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Abstract: Synchrotron X-ray reflectivity and grazing incidence diffraction were applied to study the structures
of phospholipid Langmuir—Blodgett films under controlled humidity. Distearoylphosphatidylethanolamine
(DSPE) and DSPE—PEO lipopolymers, in which a poly(ethylene oxide) chain with n = 8, 17, or 45 EO
units is covalently linked to the polar headgroup of DSPE, were used. When the relative humidity was
changed from below 2 to 97%, the phosphate headgroup in a DSPE film was hydrated with a concomitant
thickness increase of 4.2 A and an electron density decrease. The swelling of the monolayer was found to
be a reversible process without any significant roughening of the film. Subtle differences in the film thickness
could be detected for DSPE monolayers transferred under various lateral pressures. The degree of lateral
ordering of the alkyl chains in DSPE monolayers increased considerably when the humidity was raised. In
the case of DSPE—PEO with eight EO units, the hydration of the monolayer was also found to be reversible,
but the water uptake was larger due to the presence of the hydrophilic polymer interlayer, which is located
between the substrate and the DSPE moieties. Under high humidity, the lipopolymer monolayer with n =
17 exhibited a well-defined, layered structure similar to that of DSPE—PEOQO with n = 8. In the case of n=
45, however, there are indications for a significant intermixing of the polymer with the DSPE moieties,
probably resulting in the formation of hydrophobic nanodomains of closely packed alkyl chains that are
immersed into the hydrated polymer.

Introduction on top by either chemi- or physisorptidrintegral membrane

. proteins may be incorporated, and their activity may be
Planar, polymer-supported lipid membranes attached to a studiedt3

substrate are highly interesting model membrane systems for
both scientific and practical applicatiofis® They retain key
features of biological membranes such as lateral fluidity and a lecul l iable. Thev f |
high water activity on both sides of the membrane. A hydrophilic molecule, are commercially available. They form monolayers
polymer cushion is introduced in order to decouple the at the air-water interface, which may be transferred onto a solid
membrane from the substratend to provide a soft, water-rich ~ Substrate by the LangmutBlodgett (LB) technique to yield a
environment for biomolecules. The polymer may be tethered POlymer-cushioned lipid monolay&rThose monolayers may
to the substrate on the bottom side and to the lipid membraneP€ €ither physisorbed or chemically coupled to the underlying
support®” In a subsequent step, a second lipid monolayer may
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surface-sensitive analytical todksuch as evanescent wave methods, under variation of the lateral pressure, the polymer
optics, light, X-ray, and neutron reflectometries, in-plane X-ray chain length, and the mixing ratf§-3° On the other hand, the
diffraction, vibrational spectroscopy, fluorescence microscopy, number of reported reflectivity and diffraction studies on lipid
scanning probe microscopies, or impedance spectroscopy. mono- or bilayers transferred on a solid substrate, is still rather
The preparation procedure for polymer-supported lipid mem- limited. A few interesting works on such systems have appeared
branes inevitably includes a drying step after the LB transfer. quite recently, howeve30-36
It is therefore important to investigate the nature, magnitude,  Thanks to the availability of high-brilliance synchrotron X-ray
and reversibility of dehydration and rehydration in lipid and radiation sources, reflectivities may now be measured down to
lipopolymer monolayers. The hydration of amphiphile mono- R ~ 10719, which allows one to probe larger angles with a
layers on a substrate was examined by Chen and Israelachviliconcomitantly higher spatial resolution approaching the atomic
in humid air by using the surface force apparatitsvas found level 30 This is particularly important for studies of ultrathin
that water, which penetrates into the monolayer, can lift the films with a thickness of a few nanometers only, where the
monolayer off the surface, leading to an increased film thickness characteristic oscillations in a reflectivity curve have rather large
and to a reduced adhesion between monolayer and substratespacings. The high beam intensity also greatly facilitates
The influence of relative humidity on the properties of polymer- measuring the weak diffraction signals from a monolayer.
supported amphiphile monolayers on a substrate was investi-However, it has to be kept in mind that organic material is prone
gated by Chi et al® They could show that a hydrated to be damaged by X-ray radiatihSpecial care is required to
polyethyleneimine interlayer increases the mobility within the investigate any effects of radiation damage before data inter-
membrane. There are also detailed reports on ellipsometricpretation is done.
thickness measurements of polymer-supported lipid monolayers In this work, we report about the characterization of DSPE
as a function of the humidity!! Kinetic measurements by  and DSPE-PEO LangmuitBlodgett films by X-ray reflectivity
Hausch et al? allowed monitoring of the incorporation of water and grazing incidence X-ray diffraction using synchrotron
into lipopolymer monolayers by means of surface plasmon radiation. Those measurements were done under controlled
spectroscopy. humidity in order to study the extent, location, and reversibility
X-ray and neutron reflectivities (XR, N1 have proven of water incorporation in the monolayers. Lipopolymers with
to be very powerful tools to study the structure of ultrathin films. three different polymer chain lengths (number of EO units
Using these methods, the film thickness may be determined 8, 17, and 45) were investigated.
independently from the refractive index. This is a great
advantage over optical methods, such as ellipsometry or surfac
plasmon spectroscop$, where the film thickness and the The phospholipid distearoylphosphatidylethanolamine (DSPE) and
refractive index are strongly correlated, so that only an optical the lipopolymers DSPEPEOZ?” which contain a poly(ethylene oxide)
thickness may be obtained. Furthermore, XR and NR allow chain chemically grafted to the terminal amine of the headgroup of
determination of scattering length density profiles along the film DSPE, were used. The number-average molecular weights of the PEO
surface normal with a high resolution. Information about the ﬂ‘:ri]g‘:'n v;fLii?ssoré Zggét??eo:yz?r??ﬁec?gﬂiwﬁgdmgsf I?p :g&;:iéswill
lateral order within monolayers can be obtained by grazin ' . '
incidence X-ray diffraction (élXD}?Combined reflectizngand ¥ be shortly denoted as DSPREO(350), DSPEPEO(750), and

diff . h b d d vel DSPE-PEO(2000). Silicon (100) wafers were thermally oxidized to
Iffraction measurements have been conducted extensively toyield an oxide layer thickness ef50 or 150 nm. For the preparation

study the structures of various lipid monolayers floating at the o | angmuir-Blodgett monolayers, a Langmuir trough thermostated
air—water interface in a Langmuir trough. It has become possible at 25°C was used. The lipids were dissolved in a mixture of chloroform
to reveal structural transitions all along the pressuea and methanol and then spread on the water subphase. The measured
isotherm from the laterally isotropic fluid to the ordered

phased’~24 Recently, floating lipopolymer and mixed lipid/  (23) ;ggg'ﬁ&"-:lggifég-:Weygaﬂda M.; Lsche, M Biochim. Biophys. Acta
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pressure-area isotherms for DSPE and for the three different lipopoly-
mers showed the same features as already reported by &thErse
films were kept at the final pressure for at lea$ and then transferred 107
onto the substrates.

X-ray reflectivity and diffraction data were collected using dedicated
beamlines at the synchrotron radiation facilities SPring-8 (B14,
Japan) and at the Pohang Light Source (BL3ORorea). A specially 10°
designed sample cell was mounted in the center of the diffractometer
on a small goniometer head. The X-rays can penetrate and exit the
cell through windows made of a thin polyimide film. To adjust the
relative humidity to 97%, a glass vessel containing a saturat&®K
solution was placed at the bottom of the tightly sealed sample cell. A
relative humidity below 2% was achieved using Ca&®a desiccant.
A precise sample alignment was done as described else#here.

X-ray reflectivity was measured by scanning the tilt anglef the
(horizontal) sample surface with respect to the primary beam direction 10°
and by simultaneously moving the detector arm hy. Zhus, the
scattering vector gnly has a component vertically to the sample surface
(z-direction; g, = 4x/A-sin o, where/ is the wavelength of radiation)
and the electron density profile along the film surface normal is probed.
Reflectivities R, i.e., the ratio of the reflected and incident beam
intensities, were calculated in the kinematic approximatfoBox q, [nm™Y

models were used to parametrize the electron denSIIty dlstrlbut'lon n Figure 1. Demonstration of the good reproducibility of XR data measured
the monolayer along the surface normfaEach box with a certain at different relative humidities (r.h.) and also at different experimental
length represents a region of quasi-constant density. Interface roughnesstations, respectively. Shown here as an example are the measured data
was modeled using error functions, and the mean square interface widthfrom LB films of DSPE (r = 42 mN/m). Sample preparation and

(0?) is given by the second moment of the electron density gradient. measurement procedures were the same, the only difference being the
Parameters in the least-squares fitting procedure of the experimentalther"nal SiQ layer thickness. Connected marks: measurements at PLS,

data were the electron density and thickness of each box, as well asd(S'OX) ~50 nm; Lines: measurements at SPringi&iQ,) ~150 nm. For

. the sake of clarity, the curves were vertically offset.
the roughness parameters between adjacent boxes. ) ] )

Grazing incidence X-ray diffractidh probes for lateral, quasi- By measuring XR profiles from various areas of the sample
periodic order in the film. The incident angle is fixed at a value slighty Surface, we carefully verified that all LB films were laterally
smaller than the critical angfeof silicon. Bragg peaks are measured highly homogeneous (at least on the length scale of 1 mm) over
by scanning the detector in thg-plane and simultaneously integrating ~ the entire sample area. This enabled us to minimize the exposure
over the signal along the vertical direction. The repeat distada#s on a certain area by laterally translating the sample during the
the lattice structure are related to the peak positiod by 27/cy, and course of a measurement: After sample alignment was com-
the lateral correlation length is inversely proportional to the peak pleted, data collection was started with irradiation on a
width. The magnitude of the horizontal sca_ttering vector is_ given by neighboring film area. For each sample, the data reproducibility
Gy = A7/A-in O, where B, represents the in-plane scattering angle a5 checked by repeated scans in a characteristic angular region,
between the incident and diffracted beam. typically where a minimum in the XR curve occurred. In case
of poor reproducibility, the original data were discarded and
the curve was measured again after a horizontal translation of

Radiation Damage and Data Reproducibility. X-ray radia- the sample and confirming that the sample alignment was still
tion from synchrotron sources was used for the purpose of good. It was found that lipopolymer monolayers were more
studying minute structural changes in ultrathin organic films prone to radiation damage the longer the polymer chain.
as a function of sample preparation and sample environmentMeasurements under dry conditions and in a high-humidity
conditions. Due to the high brightness of the X-ray beam, XR environment were conducted using the identical samples, but
data become available in an extended angular region with adifferent areas were illuminated. We have also checked the data
concomitantly increased spatial resolution approaching the reproducibility by comparing the XR curves measured from the
atomic level. On the other hand, the interaction between ionizing same monolayers at the two different beamlines (BL14, BL3C2).
radiation and organic materials may lead to considerable For this purpose, two different samples were used, but the
radiation damag@&®37which is believed to proceed through the ~preparation procedures were identical. Figure 1 compares such
generation and chain reactions of free radiéal. is thus data measured from a DSPE monolayer under dry condition as
mandatory to carefully check for possible effects of radiation well as under 97% relative humidity. As can be seen, the
damage as well as for the reproducibility of experimental data. experimental data were well reproducible including even minute

changes in the angular positions of the minimums as a function

(1)< 2%r. h.

(2) 97%r. h.

Reflectivity R

O
-
N
w
~

Results and Discussion

(38) Nishihata, Y ; Konishi, H.; Mizuki, DAERRev. 2001, 2001-2003,86. of the humidity. This shows the good reliability of sample
(39) g’g”f?gz-fi:gfh, S-Y.; Park, Y.-J; Lee, K.Be. Sci. Instrum.1995 preparation, humidity adjustment, and data collection proce-
(40) Bolze, J; Ree, M.; Youn, H. S.; Chu, S.-H.; CharLiéngmuir2001, 17, dures.

6683-6691. Lipid Monolayers (DSPE). X-ray Reflectivity. LB films

(41) Feidenhans’l, RSurf. Sci. Rep1989 10, 105-188.
(42) Als-Nielsen, J.; Kjaer, K. IThe Proceedings of the NATO #ahced Study of DSPE were prepared under lateral pressare$ 12 and 42

Institute, Phase Transitions in Soft Condensed Ma@eilo, Norway, April : B
4-14, 1989; Plenum Publishing Corp.: New York, 1989; pp 4137. mN/m during monolayer transfer. Figure 2a shows the XR data
(43) Cheng, A.; Caffrey, MBiophys. J.1996 70, 2212-2222. measured from the sample that was transferred at 12 mN/m.
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occur. Evidently, the high-frequency oscillations appear due to
the presence of the relatively thick silicon oxide layer%0
of \ s <2%r. h. ; nm).

i a 97% 1 h. 3 The XR curves were fitted with a box model for the electron
Lf " fit curves ] density profile, which includes the silicon substrate and in
] addition three boxes to describe the silicon oxide layer, the
phosphate headgroups, and the aliphatic tails of the lipid
molecules, respectively. The polar headgroup layer is adjacent
to the silicon oxide layer, whereas the box for the aliphatic tails
is facing the air. In the case of the dry monolayer, the thickness
of the lipid headgroup layer was determined to 8.5 A, which is
in reasonable agreement with the estimated diameter of this
molecular groupg? The thickness of the box, which is attributed
to the aliphatic lipid tails, was fitted to 20.5 A. This value should
be compared with the thickness calculated under the assumption
N that the Gy alkyl chains are densely packed, in their all-trans
4 <2%r. h (b) . . . . .
o eT%rh configuration, and vertically oriented. The thickness of the
fit curves hydrocarbon layer is then expected td*be

x 500 1

102 E DSPE (1= 12mN/m) (a) ]

Reflectivity R

d(tail) = (16 4+ 9/8) x1.265 A= 21.7 A

The fact that the fitted value is by 1.2 A smaller than the
calculated one could indicate that the alkyl chains are not entirely
in their all-trans conformations. This would be plausible because
the molecular area at the transfer pressure of 12 mN/m is still
slightly larger than that of closely packed alkyl chains. In
addition, a small tilt of the molecules away from the surface
normal could be assumed.

Upon increasing the relative humidity to 97%, small shifts
of the minimum positions in the XR curve toward smaller angles
—— ] could be observed. This indicates the increase of the monolayer
ﬁ\ ) ] thickness due to the incorporation of water. It was found that

Reflectivity R

soot e—b <2%r.h. 1 the thickness of the headgroup region increases by 3.8 A, which

500 | % e—=a 97%r.h. . equals 45% of the dry headgroup layer thickness. At the same
[ el ] time, the electron density in that layer decreases because the
: ] electron density of water is considerably lower than that of the

300 b e ] headgroup. The fitted electron density in the hydrated headgroup
' ] region is in quantitative agreement with the value calculated

e

Electron Density p [nm‘s]

200 | Siox Head Tail from the fitted electron density of the dry headgroup, the known

] electron density of water (334 nr#), and the fitted volume
] increase. So the fit parameters that were obtained for the sample
. under dry and high-humidity conditions, respectively, are well
consistent. The thickness and the electron density of the aliphatic
z[A] tails are basically unaffected by the humidity change. This is

Figure 2. (a) XR data from an LB film of DSPEA = 12 mN/m) under reasonable, of course, as water molecules will interact mainly
controlled humidity. The increase of the film thickness upon increasing With the polar regions in the monolayer.
the humidity is evidenced by the shift of the minimums to smaller angles. In addition to the experimental data, Figure 2a also displays

The phosphate headgroup is hydrated, and its thickness increases by 3.8 - ; ; ;
Concomitantly, the electron density in the region of the phosphate group he fitted curves that were obtained with the models described

decreases. (b) A closeup of those data, displayed in a smaller angular range2DOVE. It can be seen that the data could be well fitted in the
(c) Fitted electron density profiles. entire angular range that was accessible. Figure 2b shows a

. ) _._magnification of those data in a smaller region in order to
Displayed are the curves that were obtained under dry conditions o monstrate that the high-frequency oscillations due to the

and at 97% relative humidity, respectively. The decay of the gjjicon oxide layer are also well matched by the respective fit
curves with increasing angle is modulated by a high-frequency ¢,res. The low amplitude of those oscillations may be
osc!llat!on and in adqmo_n by at least one Iow-frequ_enc_y understood by the fact that the electron density difference
oscillation. These oscillations, commonly known as Kiessig peqyeen silicon and silicon oxide is small. Interfacial and surface

i 44 i _ .
fringes; resu'lt from the |nterferenc§ of X-ray beams that ar® roughness affects the overall decay of the reflectivity curves as
reflected at different depths of the film where electron density ;o as the amplitudes of the oscillations, mainly at high angles

gradients occur. The oscillation frequencies are proportional to \, hare the reflected intensity is low. As we were also able to
the various distances of the interfaces, from where the reflections

-10 0 10 20 30 40

(45) Kjaer, K.; Als-Nielsen, J.; Helm, C. A.; Tippman-Krayer, P.;" IMeald,
(44) Kiessig, H.AAnn. Phys1931, 10, 769-788. H. J. Phys. Chem1989 93, 3200-3206.
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0E DSPE 73 102k DSPE (11 = 42 mNim) (a)
10°F (1) 12 mN/im 3 E .
! (2) 42 mN/m 10° £y <2%rh.
T 102L L 97% . h.
z i x i ’
2 > 107E fit curves
-.Ef 10 % . 3 :
17} E @ 107F
B g
F 107 F
10%F i
10°F
0
q, (nm™ 0 2 4 6 8
Figure 3. Comparison of the XR data measured from dry DSPE LB films q. [nm™]
that were transferred under different lateral pressures. Subtle differences z
observed in the angle positions of the minimums reveal a slightly higher 200
monolayer thickness by 1.5 A for the film transferred at the higher lateral L o ]
pressure. c00 | ®) b
) o - a—n <2%r. h. ]
Table 1. Fitted Structural Parameters of the DSPE Lipid e 97% 1 h 1
Monolayers as a Function of the Transfer Pressure z during LB £ s00r B8 9L h ]
Transfer and of the Adjusted Relative Humidity (r.h.) ISy
2> 400
DSPE DSPE DSPE DSPE @ ¥
a=12mN/m  a=12mNm  x=42mNim 7 =42mN/m & s00f
<2%r.h. 97%r.h. <2%-r.h. 97%r.h. 5 [
Electron Densitye (Nm3) S 2001 o, Head
Si 703 703 703 703 w [
SiO 646 646 646 646 100
Head 461 422 468 427 [
tail 303 303 323 323 0 : .
-10 0 10
Interface Roughness(A)
Si/Sigy 1.5 15 1.5 15 z[A]
Eé%é?t:ﬁd gg gg gg gg Figure 4. (a) XR data from an LB film of DSPEA® = 42 mN/m) under
P ¢ . p p controlled humidity. (b) cshows the electron density profiles that correspond
tail/air 2.8 2.2 3.0 3.6 -
to the respective fit curves.
Layer Thicknessl (A) ] _ _ _ o
SiOx 535.0 532.0 547.0 514.0 The corresponding electron density profiles are given in Figure
tht?lad 20855 2102-73 219-5_? 211370 4b, and the complete set of fit parameters is summarized in
al : ' : : Table 1. Beside the slightly increased thickness compared to
total 29.0 33.0 30.5 34.7 the film that was transferred at 12 mN/m, no significant

differences in the swelling capacity or in the roughness were
acquire data in this low-intensity region, detailed information found. The electron density that was fitted for the alkyl chains
about roughness could be obtained. It was found that substratg(323 nnt3) is in good agreement with the corresponding value
and film exhibit very smooth surfaces and interfaces, with a given by others”27 for highly compressed lipid monolayers
roughness not exceedjr8 A under dry conditions as well as floating at the air-water interface.
under high humidity. The fitted electron density profiles along  To check for the reversibility of the incorporation of water
the film surface normal are shown in Figure 2c. Here and in all in the monolayer, the film that was initially measured under
other profiles displayed below, the position of the SiOp dry conditions and subsequently under 97% relative humidity
surface was chosen as the origin for the length scale in thewas returned to the dry environment and then remeasured.
vertical direction. The complete set of fit parameters is sum- Figure 5a compares the experimental data from the dry film
marized in Table 1. before and after it had been exposed to high humidity~fae
Figure 3 compares the XR curves measured from dry DSPE h. Both curves coincide very well in the oscillation frequencies,
monolayers, which were transferred at 12 and at 42 mN/m, the depth of the minimums, and the overall decay. This shows
respectively. In the case of the film that was transferred at 42 that the hydration of the lipid monolayer is a reversible process
mN/m, the minimums in the low-frequency oscillations appear in which the original film thickness is restored without any
at slightly smaller scattering vectors, which indicates that the significant roughening of the film.
film is slightly thicker. This may be easily understood due to Grazing Incidence X-ray Diffraction. The degree of lateral
the higher packing density of the molecules. Quantitatively it ordering of the alkyl chains in the DSPE monolayer transferred
was found that the thickness difference is 1.5 A, which is due at 42 mN/m was probed by grazing incidence X-ray diffraction
to an increased thickness in both head and tail regions of theas a function of the humidity. As can be seen in Figure 6a,
molecules. first-order Bragg reflections could be observed, indicating that
Figure 4a displays the experimental data that were obtainedorder does exist in the monolayer. No significant change of the
from the DSPE film transferred at = 42 mN/m at low and Bragg reflection intensities was observed upon rotating the
high humidities, respectively. Also shown are the fitted curves. sample around its surface normal. This indicates the existence
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Figure 6. (a) Grazing incidence X-ray diffraction data measured from an
L o LB film of DSPE (w = 42 mN/m) under controlled humidity. The marks
indicate the experimental data, and the solid lines are Lorentzian fit curves.
0 2 4 6 The dashed line represents the experimental resolution, which was obtained
I by a horizontal detector scan through the direct beam. A marked increase
q,[nm"] in lateral order upon increasing the humidity is observed. (b) GIXD data

. ) measured from an LB film of DSPEPEO(2000) £ = 42 mN/m) under
Figure 5. XR data from LB films ¢ = 42 mN/m) of (a) DSPE and (b) g7, rejative humidity. Displayed are the raw data without any background
DSPE_PEO@SO)' The respective upper curves show the first measurementSg, hiraction. For the sake of clarity, measured data points were connected
in a dry environment, whereas the lower curves were measured after they,, jashed lines, The diffraction peak is very broad and indicates a positional
sample had been exposed f6r20 h to 97% relative humidity _a_n_d correlation length of-8 A or two molecular diameters, only. The positions
subsequently returned to the dry environment. The good reproducibility of of the peaks displayed in (a) and (b) only differ very slightly, indicating
the original data demonstrates that the hydration of the lipid and lipopolymer g ior cell dimensions '
monolayers is a reversible process and that no significant dewetting or ’
increase in the film roughness occurs.

thickness, i.e., to an expansion in the vertical direction. Due to
of ordered domains with a random azimuthal orientation. The the confining effect of the substrate, however, no lateral
Bragg spacingeio = do1 = di—1 derived from the peak positions  expansion is being observed.
under dry cond?tions and at 97% relative humidity are 5.53 and 114 jine shape after deconvolution with the experimental
5:54 A, _respectlvely. These values correspond to hexag_onal C(?"resolution is clearly Lorentzian rather than Gaussian. This
Q|menS|ons of 4'79 and 4.80 A and to areas per diffracting unit indicates a liquidlike (as opposed to crystalline) in-plane order
(i.e., per alkyl chain) of 19.9 and 20.0?Arespectively. These . . . i
areas equal the estimated cross section of an alkyl chain (20.0Of the.alkyl chains, with an exponential decay of the posmonal
A?), which indicates a close packing of the alkyl chains in the or_der in real space. In th_ls model, the Iat_eral correlation length
monolayer. Taking into account that one lipid molecule bears @_ls relgted to the full width ?t half-maximum (fwhm) of the
two alkyl chains, the areas per lipid molecule are calculated d|ﬁract|.0n peak by 2/fwhn#? The values forg_t are thus
from the above values to 39.8 and 40.8, Aespectively. This dete_rmlned FO_ 22 and 5_5 A under dry condltlons a_nd 97%
is in excellent agreement with the molecular area (R A relative humidity, respectively. The marked increase in lateral
determined from the pressurarea isotherm at the aiwater order upon increasing the humidity is a finding that was well
interface prior to the LangmuirBlodgett transfer of the film reproducible. It could be associated with the higher mobility of
onto the substrate. Thus, it could be shown that the packingthe alkyl chains in a wet environment, which promotes the
density is retained after film transfer. This finding was expected €nergetic optimization of lateral arrangements. Due to the rather
because the transfer ratio was very close to unity. It is also low degree of ordering, no higher order Bragg peaks could be
noteworthy that no significant change in the Bragg spacing observed. An ordered superstructure of the headgroup would
occurs upon increasing the humidity. The water that is being give rise to half-order superlattice reflections. We searched for
incorporated into the monolayer leads to an increase of the film this reflection with a negative result.
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Using GIXD, Kuhl et al” determined the degree of lateral = Y e — —
DSPE-PEO(350)

correlation in a DSPE mono-layer that is floating at the-air
water interface. At an applied lateral pressure of 42 mN/m, they
reported an ordered domain size of 360 A, which is considerably
larger than the value determined by us from the same monolayer
after transfer on a substrate. It is important to point out, however,
that Kuhl et al. used the Scherrer formula for the derivation of
the correlation length from the peak width, thus assuming a
crystalline order in the monolayer. This is in contrast to several
other workd7.2046which report a Lorentzian line shape of the
Bragg peaks and thus calculate the correlation length by 2/fwhm. i '

As mentioned above, our calculation was done with the R Rt |
assumption of a liquidlike order, which is based on the line
shape analysis. If we had used the Scherrer formula for our
calculations, we would have arrived at crystallite sizes that are
~3 times larger than the correlation lengthiethat we report
above. Despite this discrepancy in the models that were used,
the comparison of our result with the work of Kuhl et al. clearly
shows that the degree of lateral correlation is reduced upon
transferring a DSPE monolayer from the-aivater interface
onto a silicon wafer. Kjaer et 4. made the same conclusion
when comparing the lateral correlation lengthes of arachidic acid
on water and after transfer onto a substrate, respectively.

Lipopolymer Monolayers (DSPE-PEO). Having revealed
in detail how the film structure of DSPE monolayers depends
on the humidity and on the lateral transfer pressure, we now
discuss the characterization of DSPEEO monolayers. Li-
popolymers with different PEO chain lengths were chosen, to
elucidate how the polar polymer chains affect the swelling
capacity of the monolayers as well as the lateral ordering of
the alkyl chains.

DSPE-PEO(350).Figure 7a shows the XR data measured
from a DSPE-PEO(350) LB film, which was transferred under
a lateral pressure of 42 mN/m. Upon increasing the humidity,
a shift of the minimums toward smaller scattering vectors could
be observed, as in the case of DSPE. However, the shift here ismonolayer under high humidity, are again in quantitative
clearly more pronounced, which indicates a higher increase in agreement with the results from such calculations.
the monolayer thickness. The experimental data could be fitted The length of the box that represents the alkyl chains was
with a four-box model (cf. Figure 7b), in which the PEO layer fitted to 19 A, independent of humidity. This value is smaller
is located between the boxes representing the, Sitl lipid than the length of a stretchediCalkyl chain (21.7 A; see
headgroup layers, respectively, and where the alkyl chains areabove). So one might conclude that the lipid tails are slightly
facing the air. The complete set of fit parameters is given in tilted away from the substrate surface normatResolved
Table 2, and the fit curves were included as solid lines in Figure GIXD data reported by Kuhl et &f. gave clear evidence that
7a. Clearly, distinct polar and nonpolar regions with a significant the alkyl chains are tilted when DSPPEO(350) is floating
contrast in the electron density do exist in this monolayer. This ©n @ water surface. On the other hand, the monolayer structure
data. The increase in the monolayer thickness at high humidity be careful with a direct comparison of the results. Unfortunately,
is obviously due to the incorporation of water into the polar We have no suchresolved diffraction data from the transferred
regions of the monolayer, i.e., the PEO and lipid headgroup films. We can assume a chain tilt only based on the XR data,
layers. The total thickness increase was found to be 8 A. As i.e.,_due to the discrepancy between the fitted Iength of the alkyl
the electron density of water (334 n@) is lower than those of chain bo?< and the calculated length of the gntlrely stretghed
PEO (397 nm?) and of the lipid headgroup, the electron density @/ky! chain. Helm et at? used the same reasoning when making
in the polar regions must decrease upon the incorporation of conclusions about the alkyl chain filt in a floating lipid

water. The expected change of the electron density can pemonolayer. It is also noteworthy that the interface and surface
calculated from the fitted densities for the dry monolayer in oughness in the DSPEPEO(350) film is only very slightly

combination with the fitted thickness change upon increasing 'ncréased compared to DSPE. It may thus be concluded that
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Figure 7. (a) XR data measured from an LB film of the lipopolymer
DSPE-PEO(350) & = 42 mN/m) under controlled humidity. (b) Shows
the electron density profiles that correspond to the respective fit curves.
The PEO layer is located between the substrate and the phosphate headgroup
layer. The phosphate headgroup and the polymer layer are hydrated, and
the film thickness increases by 8.0 A. Concomitantly, the electron density
in those regions decreases.

the humidity. The model parameters, which were fitted for the

(46) Kjaer, K.; Als-Nielsen, J.; Helm, C. A.; Tippmann-Krayer, P.; iiWeald,
H. Thin Solid Films1988 159, 17—28.
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the presence of this rather short polymer does not induce a
significant disorder within the monolayer.

As in the case of DSPE, we have checked for the reversibility
of water incorporation into the DSPEPEO(350) monolayer.
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Table 2. Fitted Structural Parameters of the DSPE—PEO Lipopolymer Monolayers as a Function of the PEO Chain Length and of the
Adjusted Relative Humidity (r.h.)

DSPE-PEO(350) DSPE-PEO(350) DSPE-PEO(750) DSPE-PEO(2000)
=42 mNim 7t =42 mN/m 7t =42 mN/m 7t =42 mN/m
<2%rh, 97%rh. 97%rh. 97%r.h,
Electron Densitype (nm~3)
Si 703 703 703 703
Sioy 646 646 646 667
PEO 397 379 355 360
head 461 414 426 390
tail 312 312 323 341
Interface Roughness(A)
SilSiOy 15 15 15 15
SiO/PEO 25 25 2.3 3.0
PEO/head 3.6 4.0 3.0 7.0
head/tail 3.6 4.0 3.0 7.0
tail/air 3.8 45 35 5.2
Layer Thickness (A)
Sio, 517.0 517.0 516.0 492.0
PEO 10.0 14.0 25.5 50.0
head 7.0 11.0 11.5 12.0
tail 19.0 19.0 17.5 18.0
total 36.0 44.0 54.5 80.0
Figure 5b compares the expenmental data that were measured 0 i DSPE-PEO(750) (a) 3
from the dry film with those obtained from the same film after i ]
it had been kept under 97% relative humidity fe20 h and ook (1) <2%r.h. k
subsequently reequilibriated in the initial dry environment. Apart 2) 97%r.h.
from minor differences, both curves are essentially well f‘; 102k ]
reproduced. In particular, there is no significant difference in % [ )
the overall decay of the curves. Itis thus fair to conclude that & 54 ]
the swelling of the lipopolymer monolayer is a reversible x [ ]
process, in which not only the original film thickness but also 10% E 3
the low film roughness is being restored. L ]
DSPE-PEO(750) and DSPE-PEO(2000).While the hu- 10%F

midity-dependent XR curves from DSPE and DSFHEO(350) —_—
monolayers show qualitatively the same trends, the data obtained
from DSPE-PEO(750) and from DSPEPEO(2000) are mark- 1
edly different. As shown in panels a and b of Figure 8, the 10°F DSPE-PEO(2000) (b) 3
periodicities of the Kiessig fringes in the respective XR curves £ (1) 53%r. h. E
do not significantly increase when the samples are exposed to y _ 2) 97%r. h. ‘

high humidity. In particular, the angular positions of the first e 'OF ]
minimums are hardly changed. (Note that the shallow first 2 v
minimum in case of the dry monolayers could only be observed 3 10% L () ]
after taking careful measures to minimize radiation damage as E’ L ]

already pointed out above). This is surprising because, as already :
discussed for the DSPE and DSPEEO(350) monolayers, any 107
thickness change shows up in a concomitant change of the £
periodicity in the XR curves. On the other hand, a pronounced

-0 [

10

increase in the depth of the minimums is clearly observed upon 0 — 2 T 4 — 6 — 8
increasing the humidity, which indicates that the electron density ,
contrast within the monolayers does change. So far we could q, [nm’]

not find a fit model that may quantitatively describe the rigure 8. XR data measured from an LB film of (a) DSPREO(750) &

experimental data both under dry conditions and at high =42 mN/m) and (b) DSPEPEO(2000) £ = 42 mN/m) under controlled
humidity in a consistent way. humidity. Note the shallow minimums that were observed under dry
) o conditions (indicated by arrows). Surprisingly, their angular positions
For the monolayers under high humidity, reasonable structural indicate that the respective dry films have a thickness which is comparable
models could be established, which will be discussed in the to that of the same film under high humidity. Upon increasing the humidity,
following. In case of DSPEPEO(750) transferred at 42 mN/ a significant change of electron density occurs within the film (as evidenced
. . . . . . by the deeper minimums observed under high humidity), even though the
m, clearly irregular spacings in the Kiessig fringes were fim thickness remains nearly unchanged.
observed (cf. Figure 9a). As pointed out above, this indicates a
well-defined monolayer structure with a significant internal The total monolayer thickness was determined to 54.5 A, which
contrast. The data were fitted with a four-layer model (cf. inset is 10.5 A thicker than the DSPEPEO(350) monolayer under

in Figure 9a and Table 2), as in the case of DSIPEO(350). the same condition. Due to the relatively high electron density
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consequence, significant intermixing of polymer with headgroup,
headgroup with tail, and tail with air would occur. On the other
hand, our XR data from the transferred monolayer are best fitted
with rather low values for the various interface and surface
roughness parameters (3—4 A). In case of significant
staggering, a considerably higher roughness would be expected
at each interface. As we have no diffraction data from this
sample so far, we cannot make unambiguous statements about

the tilt and lateral ordering of the lipid tails.

The XR data measured under high humidity from the DSPE
PEO(2000) monolayer (transferred at 42 mN/m) exhibit several
Kiessig fringes, with strictly regular spacings between all

minimums (cf. Figure 9b). Obviously, the decaying XR curve
— ' —] is modulated by only a single frequency, beside that due to the
DSPE-PEO (2000)  (b); b SiOx layer. This is in contrast to all the other samples, where
] the Kiessig fringes are markedly irregular due to the superposi-
3 tion of several different modulation frequencies and amplitudes.
173 From the existence of only one modulation frequency, one may

3 conclude that the electron density gradients within the monolayer
are rather small, so that the XR pattern is dominated by the
superposition of X-rays that are reflected at the film surface
and at the SiQ-film interface, respectively. Thus, the total film
thickness may directly be inferred from the observed oscillation
frequency. It is determined to 80 A, which is 25 A thicker as
compared to the DSPEPEO(750) monolayer. And indeed, the
best fit could be obtained with a rather flat electron density
profile (cf. inset in Figure 9b and Table 2).

Figure 9. XR data measured from LB films of (a) DSPIPEO(750) and We have also investigated the DSPEEO(2000) monolayer
(b) DSPE-PEO(2000) £ = 42 mN/m, respectively) at 97% relative by grazing incidence X-ray diffraction. Unfortunately, reliable
the DSPE PEO(750) fim exhipis & signifcant mermal contrast. The. Coua could be obtained only under high-humidity conditions.
phosphate headgroup and the polymer Igyer are located in distinct' regions.ln the case of the dry monolayer, the_shape and position of the
The PEO layer resides between the substrate and the phosphate headgroupPserved Bragg peak could not sufficiently be reproduced in
On the other hand, the strictly regular spacings of the Kiessig fringes in (b) repeated scans. So those data had to be discarded. In the
indi(_:ate t'hat the DSPEPEO(ZOOO)_ film has a rather flat e!ectron density measurement under high humidity, we could find one diffraction
profile without any pronounced internal contrast. The insets show the . T . .
respective electron density profiles that correspond to the fit curves. peak (cf. Figure 6b), indicating a certain degree of alkyl chain
ordering. From the width of the Lorentzian peak, the positional
of the ||p|d headgroup' its position is C|ear|y marked. The correlation |ength is calculated t8 A or two molecular
thickness of the hydrated polymer layer amounts to 25.5 A, diameters, only. It is surprising, however, that this peak was
which is nearly half of the total layer thickness. The top layer, observed at the same angle position as that of the DSPE
in which the alkyl chains are located, amounts~47.5 A, monolayer. The corresponding Bragg spacing amounts to 5.54
which is clearly smaller than the length of a stretchegdBain. A, and the area per lipopolymer molecule calculated from that
One may thus conclude that the chains are either tilted or notVaIUe is 40 /& This is much smaller than the molecular area of
completely elongated. This may be explained by the bulkiness 91 A? obtained from the pressurarea isotherm prior to the
of the attached polymer chain, which creates a mismatch with LB transfer. So obviously there exists a discrepancy that requires
respect to the size of the aliphatic tails. As a consequence ofan explanation.
this mismatch, lateral PEGPEO repulsions become significant. The same result was recently reported by Ahrens efal.,
Such repulsions are also evident from the molecular area of where the diffraction peaks from DSPE and DSHEEO(2000)
DSPE-PEO(750) at the airwater interface, which was deter- monolayers floating at the aiwater interface were observed
mined to 58 & under a lateral pressure of 42 mN/m. This value at nearly identical positions, despite the attached bulky polymer
is significantly larger than that of DSPE (3%)A0n the other chain in the lipopolymer. They gave strong evidence that this
hand, for DSPEPEO(350) at that high lateral pressure, the may be explained by a laterally inhomogeneous monolayer
polymer chains may be compressed and elongated to such atructure, where hydrophobic nanodomains formed by closely
degree that the molecular area (42 /& nearly equal to that of ~ packed alkyl chains are immersed into the hydrated polymer
DSPE. Based ogresolved, grazing incidence X-ray diffraction  (cf. Figure 3 in ref 25). If those lateral inhomogeneities evolve
and XR data from a DSPEPEO(750) monolayer at the air on a length scale smaller than the coherence length of the
water-interface, Kuhl et & came to the convincing conclusion radiation, a rather low variation of the electron density along
that the tilt of the alkyl chains is very small under 42 mN/m. It the film surface normal would be expected, because X-ray
was reported that the packing stress in the monolayer, which isreflectivity then probes laterally averaged electron density
induced by the bulky polymer chains, is relaxed through a profiles. As explained above, we found that the variation of
staggering of the molecules in the vertical direction. As a the electron density within the transferred DSHEEO(2000)
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! ’ increase in the periodicities of the oscillations in the XR curves
% % % was observed, indicating an increasing film thickness (cf. Tables

1 and 2). Highly regular spacings in the Kiessig fringes were
measured for DSPEPEO(2000), as opposed to the irregular
spacings observed for all other samples. From this it could be
concluded that all films except the DSPEBEO(2000) mono-
layer exhibit distinct layers in which the polymer cushion, the
Figure 10. Schematic drawings of the suggested monolayer structures at lipid headgroup, and the lipid tails are located. The presence of
97% relative humidity. the hydrophilic polymer cushion between the solid substrate and
the lipid moieties results in an increased swelling capacity under
high humidity. It could be shown that the incorporation of water
into the monolayers of DSPE and DSPEEO(350) is a
reversible process. In the case of the DSPE monolayer, the
degree of lateral order increases considerably upon increasing
the humidity. Significant intermixing and the immersion of the
lipid moieties into the polymer layer occurs in the DSHEEO-
(2000) film.

DSPE DSPE-PEOQ(350) DSPE-PEO(2000)

film is very small indeed. In addition, the surface roughness
(~5 A) and interface roughness 7 A) that we have determined
for this sample was highest among all investigated monolayers.
All these findings suggest that the films at the-aiater-
interface and on the substrate could exhibit similar structures.
Our XR data as well as the diffraction data can be explained
by such a model. Figure 10 shows the proposed monolayer
structure under high humidity in a very schematic way.
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