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Bilayer and Trilayer Crystalline Formation by Collapsing Behenic
Acid Monolayers at Gas/Aqueous Interfaces
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X-ray reflectivities and grazing incidence X-ray diffractions of behenic acid (BA) monolayers compressed to the
collapse region reveal that the resulting structures are reproducible and exhibit a high degree of order. The structures
of the collapsed monolayers depend on the subphase solution. On pure water, the collapsed monolayer forms a stable
crystalline trilayer structure. For monolayers spread ofiGalutions, we find that an inverted bilayer structure is
formed; that is, stretched BA-Ca-BA (calcium dibehenate, with calcium ions bridging the polar headgroups) forms
a monolayer with the hydrophobic tails in contact with the water surface.

[. Introduction of hydrocarbon chain length on the properties of the collapsed
film. BA has two additional Chlunits compared to AA, making
the hydrocarbon tai2.5 A longer than that of AA, rendering
it a stronger hydrophobic character. Surface pressure versus
molecular areaz—A) isotherms and synchrotron X-ray reflec-
afivity and grazing incidence X-ray diffraction were conducted
on films spread on pure water and or?Caolutions before and
after collapse.

Recently, we reported on the structure of arachidic acid (AA)
monolayers compressed to the collapse regioimsjtu surface
sensitive neutron and synchrotron X-ray studi#ge found that
the structures of the collapsed films depend on the subphase; th
is, films that were manipulated on pure water or oA'Galutions
produced distinct structures upon collapsing. Insoluble mono-
layers at the gas/water interface (Langmuir monolayers) exhibit
avariety of two-dimensional phases upon density manipulations IIl. Experimental Details
(analogous to three-dimensional systems) such as gaslike phases

and various liquid and solid phas&$ The phases and structures __Monolayers of behenic acid (GtCH2)20COOH, CAS No. 112-

. : . 85-6, was purchased from Sigma Chemical Co.) were prepared at
ofthe relatively simple saturated fatty acids have been thoroughly gas/aqueous interfaces in athermostatic, solid Teflon Langmuir trough

explored and identified.° As the monolayer is compressed to and spread from 3:1 chloroform/methanol solutions. G&€,L,0
asurface pressure)beyond a critical value, generally occurring a5 purchased from Sigma Inc. and used as provided. Ultrapure
at the minimal closely packed molecular area (i.e., the averagewater (Millipore, Milli-Q, and NANOpure, Barnstead: resistivity,
cross section of the molecube), the monolayer collapses and/  18.1 MQ cm) was used for all subphase preparations. Pure water
or folds, forming a multilayered structure, and aggreg#fte’s. and salt solutions were used without any buffer to adjust the pH (pH
Our studies revealed that AA on pure water collapses by forming ~ 6.5). Compression of the monolayer was started 1®min after
primarily a trilayer structure, with a high degree of in-plane spreading the monolayer to allow for solvent evaporation. The
crystallinityX Although the trilayer structure on water has been monolayer was then compressezd to a desired surface pressure at
suggested on different grounds, our structural studies haveSompression rates of 0.29.58 Aefmin, and the surface pressure
unambiguously confirmed it. When spread on divalent‘Ca was recorded by using a microbalance using a filter-paper Wilhelmy

luti th I d AA fil ists of an i ted bil plate. To minimize radiation damage due to the formation of
solutions, the collapse im CONSISLS of an Inverted DIIAYer 4 4ica1s and ions and to reduce background scattering from air,

and a trilayer mixture, whose final conformation depends on the e fiims were kept in a water saturated helium environment during
compression protocol. The inverted bilayer, as we suggésted, the synchrotron X-ray experiments. The trough is mounted on a
consists of Ca-dimerized-arachidate, namely a monolayer formedmotorized stage that can translate the surface laterally with respect
by stretched AA-Ca-AA molecules such that the hydrocarbon to the incident beam, enabling illumination of different parts of the
tails are in direct contact with the water surface. Herein, we monolayer to monitor radiation damage, reproducibility, and sample
report on the collapse of behenic acid (BA) films to examine the homogeneity.

general behavior of fatty acids upon collapse and the influence X-ray studies of the structures of films at gas/water interfaces
were conducted on the Ames Laboratory Liquid Surface Diffrac-

tometer at the Advanced Photon Source (APS), beamline 6I1D-B
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arrangements in the film. The density profiles across the interface
are extracted by refining a slab model that best fits the measured
reflectivity by the nonlinear least-squares fit (NLSF) method. The
ED profile p(2) is constructed by a sum of error functions

BA on 107 M CaCl,
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whereN + 1 is the number of interfacegi+1 — pi, z, ando; are
the change in ED, the position, and the roughnesshahterface,
respectively,p; is the ED of the subphase, apg., ~ 0 is the
electron density of the gas. The variable parameterg;aee(the
thicknesses of slabs associated with different parts of the molecules

Surface-pressure, 7 (mN/m)
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are denoted a = |z — z—-4]), and the roughnesgs. The continuous 1 1 . )
ED is sliced into a histogram (several hundred slices) to compute 5 10 15 2
the reflectivity by using the recursive dynamical metA®e Molecular area, 4 (17)

GIXD measurements are conducted to determine the lateral Figyre 1. Surface pressure versus molecular area of behenic acid
organizationin the film. In these experiments, the angle of the incident on water and on 16 M CaCl, solution.

beam with respect to the surfaes,is fixed below the critical angle

(0c = Alpgr /)2 1o = 2.82 x 10713 cm, whereps is the subphase

ED) for total reflection, while the diffracted beam is detected at a ~24.2 to~14.1 mN/m for 101 M CaCbh. The slopes of the
finite azimuthal in-plane angle,62 and out-of-plane anglg (the isotherms, from the onset of finite surface pressurestare

angle of the reflected beam with respect to the surface). Rod scans;|sq found to be subphase-dependent. In the collapsed phase,
along the surface normal at the 2D Bragg reflections enable the both films initially give rise to a plateau in the isotherms, and

determination of the average ordered chain length and tilt angle with as the films are compressed further the surface pressure falls off
respect to the surface normal. The intensity along a rod scan of a P P

2D Bragg reflection is analyzed in the framework of the distorted SUch that for the G solution it is higher by~10 mN/m than

wave Born approximation (DWBA) that for BA on pure water. The overall features in the isotherms
are similar to those observed in arachidic acid fifhgwever,
1(Qy, Q) O |t(kzi)|2|F(Qz)lzlt(kk,f)lz 2 the peak in the isotherm near the collapse point is much sharper

for AA. The transitions observed in the isotherms, the peak, and
wheret(k,;) andt(kys) (kzi = ko Sina; ks = ko sinB) are the Fresnel  the plateau after the peak for the collapse of fatty acids depend
transmission functions, which give rise to enhancements around theon subphase pH (i.e., interfacial pH) as already repdidthe
incoming @) and outgoing ) critical angles. The in-plane  addition of salts increases the interfacial pH due to the competition

momentum transfer is given kg, = (Qﬁ + Q§)1/2_20 In modeling, between the cations and protdids?* and it seems to produce
the length and the tilt angle are varied, and the intensities are adjustedsimilar effects to pH manipulations.

(NNN).>>21The form factor for the tails is given by X-ray reflectivity measurements of BA on water and on solutions
N i , were conducted at various pressures before and after collapse.
F(Q) = sin@l/2)/(Q]/2) ®) Figure 2A shows the reflectivity normalized to the reflectivity
whereQ); is defined along the long axis of the chain digithe chain of an |deaIInyIat water surfaceR(Rr) of BA on Water' be.fore'
length. A position sensitive detector (PSD) in conjunction with a collapse atr ~ 30 mN/m and after collapse. The solid lines in
Soller slitsystem (divergence0.1°) was used forthe GIXD studies. ~ Figure 2A are calculated from the corresponding EDs shown
in Figure 2B, the parameters of which are listed in Table 1.
I1l. Results and Discussions Before collapse, the total thickness of the monolayer is 29 A,
A. 7—A Isotherms. Surface pressure versus molecular area V€Y close to the length of a stretched molecule. Indeed, the
(z—A) isotherms of behenic acid spread on pure water and on ¢hain ¢-25.5 A) is approximately 20 times the-<C bond length
101 M CaCb solution demonstrate that the presence c¥Ca (1.27 A) in acyl chaing5 This strongly indicates that the chains,
affects the isotherm before and after collapse, as shown in Figuret this surface pressure-80 mN/m), are normal to the water
1. Before collapse, at molecular areas slightly larger than the Surface.

cross section of an acyl chaifg~ 20 A?), the isotherms indicate After collapse, BA forms an inhomogeneous film (the film
a distinct transition at surface pressugdrom untilted to tilted was compressed to a nominal molecular area&§/2, because
acyl chaing The addition of C&" to the solution lowers; from of a limited compression ratio imposed by the Langmuir trough

in our X-ray setup, and the inherent difficulty of producing a
(15) Als-Nielsen, J.; Kjaer, K. IRhase Transitions in Soft Condensed Matter ~ homogeneous trilayer). From the GIXD data, we determine that

Riste, T., Sherrington, D., Eds.; Plenum: New York, 1989. the film consists of a trilayero{ = 0.5) and a monolayer (&
13%(.5) Vaknin, D.; Kjaer, K.; Als-Nielsen, J.; lsthe, M.Biophys. J1991, 59, OL), which agrees with the nominal molecular area~of/2
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19?%8;1%;2,3'M.;Wo|f, E.Principles of OpticsMacMillan: New York, 1959. deflneq for a homogeneous Iaye.red system, it is extrem_ely
(19) Parratt, L. GPhys. Re. 1954 59, 359. complicated to evaluate for an inhomogeneous domainlike
(20) The coordinate system used in this manuscript is suctQthatnormal structure such as that in the present case of mono- and trilayer

to the liquid surfaceQy is parallel to the horizontal (untilted) incident X-ray
beam, and)y is orthogonal to bottQ, and Q.. The hydrocarbon chains form
two-dimensional polycrystals giving rise to a diffraction pattern that depends on

(22) Israelachvili, JIntermolecular and Surface Force#cademic Press:
London, 2000.
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Structures of BA Films before and after Collapse
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Figure 2. (A) Normalized X-ray reflectivities of behenic acid (BA)

on pure water before (circles; shifted by a decade for clarity) and
after collapse (squares). The solid lines are best-fit curves, as discusse
in the text. The dashed line is calculated for the mixture with 50%
monolayer and 50% trilayer. (B) Schematic structures (monolayer
and trilayer) and electron densities used for fitting the corresponding
reflectivity curves in (A).

Table 1. Parameters That Generate the Best-Fit Calculated
Reflectivities to the Experimental Data for BA on Pure Water
before and after Collapsé

before aftet

monolayer 50% monolayer 50% trilayer
a0 (A) 3.8+2.0C
Ohead1(A) 35+1.3 32413 35+1.4
phead1(€/A®)  0.437+0.055  0.420+ 0.040  0.398+ 0.003
o1 (R) 3.3+0.3
enainz (A) 2554+ 1.7 25.3+ 0.3 492422
pehainz(e/A%)  0.331+0.005  0.28G+ 0.005  0.324+ 0.002
o2 (A) 35+0.1
Oheads(A) 4.0+£2.0
Pheaga(€/A%) 0.4444+ 0.028
o3 (A)
enaina (B) 220415
Pehaina (€/A3) 0.2764+ 0.002
04 (A)

aTwo- and four-slab models, for the monolayer and trilayer,
respectively, are used to generate the ED profiles shown in Figure 2C.
b For the film after collapse, we use same roughness instead of variable
roughness for each interface, but this roughne§s-dependent.c =
6.3-5.7Q,A. cInthis work, the error estimation of a parameter is obtained
by fixing a parameter at different values away from its optimum and
readjusting all other parameters to a new minimum ytincreased
by 50%.

mixtures. We therefore caution that our analysis below cannot
yield the exact ED of either constituent (mono- or trilayer). Our

Langmuir, Vol. 24, No. 2, 2028
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Figure 3. [QxQy] GIXD maps from BA on pure water before
(upper panel) and after (lower panel) collapQeandQ,y are out-
of-plane and in-plane momentum transfers, respectively.

main goal is to show the existence of the trilayer, but not to
extract its exact ED profile. The simplest approach is to assume
that the reflectivity from a two-component system is the incoherent
scattering sum

Rmono(Qz) = aRmono(Qz) +(1- a)Rtri(Qz) (4)

where RyondQ,) and Ryi(Q,) are the reflectivities from the
Bresumabl;homogeneous monolayer and trilayer, respectively.
The dashed line in Figure 2A is calculated from the typical EDs
of mono- and trilayers by using eq 4. Although the fit is not
satisfactory, it surprisingly predicts the main observed features
(e.g., the positions of the minima and maxima). It is interesting
to note that the fit overestimates (underestimates) the reflectivity
at low (high) Q, values. This latter property prompted us to
phenomenologically suggest that the average surface roughness
(o) which affects the reflectivity in a Deby&Naller form, namely,
RIR- ~ €97’ may beQ dependent. Therefore, as a first
approximation, we propose to expamdo the linear term irQ,

o(Q) = 0o+ c(Q) (6)

with the expectation that the refinement of an extra parameter
willlead toc < 0. This modification, in fact, yields a much better
agreement between the calculated and measured reflectivity,
although at this time we do not understand the actual physical
significance of this correction to the surface roughness. The solid
line shown in Figure 2 is calculated using eq 5. The fit yields
00=6.3+ 0.1 A, c=-5.7+ 0.2 A2, and a reasonable trilayer
ED profile shown in Table 1. The total thickness of the trilayer
film is lit &~ 78.7 A, which is shorter than the stretched in-line
three BA moleculeslax ~ 87 A). Assuming the trilayer film

is tilted with respect to the surface normal collectively gives a
tilt anglet = arccoslofImay ~ 25 £+ 7°. A similar attempt to

fit the reflectivity data of the collapsed film as the mixture of
mono-, tri-, and five-layers just slightly improves the fit, but it
shows that the presence of five-layer domains is less than 4%,
suggesting that the five-layer domain is negligibly small.
Moreover, rod scans in the GIXD pattern do not show any
evidence of a five-layer phase.
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Figure 4. (A) Qu-cut of the GIXD map of BA on pure water before (circles) and after (squares) collapse. Solid lines are guides to the eye.
(B) FourQ.-cuts (rod scans) for BA on pure water after collapse at speQifjs as indicated, where peaks in (A) are observed. Schematic
GIXD patterns for both before and after collapse are shown in (C) and (D), respectively.

Two-dimensional Q.y, Q,) maps obtained from GIXD of BA otherwise the same (1,1) reflection. Both scans are very similar
on water before and after collaps@y = (Q + Qf,)lfz) are except for a difference in intensity. The solid lines in Figure 5
shown in Figure 3. Before collapse (at 30 mN/m), we find that are fits to the data using eq 2 with chain lengtts 25.2 and
the diffraction pattern is relatively simple. It consists of two 22.7 A. Both values are consistent with the hydrocarbon chain
rodlike peaks, both associated with the in-plane ordering of the thickness £25.5 A) for the monolayer structure as listed in
acyl chains. The two peaks have strong intensities nea@the  Table 1. The inset in Figure 5 shows the intensity ratio between
= 0 plane, indicating the chains are not tilted, adopting the so- the rod scans before and after collapse up to the background
called herringbone structufe. level (up toQ, ~ 0.2 A-1). The intensity ratio of the two rod

After collapse, the GIXD pattern looks more complicated, scansis consistentwith 50% monolayer coverage after collapse,
although it clearly shows the same two peaks of the monolayer as discussed in the analysis of the reflectivity above. This clearly
structure phase, consistent with the inhomogeneous compositiorshows that the rod scan @, = 1.498 A%, after collapse, is
of the collapsed film @ = 0.5). Several new peaks from the from a monolayer phase.
trilayer phase, both @, = 0 and atQ, = 0, indicate that the The other peaks, in-plan®, = 1.692 A1, Q, = 0) and
molecules, in the trilayer film, are ordered and tilted with respect out-of-plane Q.= 1.402,Q,=0.384 A1), indicate the formation
to the surface normal, consistent with the analysis of the of a secondary trilayer phase. The in-plane sublattice unit cell,
reflectivity above. as = 5.315 andus = 7.427 A, normal to the tilted chains yields

By examiningQy,- andQcuts in the GIXD maps as shown  a chain cross section of 19.74 AThe average tilt angle of the
in Figure 4A and B, we can obtain a more detailed picture of chains from the surface normal can be calculated from the
the structures (Figure 4C and D shows schematically the positions of the (1,1) and (0,2) peaks as follows:
observations in Figure 3). Before collapse, the two in-plane peaks

(Qu= 1494 A1, Q, = 0; Qy = 1.616 A%, Q, = 0) are due _ Q{1.1)
to acyl chain ordering forming an in-plane centered rectangular tanf) = (6)
unit cell. The two reflections can be indexed as a doubly \/Qxﬁl,l)z— (Q,(0,2)/2¥

degenerate (1,1) and a nondegenerate (0,2). The sublattice
constants of the centered rectangular structure associated withyieldingt~ 19 1°, where each chain is tilted toward its nearest-
the peaks ares = 5.000 A andbs = 7.776 A, from which the neighbor. This is consistent with the rough estimate obtained
chain cross section 19.444s derived (with two chains perunit ~ from the XR data£:25+ 7°). Using eq 3, we estimate the film
cell). This can be compared with the isotherm (Figure 1) which thickness from the first minimum aQ]"" ~ 0.08 A% (of the
yields ~19.7 A2 per molecule. rod scan aQy = 1.692 A1), wherel = 27/Q]"" ~ 78.5 A. This
GIXD scans (squares, shown in Figure 4A) and rod scans is about 3 times the monolayer thickness. Similarly, the film
(Figure 4B) after collapse indicate the presence of a monolayerthickness can be estimated from the peak width of the rod scan
phase, with two peaks as before collapse and another set of peakatQy, = 1.402 A1 (the peak width is approximately 0.076 8,
due to the trilayer phase as discussed below. This indicates thatyielding~82.5 A. These, unequivocally, prove that the secondary
the film is inhomogeneous, consisting of mono- and trilayer phase after collapse is a trilayer.
phases, as assumed in the analysis of the reflectivity. First, we C. Behenic Acid on CaC} Solution. Figure 6 shows
contend that the two in-plane peaks after collajigg € 1.498 normalized reflectivities of BA on 13 M CaClk solution before
A-1,Q,=0;Qy=1.624 A1, Q,=0) are associated with the and after collapse. Before collapse, the reflectivity of the
monolayer phase. Figure 5 shows the rod scans after collapsemonolayer on C& solution is similar to that of BA on pure
(Qq = 1.498 A1) and before collapseQy = 1.494 A1) of water, but overall itis more intense. Qualitatively, this is evidence
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at specificQ,y's as indicated. Solid lines are the best-fits obtained

by using eq 2. Inset shows the intensity ratio between the two rod
scans (after collapse and before collapse). The ratio indicates 50%

monolayer coverage.

T T T T T T T

g
T

A O Before collapse

B

O After collapse

— = Fit by monolayer

8
T

—— Fit by bilayer

=]
8
T

Normalized Reflectivity, R/R,
e o
o0 o

0 o1 0.2 0.3 0.4 0.5 0.6 0.7
E
Q, (A"
0.45 ' -
-
<030 -
£
w
g
= Monolayer
=
g 0.15 o B
i‘: Inverted Bilayer
=
0 1 1 1
-20 60 80

20 Z &) 4|u
Figure 6. (A) Normalized X-ray reflectivities of behenic acid (BA)
on 101 M CaCl solution before (circles) and after (squares) collapse.
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Figure 7. GIXD maps as in Figure 3 of BA on T®M CaCl, before
(upper panel) and after (lower panel) collapse.

Table 2. Parameters That Produce the Best-Fit Calculated
Reflectivity to the Experimental Data for BA on 10-* M CacCl,
Solution before and after Collapsé

before after
oo (A) 52+1.2 8.0+ 5.8
dheadl(A) 3.3+ 0.6
Phead1(e/A3) 0.556+ 0.029
o1 (A) 3.7+0.2
ehainz (A) 254+ 1.1 21.5+ 2.0
Ochainz (€/A3) 0.333+ 0.004 0.322+ 0.002
o2 (A) 3.4+0.1 27+ 1.1
Oheads(A) 74420
Pheaga(€/A%) 0.364+ 0.012
o3 ( 2.9+0.7
enaina (R) 233+ 17
Pehaina (€/A3) 0.307+ 0.002
o4 (R) 33+0.1

2 The two-slab model is used for the monolayer, whereas the three-
slab model represents the bilayer after collapse. The same parameters
are also used to show the EDs in Figure 6B.

significantly larger than that obtained for BA on pure water. A

more detailed analysis, applying space-filing and volume
constraintg$17.26.2%jields 0.45+- 0.1 C&* ions per BA molecule

in the headgroup region. It is interesting to note that although
the incorporation of C4 to the headgroup region changes the

ED of this region, it does not change its thickness significantly.
This is consistent with similar observations for AA monolayers

on Cc" solutions®

The normalized reflectivity from the collapsed monolayer

The solid lines are best-fit curves as discussed in the text. The dasheqsquares shown in Figure 6) although surprisingly similar to the

line is the best attempted fit assuming a monolayer-like film with
a two-slab ED model shown in (B). (B) Schematic structures

(monolayer and inverted bilayer) and electron densities used for

fitting the corresponding measured reflectivity curves in (A).

for an increase in the electron density in the monolayer (in the
headgroup region) due to the incorporation of a bound Stern

layer of C&" ions at the carboxylic headgroup. The best-fit
calculated reflectivity is obtained from the model ED shown in

Figure 6B. The parameters used to fit the reflectivity data are |
listed in Table 2. The integrated ED of the headgroup region is

reflectivity before collapse has some subtle but reproducible
differences. Compared to the reflectivity of the monolayer before
collapse, the reflectivity after collapse has lower intensities overall
and a minimum a@, ~ 0.05 A-1. The ED profile that produces

the best-fit to the measured reflectivity is shown in Figure 6B,

and the parameters are listed in Table 2. The relatively large
error bar forog (Table 2) is due to the fact that the EDs on both

(26) Gregory, B. W.; Vaknin, D.; Gray, J. D.; Ocko, B. M.; Stroeve, P.; Cotton,
M.; Struve, W. SJ. Phys. Chem. B997 101, 2006.
(27) Vaknin, D.; Kelley, M. SBiophys. J200Q 79, 2616.
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Figure 8. (A) Qu-cut obtained from the GIXD map of BA on 1®M CaCl solution before (circles) and after (squares) collapse. Solid

lines are guides to the eye. (B) Thr&-cuts (rod scans) for BA on 1@ M CaCl solution before and after collapse at specifig's

as indicated, where peaks are observed in (A). Schematic GIXD patterns for both before and after collapse are shown in (C) and (D),
respectively.

sides of this interface are very close (0.334 and 0.322)e#khd the headgroup regions of monolayers are much less organized
as is known from the Born approximation the reflectivity is most than the acyl chains). The two in-plane peakat= 1.498
sensitive to changes in the ED, which for this interface is very A=1,Q,=0 andQ,y=1.603 A1, Q,=0indicate that the chains
small. We argue that the ED profile is consistent with the inverted form a centered rectangular unit cell with sublattice constants
bilayer structure, consisting of BA-Ca-BA with the hydrophobic  of as=4.965 A anchs= 7.839 A, yielding a cross-sectional area
tails of the stretched dimer in contact with the water surface 19.45 & per chain. The intensity along ti@, = 1.498 A1 rod
(schematic configuration shown in Figure 6B). The film has a is higher than that @, = 1.603 A" due to simple multiplicities
total thicknesshowm ~ 52.2 A, which is about twice that of the  of the (1,1) and (2,0) peaks (four versus two, respectively).
monolayer. The dashed line shown in Figure 6A is the best-fit  Figure 8A shows the peaks for the collapsed film (squares),
assuming a monolayer-like structure. Although itis a reasonable which can be distinguished by their corresponding rod scans into
fit, it can be ruled out, as it does not reproduce the minimum at two sets of Bragg reflections: one (rodlike) associated with the
Q, ~ 0.05 A~ and the corresponding ED profile (dashed line headgroup ordering (calcium oxalate formation) and the other
in Figure 6B) is too low, in particular, in the headgroup region (peaked at finiteQ,) associated with the ordering of long acyl
that includes the CGa Stern layer. Other model structures, for chains. Figure 8B shows two rod scans for the collapsed
example, trilayer and regular bilayer, did not produce good film: one atQy, = 1.858 A™1, associated with the headgroup
agreement between the calculations and the measured data asrdering, decaying very slowly, and the other@y = 1.339
did not make physical sense. A-1 associated with the long acyl chain ordering, with a distinct

Figure 7 shows GIXD patterns from BA monolayers om0  maximum at finiteQ,. The thickness of the collapsed film can
M CaCl solution before and after collapse. Before collapse, the be estimated from the peak line width@, ~ 0.12 A), diotal =
pattern is quite similar to that of BA on pure water, except for 27/AQ, ~ 52.4 A, in agreement with the52.2 A film thick-
slight differences in the intensities and peak positions al@pg ness extracted from XR above. Analysis of other peaks in Figure
Onthe other hand, after collapse, the GIXD patternis completely 8A, also shown schematically in Figure 8D, leads to similar
different from that for BA on pure water (lower panel in Figure conclusions.
3), demonstrating that the addition of Calramatically changes In the following, we demonstrate semiqualitatively the
the in-plane structure in the collapsed region, most likely into inference of layer thickness from the line shape of the rod scans.
asingle phase, in accordance with the analysis of the reflectivity Equations 2 and 3 indicate that the intensity along the rod scan
data. The GIXD pattern consists of long rodlike stripes and is proportional toF(Q,)|2. Figure 9A shows calculations of the
rods that peak at finit€; (i.e., moreQ-dependent rods). We  square of the form factor, eq 3, versQsfor expected mono-,
ascribe the stripes to the formation of quasi-2D crystals consisting bi-, and trilayer thicknesses bf 26, 52, and 78 A, respectively.
of Ca and the carboxylic headgroups, and@@lependentrods  There are a couple of modifications to bear in mind before
with the in-plane long range ordering of the bilayer hydrocarbon comparing these factors to observations, thatis, Figure 9C. First,
chains. belowQ, =0 (Q; < 0), there is no intensity, as in the reflection

A Qyrcut and several,-cuts of the GIXD patterns and  mode the scattered beam is totally absorbed in the subphase.
schematic GIXD patterns for both before and after collapse are Second, the origin of the form factor may shift@g = 0 if the
shownin Figure 8A-D, respectively. Before collapse, the addition chains are collectively tilted to a certain angle with respect to
of C&* does not affect significantly the chain ordering (there the surface normal. Using eq 6 and tilt angles dfded 19 for
is no indication for long range order in the headgroup region of the bilayer and trilayer, respectively, we obtain the modified
the film, consistent with numerous previous studies that show calculations shown in Figure 9B. Figure 9B demonstrates
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Figure 9. (A) |F(Q’Z)|2 versus Q, for three specificl values
corresponding to expected mono-, bi-, and trilayer thicknesses as,
indicated. (B) Same as in (A), but the curves=(52 and 78 A) are
shifted alongQ, due to molecular tilts of 16and 19, respectively.
(C) Rod scans for BA on pure water and®Caolution both before

on C&* solution, BA forms a relatively uniform inverted bilayer
structure, thatis, BA-Ca-BA with the hydrophobic tails in contact
with the water surface. The GIXD data strongly suggest crystalline
headgroup (calcium oxalate) formation. We point out that, unlike
the case of AA, we did not observe a mixture state (bilayer and
trilayer) as in our previous work.The rationalization of the

and after collapse as indicated, showing the qualitative agreementobserved structures in terms of energetics is described else-

with the calculated shapes shown in (B).

gualitative agreement with observations shown in Figure 9C, s

providing further evidence that the monolayer collapses by

forming a trilayer and a bilayer structure for BA spread on pure s

water and on CH solution, respectively.

wherel28
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