected intensitielf* ;1 (ha* +
a,=2a+2 kB*iqz)dqz, bar§ and Bragg rod intensities[l(ha*
VIR, VARV ' g +kb*;q,) versusqg,, dotted line$ are shown in Fig. 4 for a
"K\‘}i“' XEQA"“", !' *Ia»s- _,';Y'_’_ numbe?zgf differ?]zt mean molegular areas. To egse the com-
\/,M&/ H‘ﬁﬁ’\ :L ! 'ﬁ parison with x-ray diffraction measuremenf@8], in Fig. 4
VYRRV, Rl ’\?1.,:‘1"5 . we further report intensitie&lashed linesthat are calculated
"k 3‘ g ﬂl;\ WA e - - suny 5
T SSAVIE AT SN RIS e as 1®M@)=1(+0ax, +ay,+d) +1(—dx,—ay,+q,). Pro-
Y R ARANVE ’f”\’ X ”\j' ! 'N_'l e jected intensitiesdata not shownof the{11}, {12}, and{21}
K \QL\\‘,\ PR " !i ! peaks, and thg02} {22}, and {20} peaks are~10% and
AWANRAWE ,‘k”é ,‘\«ﬁ, ! b6 ~5%, respectively, of the intensities of the first order peaks
A B AL APt ({01, {11}, and{10}).
yT—» R el In Fig. 3 intensities of~5% of the first order peaks are
P FHFFHT further observed at the fractional-order positiom,
JTHT, THT =+ (+1/4a* ,+14b*),  =(+3/4a*,—14b*), and
THT THT = (+1/4a* ,— 3/40*). These reflections are due to the head-

groups(cf. black semicircles in Fig.)3 Their positions may

FIG. 2. Top view of a Snapshot of the simulation cell at 3622 A be generated from rec|proca| basis Vectét& %(é* + 6*)

(high pressure stakeThe alkyl chaingdrawn in bold linegform a Sk 10 Sk o Pk . .
slightly distorted hexagonal lattice indicated by dashed lines in theand bly=z2(—a*+b*). The resultind92] real space lattice

left part of the figure. Real space unit vectarandb are indicated 1S Shown. n Flg' 2(r|g'ht). the headquUpS Iorrp a rethmgu'ar
above the simulation cell. The dashed lines on the right reveal gUPerlattice with unit cell vectora,=2(a+b) and by =
two-molecule(four-chain rectangular superlattice, formed by the —a+b giving rise to the fractional order peaks. The pattern
headgroups, giving rise to fractional order peaks in reciprocabf alkyl chains ) and headgroupsH) is shown schemati-
space. The superlattice real space unit vectyrs2(a+b) and  cally in Fig. 2 (bottom righ}, and the symmetry of the ar-
b,=—a+b are shown above the cell. The idealized arrangementangement results in systematic absences of some of the
of heads ) and alkyl chains T) is shown below(right). peaks predicted by the reciprocal basis vecaitsand by,

(cf. Fig. 3: All integer-order reflections are present, with

the headgroups are displayed by the black semiciftlead- ~ contributions from both alkyl chains and headgroups. Only
groups are indicated by the thin bonds in Figs. 2 and 6 every second row of fractional-order reflections is present,
Six dominant peaks are observed in Fig. 3. Usgﬂcg and and only the headgroups contribute to those intendifie$

- _ _ - Projected andq,-resolved intensitiegBragg rod$ of the
* — 1 b4
b*=(1.39470.782) A% as the primitive vectors of a headgroups, given in Fig. 5, indicate that there is no major

reciprocal lattice[97], the six peaks may be written &, difference between the projected intensities in the most com-
=ha* +kb* with Miller indices (h,k) as indicated in Fig. 3. pressed and expanded states. However, differences are ob-
For the six dominant peaks the intensities due to the enserved in they,-resolved intensities.

tire molecules are much higher than those due only to the We now proceed with the analysis of the integer-order
headgroups. We conclude that the six dominant peaks dgpeaks. From the Bragg rod profiles shown in Figdétted
scribe the apparently crystalline order of the hydrocarboriines) we have deduced the average orientation of the mol-
chains. From the reciprocal basis vectars and b* we  ecules defined by the tilt angieand the azimuthal angl¢

can construcf92] the (nearly hexagonalreal-space lattice Of the hydrocarbon chains as follows: The features of the
intensity distribution along the Bragg rods are determined

mainly by the form factor of the aliphatic chains. Now, for

2 [ e T A POV o0 s pp o e o nearly parallel long linear aliphatic chains the atom-by-atom
e %‘* E - .mooomoqfwm., . structure is largely irrelevant for calculating the intensities
1t . 1} SoRuorscacaotioonoonaottiey ] and it may be replaced by a smoothed electron distribution
~_t _t '( ecoers ‘)’ ] resulting in a very slim prolate ellipsoid of length The
< T ol B P SRsess il form factor of the hydrocarbon chains, being the Fourier
g1 F L gaeereerenneses cee000gp | transform squared of the electron density, will be a very flat
Al Lo oot L oblate ellipsoid of FWHM thickness2/L and perpendicular
I . “ﬁ',}; 1 to the chain axi$96,10J. Hence, the orientation of the cen-
> _pL. oesepscesoosaptoarsosagocss ter plane of_ the oblate_ eIIip_soithere the form factor i_s
=2 2 S maximum) gives the orientation of the hydrocarbon chains.

In Fig. 4, the maxima in thda(hé* +k6*;qz) (dotted lineg,

" _ ahk
FIG. 3. Calculated projected scattering intensity of the entireat positionsq,=0,", result from the molecular form factor.

molecules (white semicircles and the headgroups alon®lack The average orientation of the axes of the hydrocarbon

semicircle$ shown for 36.2left) and 41.Qright) A2/molecule. The chains can then be determined by least-square fitting, to the

area of the respective semicircles is proportional to the projecte@0ints (qio,qg,o,é]io), (qgl,qgl,ﬁgl), (qil,qil,ﬁzﬂ), a plane

intensity [ ,1(q5; ,af .0,)da,; Ay =2uw/Ly, q)=2vm/L,. through the origin,
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FIG. 4. Diffraction profiles calculated in the simulations at 36.2, 38.0, 38.25, 38.5, 38.875, 39.25, 40.0, and/dbl@dule (as
indicated. {hk} denotes thik) and (ﬁ() reflections. Dotted curves agg-resolved intensitiefl ,(q,)] for —1<q,<1 A%, where three
of these were calculated using the Laue symmetiy,,dy,d,)=1(—dy,—0dy,—d,)] [92]. Dashed lines are the,-resolved summed
intensities[l{sﬁkm}(qz)slhk(qz)+ Ik(ap)]. 1°UMis useful because experimentally the intensitig$q,) could not be separated frohgg(q,).
The bars represent projectéice., g,-integrated diffraction intensities| {hk}zfélfﬁﬂ(qz)dqz where the integration limits were chosen for

comparison with experimental data. Note that by the Laue symnh foy= fl,ll nk(0d2da,.

0=aq,+ Bay+ ¥4, provide only a brief summary here. At high surface pressure,
the alkyl chains are close packed in a hexagonal structure.
=sin(#)coq ) ax+sin(O)sin()q,+cog0)d,. (2)  Due to packing effects, both ester groups cannot simulta-
_ o ) neously be in contact with the water phase; if one is down,
The chain axis is then orthogonal to the plane, i.e., alonghe other is pushed up into the hydrophobic region and vice
the real-space vectdir,,y), having tilt angle§ and azi-  yersa, as schematically shown by the moleculas)(and
muthal angley. In Table I, the peak pOSjtiOfﬁgk and the  (A2) in Fig. 6. This cyclic movement can be thought of as a
corresponding peak intensitigg(q,) =1(ha* +kb*;q,) are  “seesaw mechanism,” which is hindered or stabilized by the
summarized for different coverages. The orientations of the
molecules were then determined from HE) [4,96,103,
resulting in the fitted parameters given in Table II: at a small
area per moleculéd<238.5 A2, the alkyl chains are tilted by
1-2°. The low tilt anglesg result in an ill-defined azimuthal
angle . At 40 A%/molecule, the alkyl chains tilt by=10°
from the vertical in a lateral direction close to the direction
of next nearest neighbor. On further expansion to
41 A?/molecule, the tilt angle increases to approximately 14¢

from the vertical in a lateral directior-7° from thea+b
nearest neighbor direction. H
While the phase transition at low pressure is due to tilting, b
the phase transition observed at high surface pressure is n ] 4 b ;
associated with tilting or structural reorientation of the alkyl 2R R a0 M2 A S A
chains. Simulation results indicate that the transition is 10" I(h.kg,) () 10" I(hk,q.) ()
caused by a reorganization of the headgroups. A detailea
analysis of the headgroup moti¢f4,76 and its role in bio- FIG. 5. Diffraction profiles as in Fig. 4 but for the fractional-
logical systemg78] has been presented, and we thereforeorder peaks, for 36.8eft) and 41.0(right) A%/molecule.

4 4
374 T4y {174 3/4} 3/4 T4y (T/4 3/4)

{174 1/4} {1/4 1/4}

[

1-0.5 1 i )

10k Integrated intensity (A")
- N

&

B i
H
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TABLE I. For the Bragg rods, thg, value @,) giving the maximum intensity is tabulated as well as the
maximum intensityl ,(4,). O IS the fitted value using Eq2). The last column shows the difference
between actual and fittegl, data.

A q)‘? Q5 qu R az qz,fit az_qz,fit
(A?/molecule (hky  (A7hH (A™Y (A1 Ihi(dy) (A1 (A™hH (AY
36.20 01 1.394 0.782 1.598 825709 —0.020 —0.017 0.003
36.20 11 0.000 1.565 1.565 1012197 —-0.030 -0.033 —0.003
36.20 10 1.394 -0.782 1.598 893061 0.020 0.017 —0.003
37.00 01 1.379 0.774 1.581 845843 —0.020 —0.017 0.003
37.00 11 0.000 1.548 1.548 978408 —0.040 —-0.043 —0.003
37.00 10 1.379 -0.774 1.581 788340 0.030 0.027 —0.003
38.00 01 1.360 0.764 1.560 814053 —0.040 —0.040 0.000
38.00 11 0.000 1.527 1.527 866751 —0.030 —0.030 0.000
38.00 10 1.360 —-0.764 1.560 781291 -0.010 -0.010 0.000
38.25 01 1.356 0.761 1.555 790504 —0.060 —0.060 0.000
38.25 11 0.000 1.522 1.522 703557 —0.020 —0.020 0.000
38.25 10 1.356 —0.761 1.555 674604 —0.040 —0.040 0.000
38.50 01 1.352 0.759 1.550 764862 0.020 0.020 0.000
38.50 11 0.000 1.517 1.517 840744 —0.020 —0.020 0.000
38.50 10 1.352 —-0.759 1.550 765386 0.040 0.040 0.000
38.88 01 1.345 0.755 1.543 767758 —0.080 —0.080 0.000
38.88 11 0.000 1.510 1.510 687653 —0.090 —0.090 0.000
38.88 10 1.345 —-0.755 1.543 638988 0.010 0.010 0.000
39.25 01 1.339 0.751 1.535 760406 0.060 0.063 0.003
39.25 11 0.000 1.503 1.503 866345 —-0.110 -0.113 —0.003
39.25 10 1.339 -0.751 1.535 838040 0.180 0.177 —0.003
39.38 01 1.337 0.750 1.533 747307 —0.030 —0.027 0.003
39.38 11 0.000 1.500 1.500 759203 —-0.120 -0.123 —0.003
39.38 10 1.337 —-0.750 1.533 728634 0.100 0.097 —0.003
40.00 01 1.326 0.744 1.521 708864 0.030 0.040 0.010
40.00 11 0.000 1.489 1.489 848814 —0.200 —0.210 —0.010
40.00 10 1.326 —0.744 1.521 714239 0.260 0.250 —0.010
41.00 01 1.310 0.735 1.502 705526 0.300 0.303 0.003
41.00 11 0.000 1.470 1.470 716408 —0.040 -—-0.043 —0.003
41.00 10 1.310 -0.735 1.502 495286 0.350 0.347 —0.003
balance of intramolecular and intermolecular forEe4,76. In Fig. 7, a subset of the simulation resultorrespon-

On expansion, the intermolecular interaction decreases, anting to the three different regions observed in the-4)

at the high pressure transition, the intramolecular interactiotsotherm(Fig. 1)] is presented in a form suitable for direct
between the two chains is strong enough to cause a “swellcomparison[103] with the XRD data, which are shown in
ing” of the moleculeq 78], allowing the two ester groups to Figs. 8 and 9. Initially, in the high pressure state of the film,
escape from the constrained motion given by the “seesav@ fast scan over a wide range of the horizontal scattering
mechanism.” On further increasing the area per moleculeyectorsqy,,= \/(qx2+ qyz) was performed to detect the pres-
sufficient space is created that both ester groups can be egnce of peakgwhile not resolvingg, in order to increase
posed to the water phase simultaneously as indicated by madpeed. Only one peakdue to the alkyl chainsvas observed
ecules B) and (C) in Fig. 6, where conformationG) rep-  in the range 0.65 q,,<2.87 A~1. Figure 8 shows the mea-
resents the tilted state. sured diffraction profile(bold ling). Peaks calculated from
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TABLE Il. Fitted parameters used in Eq®) and(2) to describe
a plane through the origin and the pointxi;{,a;°.a3°), (A) — (B) ©)

(agt,a9".a2Y, (a,t.a,".a,). No azimuthal anglesy) are given f1oron N - —m
for low tilt angles(6), sincey is ill defined at lowd. The reported i) TToim UU U
errors are standard deviations and were calculated by performin UU U
the fitting procedure to each configuration. RRTRRTNTTOION] I P, S
& 146 150 154 158 @ 01 03 05 07
A (A%/moleculg a B v 6 W g L i ssamy
z {10}+{01) ol N - = o1y
36.20 0.000 0.021 1.000 =1  n/a g i g T UUU U U U
37.00 —0.004 0.028 1.000 =21 n/a = =
38.00 0.018 0.020 1.000 =L  n/a Sowwdiilo] Soi -
€ 146 150 154 158 c 01 03 05 07
38.25 0.037 0.013 0.999 =2 n/a -
38.50 ~0.022 0013 1000 21 nla T T
38.88 0.026 0059 0998 2  nia oo R
39.25 —-0.089 0075 0.993 82 140+21 o ‘ DN \X\X\X\X\S\B
39.38 —~0.026 0.082 0996 62 10823 o LN
40.00 —0.108 0.139 0.984 102 128+12 146150 A‘_"s" 158 01 03 A?{s 07
41.00 ~0241 0029 0970 141 1736 B () @0

FIG. 7. Diffraction profiles calculated in the simulations at

. . . . three distinct mean molecular are@om the top: 37.0, 38.5,

the simulations are shown vertically displacdd04]. and 41.0 B/moleculd corresponding to high, medium, and
The two sets of data were put on a common scale by equajow pressure statesAj Diffraction peaks: Integrated intensities

ing the integrated intensities of the first order peaks. The{hk}zfélfm(%)d% as a function of the in-plane scattering vector

calculated peaks were drawn as Lorentzians with the ~ rhi genotes the sum ohk) and fK) reflections. B) Inten-

. . y
same FWHM(full width at half maximum as the measured Sities[l{sﬁg(qZ)Elhk(qz)"" Ii(,)] summed for equivalent diffrac-

peaks[106]. The simulation predicts higher order peaksion peaks as a function of the vertical scattering vector component
and fractional order peaks that are absent from the XRDy >0 (Bragg rod profilg. (C) Side view: Snapshots of the outer-
data. While the simulated higher order peaks are at the limifnost row of the simulation cefshowing six of 48 moleculest the

of what would be detectable in the XRD, the simulatedthree mean molecular areas.

fractional order peaks are about 7 to 10 times the XRD
detection limit.

A detailed scan of the first order peak resolving bath ~ peaks were considered for scans simultaneously resolving
andq, showed the Bragg rod to have maximum at the hori-q,, and g, at all three investigated surface pressures. The
zon (g,=0) in accordance with the simulation results. Simu-scans resolvingj, are presented in Fig. 9. The left column
lation also predicts that the headgroup Bragg rods and th@A) shows contour plots of the measured diffraction intensi-
higher order alkyl chain Bragg rods should have the majoties depending on boti,, andg, . In the center columng),
part of their respective intensities af,|<0.7 A~1. In the  the scattered intensity is integrated over all PSD channels
fast scan, the range<0q,<0.8 A~! was integrated. Due to (0<q,<0.8 A~1), with background subtracted, as a func-
the absence of other peaks, only the first order alkyl chainmion of horizontal scattering vectay,, component for the
three different surface pressures. Diffraction peaks at 40 and
20 mN/m were fitted to a single Lorentzian, whereas the
Al | A2 B C diffraction peak at 5 mN/m was fitted by the sum of two
Lorentzians. The right columnQ) shows the scattered in-
tensity integrated over thg,, range of each peak, with back-
ground subtracted, as a function of vertical scattering vector
(g,) componenti.e., Bragg rod scang96]. The solid lines
represent fits of the Bragg rod scans modeling each alkyl
chain as a narrow cylinder of constant electron density and
sn-1 adjusting length, tilt angle, and tilt direction of the cylinder

sn-2 and the surface roughness for the best agreement with the
data[102,96. The fitted parameters are given in Table IlI
along with the numerical data for lattice parameters and tilt.
FIG. 6. C_:onforma_\tions observed with high probability density in E:gg&?:qsﬁjéi?; It)}lv?ﬁ efO;E;jl tzﬁ;i:]: nghhaeli;)iglﬁrzs
the simulations at different surface pressures. Structukdd @nd . . . .
§hown in Fig. 9, at high and medium pressures, the Bragg

(A2) show the two limiting arrangements of the sn-1 and sn-2 este d ked at | 0 dina t
groups at high pressure. Structum®)(is observed at edium pres- rod scans are peaked at or clos@je=0 corresponding fo a

sure, whereas conformatiolC) represents the tilted state at low collective tilt of the chalns<2‘_’ [96,102. By contrast, the
pressure. Hydrocarbon chains are indicated by the thick linedOW Pressure state shows a distorted-hexagonal phase where
whereas the headgroup region is indicated by the thin lines. See teifte {10}+{01} peak is displaced in, from the{ 11} peak.

for more details. The Bragg rod of theg10}+{01} peak is shifted to higher
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LA L S S B B L R S L L B B B B (A) (B) (C)
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) L R 0.7 T T T T T T = P LN = LA A A N A
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FIG. 9. Experimentally determined diffraction profiles at
FIG. 8. Experimentally determined diffraction profiold  three mean molecular areadrom the top: 38.9, 39.6, and
line) in the high surface pressure sta#® mN/m) at a mean mo-  40.5 A?/moleculd corresponding to higl40 mN/m), medium(20
lecular area of 38.9 Amolecule. The intensity is integrated over mN/m), and low (5 mN/m) pressure statesAj Contour plots of
all channels of the position sensitive detector as a function of inthe diffraction intensities depending on both in-plane scattering
plane scattering vectokﬁxy|. Diffraction peaks calculated from vector |qu| and vertical scattering vectog,. In the upper
the simulationgfor A=37.0 A* per moleculgare shown vertically  two plots, the contour line spacing is 1000 countiisid contours
displaced by 700 countd PA and form factor corrected; see text at 3000 and 6000 county/swhile the lower plot has a spacing
for more detail. The calculated intensities were plotted as peakof 100 counts/s and a bold contour at 900 count®$.Diffraction
profiles by normalizing the integrated intensities of the first Orderpeaks; intensity integrated over all channels of the detector as a
peak to the measured peeafter subtracting the background leyel  function of the in-plane scattering vectij,,| (crosses The solid
and drawing each profile as a Lorentzian with the same width asines are fits to Lorentzian line shapes. The low pressure state
the measured peak. In addition, the measured background levglas fitted to two Lorentzians.() Bragg rod profiles: diffracted
was added. The inset is a close-up of the region of the first ordeiqtensity as a function of the vertical scattering vector component
peaks. g, integrated over théadxy| range of the corresponding diffraction
peak(crosses The solid lines are fits to a model of the chains as
long narrow cylinders. Fitted parameters are given in Table IV and

g, values while the{ 11} Bragg rod remains centered at ;g tovt

the horizon €,=0), indicating that the chains are tilted

by 14° in the a+b direction towards a nearest neighbor V. CONCLUSION
chain.

Generally, chirality may lead to packing arrangements In c_onclusmn, we have performed_ a deta}lled gtructural
in racemic mixtures that are different from those occurring2nalysis of the phases observed in $2dipalmitoyl-

in chiral-resolved compounds. The two-dimensional orderin lycerol LangmL_ur mO”O'?yefS hased on data from
of phospholipids in Langmuir films is influenced by the olecular-dynamics simulations and synchrotron x-ray scat-

headgroup packing resulting in unit cell arrangements 0terlng experiments. We have provided the mathematical de-

lower symmetry for the chiral compounds than for the race-.aIIS of calculating projected and Bragg rdd,-resolved

C . ..~ intensities from the simulation data in order to determine
mate[107]. Similarly, it has been observed for phosphohp@is structural details such as the orientation of the molecules and

that chirality plays a key structur_al and f_unct|onal role M for comparison with equally detailed experimental x-ray dif-
both cell membranes and plasma lipoprot¢lB8]. Inthree- 5 ction data. The simulation results are qualitatively in good
dimensional phospholipid crystal structures, molecules arggreement with the experimental data, predicting the location
linked by an infinite two-dimensional network of hydrogen qf the transitions as well as the absolute value of the molecu-
bonds involving the hydroxyl groups of the glycerol moiety. |5y tilt angle. We can conclude that the diglyceride film re-
In the present study, both in the experiments and in thenains in a highly ordered state down to very low surface
simulations, 1,2sn-dipalmitoylglycerol molecules have a pressures. At high and medium pressures the alkyl chains
chiral carbon center, so that low-symmetri¢ailique) struc-  pack in a hexagonal structure. The transition at high surface
tures might have been expected. However, the dimensionsressure is due to a reorientation of the headgroups as deter-
of the headgroup&ontaining the asymmetric carboim the  mined by simulation(and not detected in XRD while the
diglyceride molecules are smaller than in phospholipidsfransition at low pressure involves tilting of the alkyl chains
and it appears that the packing is predominantly determinelly up to~14° at the lowest pressure in a direction close to
by the alkyl chains, resulting in rectangular or higherthe nearest neighbor direction. The latter transitional reorder-
symmetry. ing is observed by both simulation and x-ray diffraction. The
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TABLE lIl. Tilt and lattice parameters determined from the x- the head groupsare well above the XRD detection limit.

ray diffraction measurements.

Neither higher order peaks nor peaks due to the headgroups
were observed in the experiments. The apparently higher

Parameters 40 mN/m 20 mN/m S mN/m o qering of the simulated system is probably due to finite
Surface 25 25 21 size effects in the simulations, which causes an inherent
roughnesgA) ordering imposed by the repeated cell. Sample size depen-
dence was also observed in the simulation of simple hydro-
Length of 18 18 15 carbon monolayer§l09]. This study revealed that systems
alkyl chains(A) with 64 chains are large enough to obtain statistically mean-
ingful results. The differences observed in the slope of the
Tilt direction a+b (m-A) isotherms, and lattice parametdfEables | and II)
are probably caused by slightly inaccurate “interaction en-
Tilt angle of alky! <2 <3 ~14 ergy” parameters in the energy functiofesg., well depth in
chains(degreep the Lennard-Jones potentiand/or “excluded volume” pa-
o rameters(e.g., van der Waals radlif110]. The influence of
Tilt azimuthal angle <2 these parameters on thermodynamic quantities has been dis-
relative to the @+b) cussed recently111]. The location of the phase transitions
direction (degreep [i.e., the kinks in the 4-A) isotherm$ and the structural
) features(i.e., tilt) observed in the simulations are in good
d-spacing(A) agreement with the experimental data indicating that the pa-
0.1, {1.0} 4.126 4.141 4.200 rameters are adequate for describing the dynamical behavior
{1,-1} 4,126 4,141 4,169
of the monolayer.
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