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Finite-size effects in biomimetic smectic films
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Thin stacks of lipid multibilayers supported on rigid silicon and mica substrates are found to exhibit
finite-size effects. Using neutron diffraction we find that the repeat spadjngf stacks containing up to a few
tens of bilayers depends on their thickné®$, with d increasing with decreasirg. Differences ind are larger
in the low-temperaturé g phase consisting of rigid bilayers than in the high-temperdtyrphase where the
bilayers are more flexible. Various scenarios that may be responsible for this counterintuitive observation are
discussed.
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Thin films supported on solid substrates are ubiquitous irearlier experimental resul{d46,17. Interestingly, this study
scientific and technological applications. The interfaces ofilso suggests the possibility of having a largen the inter-
such films are known to induce novel types of behavior infacial region when the surface tension is sufficiently small.
these systems, unlike those seen in the bulk. It has beddowever, we would expect these effects to be negligible in
possible in recent years to probe directly the structure of théhe Lz phase, due to the enhanced bending rigidity of the
interfacial region, and the atoms in a semiconductor passivasilayers.
tion layer were found to be “locked-in” to those of the sub- We have carried out neutron diffraction experiments on
strate[1]. Epitaxial strain, due to the mismatch between theDMPC multilayer stacks of different thicknesses, deposited
lattice parameters in the thin film and the substrate, has beem silicon and mica substrates. The experiments were done at
shown to substantially increase the critical temperature 084% relative humiditfRH), in order that the. , phase trans-
superconducting thin filmg2]. The interfaces are also known foms directly into thel 5 phase belowT,, and does not go
to influence the glass transition temperatyiig) in thin  through the ripple phase normally observed at higher hydra-
polymer films, and the distribution of;Tas a function of the tions [8]. The temperature dependencedofvas determined
depth from the surface has recently been determjBgdn  from the diffraction data for stacks of different thicknesses.
comparison, smectic films consisting of a stack of fluid lay-Surprisingly, at a given temperature,is found to be larger
ers aligned parallel to the interfaces seem, at first, much sinin thinner films, with the differences being more pronounced
pler systems. However, interesting surface ordering phenomin the Lz phase.
ena, such as layer-by-layer freezing and the induction of new DMPC was purchased from Avanti Polar Lipig&labas-
phases, have been observed in thgiw6], and have been ter, AL) and used without further purification. It was dis-
attributed to the suppression of thermal fluctuations of thesolved in chloroform, and an appropriate amount of the so-
smectic layers by the interfac§s]. lution was sprayed evenly onto a substrate of dimensions

Lipids such as 1,2-dimyristoydn-glycero-3-  6.0x 2.5x 0.1 cn? using an artist’s airbrush. After evapora-
phosphocholine(DMPC) are amphiphilic molecules that tion in air, residual solvent was removed by placing the
self-assemble in water to form bilayers. Above the chainsample in vacuum for 2 h. The average number of bilayers
melting transition temperatur@ ), these bilayers have lig- (N) in the film was estimated from the amount of DMPC
uidlike in-plane order, and hence are rather flexible. Belowdeposited and the area of the substrate, assuming an area per
T they develop a higher degree of in-plane positional ordetipid of 60 A? [10,19,2Q. The values of N for the samples
[8,9] and become very rigid. Stacks of such bilayers form thestudied are approximately 8, 18, 2400, and 8500.

L, andLg (gel phases, respectively, above and beloy T Samples were taken in an air-tight aluminum cannister,
with quasi-long-range positional order in the direction paral-shown in Fig. 1, for the diffraction experiments. The relative
lel to the bilayer norma[10]. Thermal undulations of the humidity inside the chamber was maintained~a84% by
bilayers result in an effective interbilayer repulsion, which placing a saturated KCI/JD solution[21], while the sample
accounts for the very large repeat spacihfpund in theL,  temperature was controlled to an accuracyt@.2 °C using
phase of surfactant systems with very flexible bilayersa circulating water bath. Equilibrium was ascertained by two
[11,12. or more successive scans exhibiting the satheThin

The influence of the interfaces on fluid lipid multibilayer samples took only a few minutes to equilibrate, whereas very
stacks has over the years attracted much attefti®nlg. A  thick ones took several hours. Data were taken on the N5
rigid interface has been shown to quench thermal undulatriple-axis spectrometer located at the NRU react©halk
tions in nearby bilayers and reduce the interbilayer repulsionRiver Laboratories, Canagaising neutrons of wavelength
leading to lower values ad [14]. However, a recent theoret- 2.37 A, obtained from thg002) reflection of a pyrolytic-
ical study finds that the influence of the substrate is confinegraphite monochromator. The Bragg peak positions were de-
to just a few bilayers close to {tl8], in agreement with termined by fitting a Gaussian and an exponential back-
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FIG. 2. Rocking curves of the first-order Bragg reflection for the
samples on silicon substrates with~-N8 (&), 18 (b), and 2400(c).
The small dips in intensity at aroundt1.25° in (c) are due to
absorption of the incident and diffracted beams by the sample. The
width of the rocking curve is inversely proportional to the degree of
orientation of the bilayers parallel to the substrate.

are 8 and 18, respectively. Hence we can take the lipid to be
spread reasonably uniformly on the substrate.

The temperature dependence dfas a function of the
number of lipid bilayer§N) supported on silicon substrates,
is shown in Fig. 3. All samples exhibit an abrupt increase in
d at around 29 °C, which can be identified as the chain melt-
ing (Lg—L,) transition of the lipid[8]. The L, and L
phases coexist over-1 °C for the N~2400 and 8500
‘ samples, probably due to the presence of temperature/
‘ humidity gradients in the cell. In contrast, the transition in

Salt
Solution

= Neutron thinner samples is gradual, as would be expected from the
B rounding of the first-order transition in finite-sized systems
cam [22]. The surprising result, however, is the dependenceé of

on the thickness of very thin samples. The spacings of the

FIG. 1. Sample cell used for neutron dlffractlon_. The sampletyv0 thicker samples with N- 2400 and 8500 are, within ex-
assembly consists of a substrate made out of a single crystal o

silicon, or mica, on which the sample is aligned, and an aluminumDerlmental error, identical over the entire range of tempera-

block that holds the sample in the appropriate geometry. Temper ures studied. On the other hand, the-0 sample has a

ture gradients are minimized by isolating the sample from the out-sIightly larger spacing than the two thicker ones in both the

side environment using a thermal jacket and a massive aluminuthe @Nd L phases. These differences dnare much more
block.

. . 56 k
ground over the entire range of the scattering vedctpr

accessed by the experiment, resulting in an accuraclyah

about=0.2 A. Alignment of the bilayers on the substrate was M e

checked by measuring the rocking curves of the different %’) 55 | ';‘a i
sampleg(Fig. 2). The sharp peaks in the figure, and the ab- & %

sence of any other features, indicate the very high degree of S 5l x i
orientation, especially in the case of thin samples, of the TN

bilayers with respect to the substrate. he

Independent estimates of the average thickness of all thin o s s - 0 "
films were obtained from the widths of the diffraction peaks. T N

. . emperature (°C)

Reflections from very thick samples were found to be
resolution-limited, and hence were assumed to represent the giG. 3. Temperature dependence at 84% RH ofttispacing of
instrumental resolution. Taking the diffraction peaks to bepympc multilayers with N~8500 (@), 2400 (heating:M, cooling:
Gaussians, the number of bilay€h) of very thin samplesis ), 18(A), and 8(#), supported on silicon. The abrupt change at
estimated to be in the range 15-20. For the thicker samples;29 °C is due to thé.,— L transition, which is shifted to higher
we get N in the range 25-35. The corresponding values oltemperatures at lower RE8]. Note the increase id with decreas-
tained from the amount of lipid deposited on the substraténg N, which is more prominent itz phase.
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' ) ' ' ' ' water, is intermediate between those of the substrate and the
6 r i water vapor. Since we do not observe any difference in the
““,w‘w_&ﬁg behavior of films supported on the two different substrates
fon nihn— (i.e., silicon and micp in spite of large differences in the
corresponding values @&, van der Waals interactions cannot
be responsible for the observed behavior. This conclusion is
S, further supported by the fact that even for the thinnest stack
0T -:‘_‘A aa | with D~ 1000 A, the repulsive van der Waals pressure is
many orders of magnitude smaller than the effective osmotic
. - s . . . pressure at 84% RI26], whereas a much larger decrease in
20 2 30 3 40 + the osmotic pressure is required to produce the observed
Temperature (°C) change ind.

Another mechanism that might be invoked is surface or-
dering similar to that seen in some thermotropic smectic
s [4-7]. This can result in the formation of a fel,
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FIG. 4. Temperature dependence at 84% RH oftHspacing of
DMPC multilayers with N~2400 (H), 18 (A), and 8(#), sup-

ported on mica. The thickest sample has the same spacing as t -
ilayers near the interface even at temperatures much above

thick samples on silicon. However, the two thinner samples hav . )
slightly larger spacings than the corresponding samples on siliconl m- IN thin samples, the coexistencelgf andL, phases can

Presently, we do not know if the differences between the silicon and@ive rise to an effectivel-spacing intermediate to those of

mica supported bilayers are genuine or due to small differences ifh€ two pure pha_ses. In thick StE}C!(S, the contribution from
the sample thickness. the interfacial regions will be negligible, and tdemeasured

should correspond to that in the bulk. Hence, this mechanism

pronounced in the thinner sample with~N8. Thus the data can account for a larger spacing of very thin films near the
presented in Fig. 3 clearly show a systematic increase of thehain melting transition in thé, phase, but cannot explain
spacing with decreasing N, in both thg: andL,, phases. Of (&) the largerd of thin stacks in the., phase even at 15 °C
note is that the magnitude of the increasedirin the L, ~ above T, and(b) the fact that the differences hbetween
phase is almost twice that in the,. Experiments carried out the thin and thick bilayer stacks are larger in the phase.
on mica supported multibilayers gave rise to results similar Gao and Goluboyi [18] have recently shown that the
to those observed from silicon supported stadkg. 4). As  interfacial region in a lipid film could have, on an average,
far as we are aware, this increasaliwith decreasing N has either a smaller or a largeky compared to the bulk, depend-
not been previously observed in substrate supported bilaydfg on whether the reduced surface tensigr y/ V«B) is
stacks, and points to the existence of finite-size effects ifiarger or smaller than a critical valgeé(=0.6). Herex andB
these and possibly other related systems. are the bilayer bending rigidity and the compression modulus

Although there is some degree of uncertainty in the thick-of the stack, respectively, ang,=\xB is the characteristic
ness of the different films, due to the various approximationsmectic surface tension scgr]. The higher spacing results
involved in the estimates, the above discussion shows thathen the bilayers at the interface are more vulnerable to
our ranking of the samples based on their thickness is indighermal undulations than those in the bulk. While such a
putable. Therefore, the increasing trenddafiith decreasing situation cannot be ruled out in the, phase, it is very un-
N is unambiguous even though we cannot deduce the precigigely that this effect will be dominant in thé, phase,
functional dependence afon N from the present data. The where the bilayers are very rigid. Therefore, the larger dif-
observed increase id can arise from an increase in the ferences ind observed in theLg phase cannot easily be
bilayer thicknesslg, from the thickening of the water layer reconciled with the theory of Gao and Golubbyi8§].
separating adjacent bilayedy,, or from a combination of The observed dependence afon D is also consistent
both. Below we discuss mechanisms that can lead to an irwith an increase in the average bilayer thicknés@ either
crease in either of these parameters in the present conteat both interfacial regions. In thes phase, it might arise
[23]. from a lowering of the molecular tilt, whereas in the,

The observed behavior can be accounted for if a suffiphase, a decrease in the degree of chain disorder can be
ciently strong repulsive van der Waals interaction exists beenvisaged. It is, however, difficult to understand how the
tween the lipid/substrate and lipid/water vapor interfaces oinfluence of the substrate would propagate beyond the bilay-
the stack, leading to a largdy, by incorporating more water ers) at the interfaces) in the presence of aqueous layers
from the atmosphere. The resulting disjoining pressure iseparating them. However, at the low humidities used in this
given by P=A/(67D%), whereD is the total multibilayer study, it is possible that the water molecules in these thin
stack thickness andl is the Hamakar constaf24]. A can be layers are highly orderef®8] and hence help in establishing
estimated from the dielectric properties of the three medidong-rangetransbilayer correlations of the molecular con-
involved, namely substrate, lipid stack, and vapor phase. Fdormation. In principle, high-resolution x-ray or neutron re-
the silicon-lipid—water vapor system is ~-1.6xX101°J  flectometry experiments on samples of uniform thickness
[25], whereas it is~-1.0x 1072°J for the mica substrate. may be used to verify whether or not a thickening of the
The negative values & are indicative of the repulsive na- bilayers is contributing to the observed dependenced of
ture of the interaction and arise from the fact that the refracD. However, in practice, the small changes involved and the
tive index of the multibilayer stack, composed of lipid and fact thatd would most likely vary across the interfacial re-
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gion would make a definitive conclusion difficult. observed behavior is presently not clear. We hope that these
In conclusion, neutron-diffraction experiments on lipid counterintuitive and unexpected observations will stimulate

multilayers aligned on solid substrates show the existence dfirther theoretical as well as experimental work on the struc-

finite-size effects, which lead to an increase in the repeafure of very thin lipid films.

spacing of very thin stacks. Comparable results are obtained

from samples supported on both silicon and mica substrates, The authors would like to thank M.J. Watson for the de-

indicating that these effects are essentially insensitive to theign and engineering of the sample cell used for the present

type of substrate used. The mechanism responsible for thexperiments and G. Pabst for helpful discussions.
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