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Abstract

The biological membrane is one of the fundamental components in nature, however
it is still not well understood. The variety of lipids and other macromolecules found in
the membrane makes it very difficult to discern its properties in vivo. Lipid bilayers
form the backbone of biological membranes and provide an ideal model system with
which to study membrane function and properties. Here we present the results of
studies of lipid bilayer structure and dynamics with neutron and x-ray scattering
techniques. In particular, the diffusion of single solid supported bilayers and the
collective dynamics of lipid-ethanol systems were studied. The first observations of
single bilayer diffusion with quasi-elastic neutron scattering are presented. Single
solid supported bilayers of 1,2-dimyristoyl-sn-glycero-3-phosphatidylcholine (DMPC)
were prepared and examined with a backscattering spectrometer. Diffusion constants
were found to be consistent with multilamellar systems. Single solid supported bilayer
diffusion was also found to exhibit a continuous character with enhanced diffusion at
the nearest neighbour distance.

Investigations of the effects of ethanol on collective lipid tail dynamics are also
presented. Highly oriented multilamellar solid supported DMPC bilayers were pre-
pared and immersed in a 5% ethanol/water solution. Inelastic neutron scattering
experiments and all atom molecular dynamics simulations reveal the presence of a
new low-energy dynamic mode in the lipid tails of DMPC-ethanol systems. This
mode exhibits little dispersion and appears in addition to the high energy acoustic
mode associated with lipid tail fluctuations in pure lipid systems, which is also ob-
served. Both modes demonstrate in-plane and perpendicular character which may be
related to the transport of small molecules through the membrane core. Additional
x-ray diffraction studies of DMPC-ethanol systems hydrated from the vapour phase
demonstrate that lipid tail fluctuations in DMPC-ethanol systems exhibit lengthscales
equal or less than the thickness of the bilayer.
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Introduction

In terms of biology, there is no more important unit than the cell. Cells are the build-
ing blocks which make up most complex organisms on Earth. However, in order to
make a cohesive unit, the cell needs a mechanism to separate itself from the surround-
ing environment. This mechanism is the biological membrane, which is ubiquitous
throughout biology. Biological membranes are the primary interface between the cell
and the surrounding environment and as a result understanding membrane structure
and function is critical to our understanding of inter-cellular communication, cell
permeability, tissue formation, and important cell processes such as cell division and
apoptosis. This is particularly important in medicine, where membrane properties
can impact drug delivery, vein and artery clogging and neurodegenerative disorders
such as Alzheimers disease. These are only several of many reasons why the study of

biological membranes is quickly becoming a popular field.

There have been many studies which describe the basic structure of biological
membranes. These have shown that membranes are composed of lipid molecules ar-
ranged in a bilayer which act as a barrier to the cell interior. This bilayer has long
been considered a simple passive barrier, however dynamic membrane processes such
as mitosis or vesicle formation seem to indicate that lipid bilayers play a much more
active role in membrane function. As a result, the investigation of the molecular struc-
ture and dynamics of lipid bilayers may reveal more about their role in membrane
function and properties. The diversity and composition of biological membranes is
also believed to play an important role in membrane function. Although lipid bilay-

ers form the backbone of the membrane, molecules such as proteins, cholesterols and
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short chain alcohols also participate in biological membranes. Macromolecules such
as cholesterol and short chain alcohols are known to impact membrane properties
such as elasticity and permeability. However the mechanism by which these effects
are achieved is still unknown. The impact of these membrane active macromolecules
on lipid bilayer structure and dynamics may reveal how they modify membrane prop-
erties.

While the dynamics of lipid bilayer systems have been examined for decades, the
microscopic motions of lipids themselves remain a matter of much debate. The im-
pact of collective lipid dynamics on membrane properties is also of interest. In this
document, investigations of lipid bilayer structure and dynamics with x-ray and neu-
tron scattering will be detailed. In particular the examination of diffusion in solid
supported bilayers and the impact of ethanol on lipid bilayer collective dynamics will
be discussed. The first observations of single solid supported bilayer diffusion with
quasi-elastic neutron scattering are presented. Investigations of the collective dy-
namics of lipid-ethanol systems with inelastic neutron scattering and complimentary
x-ray diffraction experiments are discussed. A review of lipid bilayer structure and
morphology is also presented as well as a discussion of the role of macromolecules
in lipid bilayer structure and properties. The preparation of both the single solid
supported and highly oriented multilamellar solid supported lipid bilayers is also de-
tailed. A discussion of the neutron and x-ray scattering instrumentation employed in

these experiments is provided as well as an overview of scattering theory.



Chapter 1
Model membranes

Biological membranes are complex, multi-scale materials which demonstrate structure
and dynamics over a large range of length and time scales. Singer and Nicholson first
described the membrane as a selectively permeable fluid array of lipids, proteins and
macromolecules such as cholesterol, peptides and proteins [1]. The animal plasma
membrane is composed of a sythesis of an extracellular matrix containing sugars,
protein protrusion and lipid headgroups, a liquid crystalline lipid-protein layer and
an intracellular cytoskelleton which supports the membrane and gives its shape [2].
The variety of lipids, proteins, cholesterols, alcohols and sugars present in biological
membranes (as demonstrated in Figure 1.1), often make biological membranes too
complex for physical studies. However, lipids self-assemble into a two-dimensional
bilayer which forms the backbone of the membrane and provides a fluid matrix for
other macromolecular inclusions. The ordered nature of these bilayers make them an

ideal model system for membrane structure and dynamics.

1.1 Lipids

Lipids, along with proteins, nucleic acids and sugars, are one of the four basic build-
ing blocks of life [4]. Over 30000 naturally occurring chemical structures and isomers
are classified as lipids, which are known to play a role in energy storage, signalling
processes and of course cellular membranes [5]. In general, lipids can be described as

amphipathic (amphiphilic) molecules composed of an elongated hydrophobic domain,

3
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Extracellular

Cytoplasm

Figure 1.1: A schematic of a cellular plasma membrane. The membrane contains a
variety of molecules including proteins, sterols, alcohols, water, proteins and sugars.
The primary component are lipids, which form a bilayer, acting as a backbone for
other molecules [3].
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a semipolar backbone and a head group [2, 4]. The hydrophobic domain is typically
made up of one or more fatty acid chains, or ‘tails’. Fatty acid chains are composed
primarily of tightly packed non-polar CH, groups which prevent Hydrogen bonding
and ensure hydrophobicity. These chains are attached to the backbone, which is a
molecule such as sterol, glycerol or sphingosine. Backbone molecules have two or more
functional groups (hydroxyl for glycerol) which bond preferentially with non-polar
fatty acids or headgroup. The polar headgroup may be a sugar, amino acid or other
functional group and is bound to the remaining backbone group. Common backbone
and headgroup molecules are shown in Figure 1.2b. To date eight broad categories of
lipid have been identified (classified by their backbone) [6], three of which are the pri-
mary constituents of biological membranes: glycerophospholipids, sphyngolipids and
glycerolipids. Glycerolipids such as diacylglycerol and triacylglycerol, which have two
and three acyl tails respectively, are found in animal membranes at concentrations of
up to 8% by mass [2]. Sphingolipids are unique because their bases (most commonly
amino alcohols called sphingosines) already have a hydrophobic chain, so only one
fatty acid must be attached [4, 7]. Sphingomyelines are the most common sphingolipid
to participate in biological membranes and are found primarily in human liver and
red blood cells at concentrations up to 19% by mass [7, 8]. The most abundant lipids
in biological membranes are glycerophospholipids. Glycerophospholipids are glycerol
based lipids with a phosphate (PO,) group in the headgroup and make up more than
40% of the total lipid mass in mamalian cellular and intra-cellular membranes [2].
Glycerophospholipids, often grouped with sphyngomyelin, are referred to as phospho-
lipids. Phospholipids are two-chain lipids with the phosphate group attached directly
to the backbone. A typical phospholipid is shown in Figure 1.2a. With the excep-
tion of sphyngomyelin, we define four primary classes of phospholipids by headgroup:
phosphatidylcholine (PC), phosphatidylethanolamine (PE) phosphatidylserine (PS)
and sphyngomyelin (SM). The electrical properties of the headgroup, number of car-
bons and double bonds in each acyl tail and structural differences between tails allow
further classification. Phosphatidylserines carry one negative charge, where phos-
phatidylcholines, phosphatidylethanolamines and sphingomyelines contain counter-
acting charges (zwitterions). Chain length is calculated as the number of carbons

from the backbone to the end of the tail as shown in Figure 1.2a. Common lipid tail
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Figure 1.2: Common lipid structures. A generalized phospholipid is shown in a) [2].
The headgroup, backbone and tail region are shown. Tail length is counted from the
backbone to the end of the tail, and is denoted by m:n, where m is the length and n
is the number of chain double bonds. Common backbone and headgroup molecules
are shown in b). An example of glycerolipids, sphingolipids and glycerophospholipids

are shown in c) [6].
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lengths range from 12-24 carbons and 0-6 double bonds. Lipids with no tail double
bonds are called saturated. Carbon double bonds in lipid tails cause kinks in the
tail structure, spreading the lipids apart and creating disorder. The notation m:n
shown in Figure 1.2a denotes the chain length (m) and number of double bonds (n).
Phosphatidylcholines tend to be short-chain lipids (14-18) with unsaturated tails ap-
pearing only in the longer chains. Phosphatidylethanolamines and Phosphatidylser-
ines tend to be longer-chain (18-22 carbons) lipids ~40% of which have tails with
more than one carbon double bond (polyunsaturated tails). Sphingomyelines contain
50% 24 length chains with one, or no unsaturated bonds [2]. Common experimen-
tal phospholipids include 1,2-dimyristoyl-sn-glycero-3-phosphatidylcholine (DMPC),
1,2-dipalmitoyl-sn-glycero-3-phosphatidylcholine (DPPC), 1,2-distearoyl-sn-glycero-
3-phosphatidylcholine (DSPC), 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE),
1,2-dimyristoyl-sn-glycero-3-phospho-L-serine (DMPS) and 1,2-dioleoyl-sn-glycero-3-
phospho-L-serine (DOPS). Properties of these lipids are shown in Table 1.1. The
14 carbon saturated lipid DMPC was used for our experiments. DMPC structure is
shown in Figure 1.3 and its properties are enumerated in Table 1.2. In general lipids
are treated as amphiphilic molecules with a rigid hydrophobic headgroup and floppy
hydrophobic tails as shown in figure 1.4.

Properties of common experimental lipids
Abbrev. Formula Chain Length | Molecular Weight | Gel-Fluid Transition
DPPC CyoHgoNOgP 16:0 734.039 g/mol 314 K
DSPC Cy4HggsNOgP 18:0 790.039 g/mol 328 K
DOPE CyH7sNOgP 18:1 744.034 g/mol 283 K
DMPS 035H65N010PN3 14:0 701.844 g/mol 308 K
DOPS C42H77N010PN3 18:1 810.025 g/mol 262 K

Table 1.1: Properties of phospholipids commonly used in experiment. Chain lengths
are indicated in m:n format, where m is the number of carbons in the tail and n is the
number of tail double bonds. Gel-fluid transition temperatures shown are for bilayers
containing only these lipids [9].

Lipid aggregates self-assemble into a variety of structures. This structure is in-
fluenced by the shape of the lipids, the level of hydration, defined by the number of
water molecules per lipid head group, and the temperature [2]. Lipid monolayers as-

semble due to their amphiphilic nature and assume a natural curvature based on the

7
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1,2-dimyristoyl-sn-glycero-3-phosphocholine
DMPC (14:0)

Saturated Myristic Acid tails Phosphate & Choline Headgroup

l
I 1
Glycerol Backbone

Figure 1.3: Chemical structure of 1,2-dimyristoyl-sn-glycero-3-phosphatidylcholine
(DMPC).

Headgroup

Tails

Figure 1.4: The chemical structure of a lipid (DMPC) is shown on the left. We
model these lipids as a large rigid hydrophobic headgroup (green) with two floppy
hydrophobic tails (blue).
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Properties DMPC

Chemical Formula C36H72N08P

Chain Length 2 x 14
Saturation Saturated

Charge Zwitterionic

Molecular Weight 677.933 g/mol
Chain Size 12.7 A
Bilayer Thickness* 62.6 A
Tail-Tail Spacing* 450 A
Area per Lipid* 60.6 A2
Gel-Fluid (Lg — L,) Transition 296 K
Gel-Ripple (Lgr — Pg /) Transiton 287 K

Table 1.2: Properties of 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC). Tran-
sition temperatures are for multilamellar DMPC bilayers. (*) Area per lipid, bilayer
spacing, headgroup spacing and chain size are calculated for fluid (L,) phase fully
hydrated DMPC bilayers at 303 K [10]. Lipid tail spacing is also for fully hydrated
fluid bilayers at 303 K [11].

lipid geometry. The natural curvature of a monolayer is determined by the packing

v
A-L>

and A is the headgroup area at the lipid-water interface as shown in Figure 1.5b [12].

parameter p = where V' is the volume of the entire lipid molecule, L is its length
The denominator A - L describes a static cylindrical shape. The numerator V is de-
pendent on the lipid shape. A conical shape indicates the lipid tails and headgroups
occupy different areas. If the lipid tails require more area than the headgroups, p > 1
and lipids form the hexagonal H| phase shown in Figure 1.5c. Conversely, if the
lipid headgroups require more area than the tails, p < 1 and micelles form (Figure
1.5a). Flat lamellar phases (L, Lg and Pg ) form when lipid tails occupy the same
in-plane area as the headgroups (p = 1). A spherical bilayer, or vesicle, forms when
a balance is struck between the bilayer bending energy and the hydrophobic inter-
facial energy. Phosphatidylethanolamines and diacylglycerol have small hydrophilic
areas, and so prefer hexagonal phases. Phosphatidylcholines and sphingomyelines are
generally cylindrical and form bilayers [13]. The packing parameter also depends on
temperature and water content. Temperature increases enhance disorder in the lipid
tails, creating larger tail volumes. Increased hydration amplifies lateral repulsions

between polar headgroups, creating more water-headgroup area [2].

9
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II

Figure 1.5: Basic lipid morphologies. a) depicts the micelle (M;) and hexagonal
micelle rod phases (H;) which occur when p < 1. b) depicts the familiar fluid bilayer
(L) phase. c) depicts inverse micelle phases M;; an Hy;.

10
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1.2 Lipid Bilayers

Fluid phase (L,) lipid bilayers compose the backbone of biological membranes [3].
However bilayers exist in a variety of phases. Figure 1.7a shows the three primary
lamellar phases: L, (fluid) , Lg (gel) and Pg (ripple) [14]. Relative humidity is
measured as 100x P/Pgy, where P is the partial water vapour pressure near bilayer
and Pg is the vapour pressure over pure water and is analagous to water content[15].
The Ly phase is known as the gel phase and is characterized by 2D ordered and
tilted lipid tails [16]. Lipid tails in this phase exhibit hexagonal packing, however the
headgroups remain disordered, providing no overall lipid molecular order [3, 17]. The
three subphases Lg,, Lg, and Lg, shown in Figure 1.7b represent different tail tilt
angles. The angle ¢ between the hexagonal lattice position and the direction of tilt
ranges between 0° for Lg, to 30° for Lg,[15]. The Py is characterized by ripples as
shown in Figure 1.8b. Ripples form by freezing undulation dynamics out of the fluid
(L, ) phase or due to packing defects in the tilted Lz phase [18, 19]. In multilamellar
DMPC, ripples exhibit a periodicity of ~100 A which increases when approaching
the transition to L, [20]. The L,, or fully hydrated fluid phase exhibits lipid tails in
the ‘melt’ state which demonstrate no long range order [3]. A low temperature subgel
phase (L) has also been observed, which demonstrates increased tail tilt angles and
headgroup ordering [21].

The lipid bilayer is composed of two lipid monolayers (leaflets). Hydrophobic tails
in each leaflet come together to form the centre of the bilayer, while hydrophilic head-
groups line the exterior. Lipid bilayer structure therefore consists of two domains:
a hydrophilic headgroup region and a hydrophobic core (Figure 1.6). Orientation is
defined in terms of the bilayer surface normal as either perpendicular to (z-direction)
or in the plane of the bilayer. The structure of fluid phase (L,) bilayers has been
well characterized by X-ray scattering techniques [10, 22]. Structural parameters for
common lipids are shown in Figure 1.9 and Table 1.3 [10, 22]. In general, the hy-
drophobic core is ~40 A thick (D¢), each headgroup is ~9 A thick, and multilamellar
repeat distances (d,) are ~60 A. For DMPC the fluid phase bilayer thickness is 62.6
A, the in-plane lipid nearest neighbour distance is ~6 A and the in-plane tail spacing
is 4.50 A [11]. The number of interlamellar water molecules per lipid required for
fully hydrated DMPC is calculated to be 26 by observing the point where additional

11
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Figure 1.6: A model lipid bilayer demonstrating how the headgroups point outwards
allowing the formation of a hydrophobic membrane core. Orientations are indicated
as either parallel (in-plane) or perpendicular to the plane of the bilayer.
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Figure 1.7: a) DMPC lamellar phases as a function of water content and temperature
[14]. Hash marks indicate transition regions. b) DMPC lamellar phases in more detail
as a function of relative humidity. The three subphases of Lg shown differ only in
tail tilt angle.
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Figure 1.8: Bilayer structures for lamellar phases: Lg (gel), Pg (ripple) and L,
(fluid).

water does not increase the bilayer thickness (d,), indicating an excess water phase
10, 23].

Structural dimensions of lipid bilayers

Lipid | Temperature (K) | Ay (A%) [ d, (A) | Dg (A) | D¢ (A) | Dyg (A) | Dy (A)
DPPC 323 64 67 28.5 28.5 38.3 28.5
DMPC 303 60.6 62.6 36.3 25.4 35.3 36.9*
DOPC 303 72.5 63.1 35.9 27.1 36.9 27.2
DLPE 308 51.2 45.8 35.4 25.8 35.6 10.4

Table 1.3: Structural dimensions of lipid bilayers in the L, phase. Parameters were
calculated from analysis of x-ray scattering length density curves [10, 22]. Dy, values
reported are calculated by subtracting Dp from d, according to [24]. DMPC param-
eters were taken from [10] with the exception of the water thickness (Dy ) which was
taken from [22] for consistency. Note that DLPE is a short chain saturated lipid
(12:0).

Fluid phase lipid bilayers are very dynamic. We classify lipid dynamics as single-
lipid motions or collective motions. Single lipid dynamics may include rotations,
vibrations or diffusions, where collective motions may consist of long-range undu-
lations or coherent fluctuations [2]. Collective lipid bilayer dynamics are driven by
thermal motions, and cover lengthscales from pm to A [25]. Collective lipid fluc-
tuations may also influence membrane properties such as permeability or elasticity
[25, 26]. Coherent collective fluctuations create waves in the bilayer which can be
characterized as phonons. We describe how the energy of these phonons changes
with a reciprocal lengthscale (gq) in a dispersion curve. An example dispersion curve

for collective lipid tail fluctuations is shown in figure 1.10a. This exhibits a linear
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Figure 1.9: Lipid bilayer structural parameters.

region at very small g corresponding to long wavelength excitations such as sound
waves and a minima at the tail-tail spacing. This demonstrates that the lipid tails
preferentially fluctuate at this characteristic energy. Chen et al. first demonstrated
that DLPC lipid tail fluctuations exist with energies ~1 meV and wavelengths of ~4
A [27]. In-plane lipid tail fluctuations in DMPC occur with energies ~2 meV (Figure
1.10b) [11, 28], fluid phase relaxation times of 9.2 ps and correlation lengths of 20
A [11]. Surface relaxation modes in multilamellar supported bilayers were observed
with relaxation times ~100 ns [18]. These modes occur over a variety of wavelengths
due to motion of the interlamellar water [29]. Analytical undulation eigenmodes for
supported bilayers are shown in Figure 1.11 [30]. Corresponding undulation modes

with relaxation times of ~10 ns are observed in Neutron Spin-Echo experiments [18].
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Figure 1.10: a) A schematic of the dispersion curve for lipid tail dynamics. The
phonon exhibits a linear region at large lengthscales, corresponding to sound waves,
and a trough at the nearest neighbour distance (in this case, that of the lipid tails).
This shape is typical of acoustic phonons.

Figure 1.11: a) Theoretical undulation eigenmodes in multilamellar lipid bilayers [30].
b) Relaxing surface mode in solid supported multilamellar bilayers [29].
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Chapter 2

Macromolecules and Membrane

Properties

While lipid bilayers compose the backbone of the biological membrane, many other
macromolecules participate. The presence of macromolecules in the membrane are
known to influence its properties [31]. It is well known that proteins play a role
in a variety of membrane properties [32], however smaller macromolecules such as
cholesterol and short chain alcohols also influence properties such as elasticity and
permeability [33, 34]. Small changes in bilayer composition can also alter the func-
tion of intrinsic proteins such as ion or water channels [33]. While molecules such as
cholesterol may be incorporated into the bilayer during the preparation process, the
content of short length alcohols can only be controlled in-situ by placing bilayers in
an excess water-alcohol solution or the condensation of water-alcohol solutions from a
surrounding vapour. Ethanol addition from the aqueous phase poses particular chal-
lenges such as enhanced background scattering, absorption and in particular thermal

unbinding, which make examining more complex bilayers difficult.

2.1 Macromolecular impact

Two common macromolecules which are known to influence bilayer properties are

cholesterol and short chain aclohols, such as ethanol.
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2.1.1 Cholesterol

Cholesterol is a vital component in eukaryotic cells [35]. Concentrations of 20 -
50% cholesterol are observed in healthy plasma membrane tissues [36]. A cholesterol
molecule is shown in Figure 2.1a. Cholesterol is composed of a hydrophilic hydroxyl
group and a large hydrophobic region consisting of rigid sterol rings and a fatty acid.
As a result, cholesterol participates primarily in the hydrophobic membrane core. In
the presence of saturated lipids, cholesterol aligns itself with the hydroxyl head near
the lipid headgroups and hydrophobic region in the centre of the bilayer (‘upright’
orientation) [37]. However in the presence of polyunsaturated fatty acids (PUFA),
cholesterol is sequestered horizontally in the bilayer core [38]. In these orientations,
cholesterol is primarily confined to the hydrophobic membrane core. Figure 2.2 shows
a theoretical phase diagram of a DMPC-cholesterol system calculated by coarse grain
molecular dynamics simulation [39]. A new liquid ordered phase (L,) is observed at
high temperatures and cholesterol content. The formation of cholesterol clusters in
the subgel phase (L¢v) is also observed at high cholesterol content. In the gel phase,
cholesterol is known to increase the area per molecule, while in the fluid phase, it
decreases the area per molecule and restricts the passive transport of small molecules
through the bilayer [35]. The observed decrease in permeability in the fluid phase is
due to a reduction in the bilayer free volume in the region surrounding the cholesterol
sterol rings [34]. The reduction in free volume has also been related to reduced in-

plane diffusion observed in DPPC-cholesterol systems [36].

Cholesterol is primarily known for its effect on membrane stiffness. In its upright
orientation, cholesterol increases the order of the lipid hydrocarbon chains, straight-
ening them along the bilayer normal and increasing bilayer thickness [32, 40]. Lipid
tail straightening causes increases in the bending (K¢) and compression moduli (K 4)
which describe the elasticity of the bilayer [40, 41]. Chen et. al reported a 30% in-
crease in the bending modulus of DOPC monolayers with the addition of 30% choles-
terol [37]. Micropipet vesicle compression has also demonstrated a 3-4 fold increase
in the compression modulus in SOPC bilayers with the addition of 50% cholesterol.
Bending and compression moduli for pure DMPC bilayers at 303 K were reported
as Ko = 6.1 x 1072° J and K4 = 2 x 10" J/m? [18]. In general bilayer bending

moduli are on the order of 10kgT [8]. Vesicle fluctuation and pipet pressurization
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Figure 2.1: Chemical structure and orientation of cholesterol in the bilayer. a) depicts
the small hydrophilic and large hydrophobic regions. b) and ¢) demonstrate the
upright and flat cholesterol orientations. The orientation in b) is adopted in the
presence of a critical concentration of unsaturated lipid tails [38].
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Figure 2.2: Phase diagram of DMPC-Cholesterol bilayers with temperature deter-
mined by molecular dynamics simulations. Lipid tails are depicted in light blue,
headgroups in dark blue, cholesterol hydrophilic group in yellow and hydrophobic
region in red. Background colours represent the different phases and the broadness
of the phase transitions. The three primary lamellar phases are shown as well as the
subgel (L¢) and a new cholesterol-ordered phase (L,) [39].
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experiments of DMPC demonstrate 2-5 fold increase in K¢ and 2.5 fold increase in
K4 at 30% molar cholesterol [39]. Cholesterol is also speculated to be involved in the
formation of cholesterol rich domains in the bilayer known as lipid rafts, which are
believed to act as microenvironments for integral proteins and other large molecules

[40].

2.1.2 Ethanol

Ethanol is a short-chain alcohol with a hydroxyl group and two-carbon hydrophobic
hydrocarbon chain. Ethanol preferably Hydrogen bonds to hydrophilic phosphates in
the headgroups of phospholipid bilayers. The carbon chain is slightly hydrophobic,
which allows ethanol to also pass through the membrane core with timescales of ~200
ns [33]. However, the free energy of ethanol increases exponentially as it approaches
the membrane core so it is 1000 times more likely to find ethanol at the lipid-water
interface [42]. The free energy of ethanol in the vicinity of the phosphate group
is equivalent to its free energy in water [42]. Ethanol penetrates deeper into the
bilayer than water and aggregates near the depth of the glycerol group [33, 42].
Ethanol Hydrogen bonds with the ester oxygens in the phosphate or carbonyl (double
bonded C-O) groups with its hydrocarbon chain intercalated among the lipid tails
[43]. Figure 2.3a shows x-ray scattering length density profiles for water, ethanol
and the lipid phosphate and carbonyl group, which indicate relative concentrations
at a particular bilayer depth z. The ethanol concentration maximum occurs 17.5
A from the bilayer core, which lies between the phosphate and carbonyl groups.
Figure 2.3b demonstrates two possible ethanol-lipid bonding configuratons. Only
1 in 7 ethanol molecules is not bound in this fashion. Bonding lifetimes are on
the order of 1 ns, which is much longer than the picosecond dynamics exhibited by
lipid tails. Bonding times at the hydrophobic-hydrophilic interface are also found
to be longer than those nearer the water layer. Unlike cholesterol, ethanol prefers
the aqueous phase so it is not permanently bound to the bilayer. Ethanol is known
to influence membrane properties. The presence of ethanol alters lipid headgroup
ordering. This effect is indicated by increases in the area per lipid (Az) by ~6%
for one and ~18% for two ethanol molecules per lipid [43]. The increase in area

per lipid also results in an increase in lipid tail disorder [33, 42, 43]. However the
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Figure 2.3: a) Density profiles for ethanol and intra-lipid chemical groups as a function
of distance from the bilayer core. Perpendicular (z) distance is shown on the x-axis,
where x = 0 represents the bilayer centre. Note how ethanol resides between the
phosphate and carbonyl groups [42]. b) A schematic of the position of ethanol relative
to a lipid (DPPC). Ethanol is shown in blue.
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Figure 2.4: Lipid orientation when bound to ethanol. The outline of three lipids are
shown with the position of ethanol grayed out.

molecular packing near the glycerol group of ethanol-bound lipids is tightest [43].
An increase in bilayer fluidity and disorder is also observed, particularly in lipids
not bound to ethanol [33]. The lipid phosphate and choline groups, as well as the
lipid centre of mass for ethanol-bound lipids were found to be shifted 2 A closer to
the bilayer core, which is indicative of ethanol-bound headgroup ordering shown in
Figure 2.4. Ethanol is also known to increase the fluid lamellar to inverse-hexagonal
(Lo — Hj) phase transition temperature [43] and to decrease the gel to fluid (Lg
— L,) phase transition temperature [44]. The surface tension of the bilayer is also
reduced in the presence of ethanol [44|. Ethanol is known primarily for enhancing
bilayer permeability, however the mechanism behind this effect is unknown [33, 44, 45].
Active transport of ions or molecules through the membrane is often performed by
integral proteins such as water or ion channels. Passive trans-membrane transport
of small molecules such as water is traditionally described by the solubility diffusion

model [26]. The solubility diffusion model treats the membrane as a thin hydrophobic
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barrier in an aqueous environment. Particles crossing the membrane must dissolve
in the hydrophobic region, diffuse across it, and redissolve in the opposite aqueous
environment [26]. Permeability coefficients are described by the solubility diffusion
model as P = %, where K is the rate at which particles are incorporated into the
bilayer (the partition constant), D,, is the diffusion constant of the permeant in the
bilayer core and D¢ is the core thickness [46]. However this model does not account for
permeant size, and significant deviations from predicted permeability coefficients have
been observed [46]. Increasing evidence suggests that bilayer thermal fluctuations may
also contribute to passive permeability [26, 47, 48]. Partitioning in the bilayer may
be achieved by the formation of transient pore defects in the bilayer [26]. Trauble
also proposed that lipid tail fluctuations may play a role in diffusion throught the
bilayer core. Thermal motion of lipid tails results in the formation of kinks in the tail
structure which create small transient voids. The diffusion of these voids through the
hydrophobic bilayer core may lead to transport [47]. Figure 2.5a and b depict transient
pore formation by density fluctuations and lipid tail voids respectively. Fluctuating
pores are thought to be the dominant mechanism for passive transport of ions through
thin membranes, however, the mechanism of passage of neutral molecules is still not
well understood [26]. Ethanol permeability coefficients for SOPC bilayers have been
reported as 3.8 x 107° cm/s and are larger than other alcohols [44]. The permeation
of calcein dye through DPPC vesicles with 25% cholesterol in a 1.0 M ethanol solution
was found to be 8 times faster than in pure vesicles in water [45]. The increase in
area per lipid is believed to increase permeability by simplifying partitioning into the
membrane core [33, 46]. Ethanol is also reported to decrease the thermal activation

energy of water permeation through the bilayer headgroup region, facilitating access

to the membrane core [49].

2.2 Thermal Unbinding

While cholesterol can be incorporated directly into a lipid bilayer, the effects of ethanol
on lipid bilayers may only be observed in situ. As a result ethanol must be added to
the bilayer from the liquid or vapour phase. Lipid bilayer preparation in excess solu-

tion present particular difficulties. Bilayers in solution decay over time and at high
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Figure 2.5: The formation of transient pore defects in the headgroup region by lateral
density fluctuations is shown in a). b) depicts the transport of small molecules by
means of voids in the lipid tails formed by thermal disorder.
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temperatures due to thermal unbinding. Thermal unbinding describes the sponta-
neous decay of a solid supported multilamellar membrane stacks in excess solution to
a single solid supported bilayer. This decay is characterized by a gradual decay with
increasing temperature and a transition to a single bilayer at temperature T, [50].
This transition temperature is dependent on lipid type and rate of heating, but is
independent of substrate type [50]. The rate of unbinding is also inversely dependent
on the number of layers N or bilayer thickness d, in multilamellar membranes [50]. A
theoretical analysis of the undulations in two-bilayer systems suggests a continuous
transition from a stacked system to free membranes in solution [51, 52]. Figure 2.6
shows x-ray reflectivity curves for multilamellar POPC bilayers at different temper-
atures [52]. The reciprocal perpendicular lengthscale q, is shown on the horizontal
axis. The repeating peak structure represents the Bragg periodicity of the stacked
system, and the intensity and width of these peaks is indicative of the perpendicular
order. The intensity decrease observed particularly in the rightmost peaks indicates
gradual increase in disorder. The curve at T, = 80°C describes a single bilayer on
the substrate and demonstrates a discontinuous transition [52]. The transition to a
single-bilayer was observed at T,, = 95°C in solid supported multilamellar DMPC [52].
Confocal fluorescence and polarized optical microscropy suggest the unbinding pro-
cess shown in Figure 2.7. Below the transition temperature, multilamellar ‘blisters’
initially form on the surface of the bilayer stack (Figure 2.7a and b). These blisters
grow with increasing temperature to form multilamellar vesicles which eventually de-
tatch from the surface. Polarized optical microscopy reveals that these multilamellar
vesicles remain partially tethered to the bilayer stack (Figure 2.7¢) [50]. Other un-
binding catalysts have been observed, such as the addition of pentanol, a 5 carbon
alcohol, to excess water surrounding a multilamellar DMPC stack, which caused de-
cay within one hour [50]. Thermal unbinding presented a challenge for the neutron
ethanol experiments. To counteract this we added 2% polyethyleneglycol (PEG) to
the 5% ethanol/water solution. The PEG in solution exherts an osmotic pressure on
the surface of the membrane stack which inhibits unbinding [53]. Osmotic pressure is
produced by the differential in the concentration of PEG between the stacked bilay-
ers and in the excess water solution. The presence of an osmotic pressure leads to a

decrease in the bilayer spacing d,. X-ray reflectivity investigations of 12-layer DMPC
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Figure 2.6: X-ray reflectivity curves for solid supported multilamellar POPC im-
mersed in excess water at different temperatures are shown. A vertical shift has been
applied for simplicity. The intensity of the three Bragg peaks decreases gradually
with temperature followed by a dramatic transition at T,, = 80°C. The 80°C curve is
indicative of a single bilayer remaining on the substrate [52].
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Figure 2.7: Schematic of the process of thermal unbinding as observed by optical and
confocal microscopy. The multilamellar bilayer stack initially forms ‘blisters’ (a) and
b) on the surface. These blisters grow with temperature to form multilamellar vesi-
cles which eventually detatch from the membrane surface. Detached vesicles remain
attached to the bilayer stack by a tether as shown in c¢) [50].
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bilayers immersed in free PEG solution demonstrated a decrease in d, of ~7 A [53].
Reflectivities of bilayers immersed in PEG and pure water solutions were measured
simultaneously over a period of 8.5 h at 43°C. Samples immersed in PEG retained all
12 layers for the duration of the experiment, while water-immersed samples demon-
strated unbinding behaviour [53]. PEG is also known not to participate in thin films
of multilamellar DMPC except to increase the time to achieve critical film thickness,
which is consistent with a surrounding osmotic pressure. This effect increases with

PEG concentration and molecular weight [54].
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Chapter 3
Sample Preparation

Many lipid systems are employed to model lipid bilayers including vesicles, tethered
vesicles, free suspended bilayers, tethered bilayers and solid supported bilayers [55].
Highly oriented solid supported bilayers provide advantages over vesicles and other
model systems. Solid supported lipid bilayers are more robust than free bilayers sus-
pended over a trough, and allow in-plane and perpendicular structure and dynamics
to be distinguished. Supported bilayers also allow the application of surface-sensitive
techniques such as ellipsometry, Fourier transform infrared spectroscopy and neutron

and x-ray reflectivity [56].

3.1 Solid Supported Bilayers

Solid supported bilayers are commonly prepared by two methods: the Langmuir-
Blodgett technique and vesicle spreading. The Langmuir-Blodgett technique involves
the transfer of a lipid monolayer floated on a water layer onto the substrate, followed
by dipping this same substrate onto another floated monolayer as shown in Figure
3.1a). However, the complexity of the thermodynamics and kinetics of the transfer
processes involved in this technique make it challenging for phospholipids [58]. In
addition, the preparation of multilamellar solid supported bilayers with this technique
is difficult. Alternatively the vesicle spreading technique may result in both single
and highly oriented multilamellar solid supported bilayers. Vesicle spreading (or

vesicle fusion) involves suspending lipids in an aqueous solution, and spreading this
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Vesicle

i

Figure 3.1: The Langmuir-Blodgett technique is shown in a). Lipid monolayers are
floated on a water layer and an attractive substrate is drawn through them, adhering
the bottom leaflet of a bilayer to the substrate. The top leaflet is attached by dip-
ping the substrate in another floated monolayer. b) Demonstrates the basic vesicle
spreading technique. Vesicles suspended in solution adhere to a hydrophilic substrate,
spread out and eventually rupture to form a highly oriented bilayer. (For more detail
see Figure 3.2 and [57)).
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over an attractive substrate. The process of bilayer deposition by vesicle spreading
is shown in Figure 3.2 [57]. Disolved lipids self-assemble into Giant Multilamellar
Vesicles (GMVs). To obtain single bilayers, Single Unilamellar Vesicles (SUVs) must
be produced either by extruding GMVs through porous membranes at high pressure,
or sonicating the GMV solution [59]. The lipid solution is deposited on a hydrophilic
substrate, which attracts the vesicle headgroups. The vesicles begin to elongate as
more headgroups are adsorbed on the substrate, until the bilayer curvature becomes
too great, and the vesicles either rupture, or fuse with other nearby vesicles. Ruptured
vesicles continue to spread until uniform bilayers are formed on the substrate after
25 - 30 minutes [60].

3.2 Single Solid Supported Bilayers

Single solid supported bilayers have been demonstrated to retain the thermodynamic
and structural characteristics of a free bilayer, and are an ideal model system for
biological membranes. [56, 59]. The preparation of single solid supported bilayers by
vesicle spreading results in bilayers separated from the substrate by 10 - 20 A water
cushions such as in Figure 3.3. The formation of this water layer depends on the
smoothness of the substrate. Common substrates include borosilicate glass, mica and
oxidized Silicon [59]. Silicon was selected for all experiments due to the availability

of high quality polished and oriented substrates from the semiconductor industry.

3.2.1 Diffusion Experiment Sample Preparation

Single solid supported DMPC bilayers were prepared on double-side polished Silicon
wafers for the neutron diffusion experiments. 100 50 mm Silicon (100) wafers obtained
from Montoco Silicon Technologies were immersed in 30% HyOs, 70% HySO4 (viv)
acid solution and heated at 383 K for 30 minutes. The surfaces of the Silicon wafers
are protected by an oxide layer. This acid solution (called a piranha solution) re-
moves all organic contaminants and binds more hydroxyl groups to the wafer surface,
rendering the surface more hydrophilic without changing the surface topography [61].
Hydrophilic wafers were carefully rinsed in Milli-QQ ultrapure water (18.2 MQ-cm at

298 K) to remove leftover acid. Rinsing was performed by circulating water over the
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Figure 3.2: Pathways to bilayer formation by vesicle rupture and fusion as described
by Hamai et al. [57].

34



M.Sc. Thesis - M. D. Kaye McMaster University - Physics and Astronomy

® Bulk Water
o

A
; E& Lipid Bilayer
~40 A
N
»
® 5 p @

Water Layer
10-20 A

»
®
»

v

Ll

Y

| Solid Support |

Figure 3.3: Schematic of a solid supported bilayer depicting the presence of a 10-20
A water layer.

wafers and repeated with fresh water. Wafers were stored under ultrapure water until
lipid deposition to limit contamination. A 200 mL buffer solution of 5x10™3mol/L
HEPES, 5x10~%mol /L MgCl, and 100x 1072 KCl1 was prepared and heated to 328 K.
DMPC obtained from Avanti Polar Lipids was added to the buffer at a concentration
of 1.5 mg/mL. The lipid solution was sonicated for 15 hours at 328 K to produce small
unilamellar vesicles. The cleaned wafers were immersed in this lipid solution for 1
hour at 328 K. This temperature (328 K) was chosen to be high enough to ensure
bilayers were in the fluid (L,) phase, yet low enough to prevent thermal decomposi-
tion. Wafers were then removed from the lipid solution and thoroughly rinsed with
~2 L ultrapure water to remove any vesciles remaining on the bilayer surface. Rinsed
wafers were annealed for 72 h at 328 K. The resulting bilayers were rehydrated with
D50 during the experiment.

3.2.2 Sample Environment for Diffusion Experiments

Annealed wafers were stacked in an Aluminium sample can as shown in Figure 3.4.
No spacers were used between the wafers in the stack, however surface roughness and

sample irregularities lead to pum scale wafer separations. The sample can cavity was
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51.2 mm in diameter and 39.25 mm deep, which enforced a tight wafer stack. A
ring of Indium wire was used to create a vacuum seal between the cover flange and
the container flange. Indium is an ideal vacuum seal because it can adhere strongly
(‘cold weld’) to various materials under pressure at room temperature. Indium also
remains malleable at temperatures well below room temperature which allows it to
accomodate any differences in thermal expansion of the sealed container. The flanges
on the cover and container top were threaded for twelve screws to ensure the even
pressure distribution required for a strong seal [62]. Aluminium spacers were employed
to separate the stacked wafers from a round piece of filter paper placed on top of
the wafer stack. The DyO used for rehydration was absorbed by this filter paper
before sealing the Aluminium can. In thermal equilibrium, a relative humidity of
100% developed inside the sample can which lead to full hydration of the bilayers.
Neutron absorbing Cadmium and Borated Aluminium shields were employed to shield
the parts of the sample can not containing sample. An unshielded area of 2.5 cm
was sufficient such that neutrons scattering from any part of the sample could be
detected, but scattering from other parts of the sample environment were minimized.
An identical Aluminium sample can was prepared along with two cylindrical Silicon
blocks (diameter 50 mm, similar to the wafers). These blocks were placed inside the
second sample can and used as a lipid-free control sample. Wafer separation was
much larger than the wavelength (~6 A) of incident radiation, which allows wafer
stack intereference effects to be discounted. As a result similarly sized silicon blocks
were an effective a control. Wafers are also separated purely by lipids and water, so
any signal arising from scattering in these areas was not considered background. A
liquid Helium cryostat was employed to maintain a temperature tolerance of 1.0 K
with a temperature range from 4 K to 300 K, however only temperatures between
240 K and 303 K were employed in this experiment. The cryostat flange (brown)
was attached directly to the top of the sample can to ensure an even temperature

distribution.
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Figure 3.4: The bare Aluminium sample cell used in the single bilayer experiments
is shown in a). Experimental setup of the sample can is depicted in b). The wafers
were tightly stacked in the can cavity and separated from the hydrated filter paper
by Aluminium spacers. No spacers were used between the individual wafers in the
stack, however sample and substrate irregularities allowed hydration water to diffuse
between wafers. The Aluminium can was sealed with Indium, attached to a cryostat
and placed inside a larger Aluminium sample environment can. The areas of the sam-
ple can not containing sample were shielded with Cadmium and borated Aluminium
as shown.
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Figure 3.5: Two sections of membrane with different vertical orientations are shown.
The angle 6 between the bilayer normals represents the difference in their orientations.
The average angle for an entire solid supported bilayer is its mosaicity.
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a)

Figure 3.6: Silicon wafer container is shown in a). The blue material is the adhesive
plastic layer. b) Demonstrates the removal procedure which minimizes contact with
the adhesive.

3.3 Multilamellar Solid Supported Bilayers

Multilamellar solid supported bilayers prepared with vesicle spreading are highly ori-
ented. The average of the distribution of the bilayer normal vector called the mosaicity
(see Figure 3.5) is reported on the order of 0.01° [63]. Highly oriented multilamellar
solid supported bilayers were prepared by vesicle spreading for the x-ray and neutron
ethanol experiments. The preparation of x-ray samples is described below. The neu-
tron ethanol samples were prepared similarly by employing the ultrasonic preparation

on 2”7 Silicon wafers, which is discussed in detail in chapter 7.

3.3.1 Wafer Preparation

Highly oriented multilamellar solid supported bilayers were prepared on single-side
polished Silicon wafers. Pre-cut 100 mm diameter, 300 pm thick Silicon (100) disks
obtained from SilChem were pre-cut into 1 x 1 cm? wafers. Disks were delivered on
an adhesive plastic layer with the polished side up as seen in Figure 3.6. Care was
taken to remove the wafers from the adhesive layer without adhesive contamination.
All wafers were inspected for adhesive residue before use. Wafers were isolated by
pushing upwards on the plastic under the wafer and removed with plastic tweezers
to prevent scratching the wafer surface (Figure 3.6b). All tweezers were cleaned with

methanol and dried in nitrogen before use.
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Lipids must be dissolved in a solvent for deposition on the wafers, however lipid
solubility varies with lipid type as shown in Table 3.1 [63]. These solvents differ in
their hydrophobicity, so wafers were prepared differently to allow the lipid solution

to spread.
Lipid Solubility
Solvent DLPC | DMPC | DOPC | DPPC | DMPE
2-propanol Y Y Y Y -
2,2,2-trifluoroethanol (TFE) Y Y - Y N
chloroform Y Y - Y Y
1:1 chloroform /methanol - Y - - -
1:1 TFE/ethanol - Y - - -

Table 3.1: Solubility of different lipids in different organic solvents. ‘Y’ indicates
soluble and ‘N’ indicates not soluble. Table adapted from [63].

3.3.2 Ultrasonic Preparation

Before removing the wafers from the adhesive layer, a bath sonicator was heated to
313 K, and the water degassed for 5 minutes. Wafers were then placed in beakers of
methanol such that they were completely submerged, but did not overlap. The wafers
in the beaker were submerged in the bath sonicator and sonicated for 10 minutes. The
wafers were then moved to a beaker of ultrapure water (resistivity 18.2 M{Q-cm at
298 K) and sonicated for an additional 10 minutes. This process was repeated for
a total of two 10 minute water and methanol sonications each. The final sonication
was conducted in methanol. Wafers were then rinsed thoroughly with methanol and
allowed to dry before lipid deposition. This cleaning method provides a slightly
hydrophobic surface.

3.3.3 APTES Preparation

For the x-ray experiments, we found that untreated and ultrasonically prepared pre-
cut wafers wafers did not allow proper lipid solution spreading. Chloroform/2,2,2-
trifluoroethanol (TFE) (1:1) solutions containing DMPC dewetted in less than 30 min-

utes, preventing uniform bilayer formation. This was potentially a result adhesive con-
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tamination of the wafer surface. As aresult, a monolayer of 3-Aminopropyltriethyloxysilane
(APTES) was applied to each wafer to ensure a uniform surface for lipid deposition.
Figure 3.7 shows reflectivity curves for an untreated (blue) and APTES prepared
(red) wafers. Interference fringes due to the presence of a thin APTES film are ob-
served in the red curve. The chemical structure of APTES is shown in Figure 3.8a.
When in contact with the wafer surface, the APTES ethoxy group is exchanged with
hydroxyl groups on the surface. These hydroxyl groups bond with other surface hy-
droxyl groups, producing structures shown in Figure 3.8b. Note that the cross-links
shown in Figure 3.8b form only after exposures longer than 2 hours. After annealing
the wafers for 12 hours at 388 K the APTES layer is covalently bonded to the wafer
surface and may have polimerized (Figure 3.8c) [64]. This process is known as silaniza-
tion. The amine (NHy) group is generally found farther from the surface [65]. The
nitrogen in the amine group has a greater electronegativity (3.04) than its Hydrogens
(2.20), giving the Hydrogens a partial positive charge. This allows the Hydrogens to
Hydrogen bond with surrounding fluid, and makes the surface more hydrophilic. In
this way the APTES monolayer produces a surface of medium hydrophobicity with

water advancing and receding contact angles of 50° and 45° respectively [64].

A piranha acid solution was prepared with 98% concentrated HySO4 and 30%
concentrated H,O, at a ratio of 3:1 by volume. 70% H,O, was diluted and added
first to avoid dangerous exothermic reactions. 20 mlL was sufficient to clean 10 1
x 1 cm? wafers simultaneously. Wafers were placed in this solution, covered with
parafilm and heated to 298 K for at least 30 minutes. A 1% solution of APTES and
99% ethanol was prepared. A 1 mL syringe was filled with 0.2 mL of dry nitrogen.
This nitrogen was ejected into 99% APTES purchased from Sigma-Aldrich, and 0.2
mL of APTES is drawn into the syringe. This syringe is then submerged in 19.8 mL
of ethanol before ejecting the APTES. This 20 mL. APTES solution is sufficient to
cover 10 wafers in an APTES monolayer. A separate pair of clean plastic tweezers
were used to immerse the wafers in the APTES solution. The APTES solution was
covered with parafilm, heated to 298 K and placed on the tilting incubator (20 speed,
3 tilt) for 12-24 hours (see Figure 3.9). The tilting incubator creates a circular flow in
the beaker to ensure an even APTES distribution and prevent buildup on the surface

of the wafers. The wafers were then placed in a clean pyrex dish and annealed in
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Figure 3.7: Reflectivity curves of a clean wafer (blue) and a wafer coated in APTES
(red).

a vacuum at 388 K for 3 hours. Annealed wafers were rinsed in methanol, covered
in parafilm and stored under methanol if not used immediately. At this point the
APTES layer on the wafer surface should appear as in Figure 3.8c and the wafers are

ready for lipid deposition.

Thorough rinsing was performed after removal of the wafers from both the acid and
APTES solutions. Each wafer was removed from the acid (APTES) using ethanol
(methanol) cleaned plastic tweezers and rinsed three times each with 20-50 mL of
ultrapure water and ethanol (methanol). After APTES deposition an additional
rinsing was performed using a methanol filter and new methanol to avoid any possible

contaminants in the spray bottle.

We found that for DMPC disolved in 1:1 chloroform:trifluoroethanol the hy-
drophilic substrate provided by the APTES preparation demonstrated optimal solvent

spreading.
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Figure 3.8: a) Chemical structure of APTES. The ethoxyl group is shown in red
and exchanged with hydroxyl groups on the wafer surface. b) APTES structures
after deposition on Silicon-oxide surface. ¢) APTES structures after annealing for 12
hours.

Figure 3.9: The VWR tilting incubator is shown here with wafers in APTES. The rate
and angle of tilt can be controlled, as well as the temperature inside the enclosure.
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3.3.4 Lipid Deposition

DMPC was purchased from Avanti Polar Lipids. 15-30 mg of DMPC was weighed
and disolved in 1-2 mL 2,2,2-trifluoroethanol (TFE):chloroform (1:1 by volume) with
final concentration 15 mg/mL. This lipid solution was mixed with the analog vortex
mixer before use. If the lipid solution was not used immediately it was stored at 277
K and re-vortexed before use. The tilting incubator was heated to 313 K and the lipid
solution was placed inside to equilibrate. Labelled plastic petri dishes and methanol-
cleaned metal pedestals were also placed inside the incubator. Metal pedestals were
placed inside each petri dish, and the tilting incubator was started at tilt 1, speed
15. The pedestals helped to prevent wicking of lipid solution to the wafer underside.
Cleaned wafers were individually selected for deposition with plastic tweezers or teflon
tweezers wrapped in Aluminium foil. The selected wafer was rinsed in methanol
and carefully dried with compressed nitrogen. The wafer was also dabbed on the
unpolished side with Kimtech precision wipes to prevent future wicking of the lipid
solution onto the bottom of the wafer (see Figure 3.10a). The wafer was then placed on
the metal pedestal in a petri dish on the tilting incubator, and the petri dish covered.
The solution was removed from the osillator and a 50 pL pipette was prepared by
placing the pipette tip near the surface of the lipid solution and ejecting rapidly ~10
times. This provides a positive vapour pressure in the pipette tip preventing pressure
mismatches during pipetting, which cause solution leakage. 50 pL of lipid solution
was carefully pipetted onto the wafer, and the petri dish covered. After all wafers
were deposited, they were tilted for at least 30 minutes or until the lipid solution had
evaporated. The petri dishes with pedestals and wafers were placed in the vacuum

oven at 313 K for 12-24 hours to remove any trace of solvent.

3.3.5 Hydration

Annealed bilayers were rehydrated before use. Annealed wafers placed in petri dishes
and a beaker of saturated K,SO, solution were placed and sealed in a glass hydration
container with parafilm. The hydration container was allowed to equilibrate at 293
K in an incubator. The temperature of the incubator was increased as gradually as
possible from 293 K to 303 K over a period of at least 3 hours. During this time the

evaporating KoSO, solution created an environment with relative humidity between
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Figure 3.10: After cleaning with methanol, wafers were dried in nitrogen and their
unpolished sides dabbed to remove methanol on the wafer underside (a). Pipetting
technique is shown in b). The tilting incubator was tilting the wafers constantly
during this process, so great care was taken to steady the pipette and deposit the
solution in the centre of the wafer.

97 and 98% [66]. Table 3.2 illustrates the relative humidity change with temperature
in saturated salt solutions. Altering temperature or relative humidity (by changing
salts) too quickly produced bilayers with irregular spheres on the surface as shown
in Figure 3.11a. Separate hydration steps with KCl (85 - 83% relative humidity)
from 293 K to 303 K followed by KySO, (98 - 97% relative humidity) from 293 K
to 303 K also produced the spherical defects. The only solution was to increase the
temperature as slowly as possible at a relatively constant humidity. Any hydration

faster than 3 hours produced defects as well.

3.3.6 Sample Environment for X-ray Experiments

Hydrated samples were placed on the Aluminium pillar at the centre of the vapour
chamber shown in Figure 3.12 for examination with x-rays. The 51.18 mm diameter

2 square and 2 inch diameter

central pillar may accomodate 1 x 1 cm?, 2 x 2 cm
circular sample sizes. The trough shown in blue is 7.76 mm deep and 11.21 mm wide
with total volume 31.0 mL and was used to hydrate the bilayers from the vapour

phase during the experiment. 5 mL ultrapure water and water-ethanol mixtures were
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Salt Solution Relative Humidity (RH%)
Temperature (°C) KCl KsSOy4
0 88.61 £ 0.53 | 98.77 £ 1.1
5 87.67 £ 0.45 | 98.48 £ 0.91
10 86.77 £ 0.39 | 98.18 £ 0.76
15 85.92 + 0.33 | 97.89 £ 0.63
20 85.11 £ 0.29 | 97.59 £ 0.53
25 84.34 £ 0.26 | 97.30 £ 0.45
30 83.62 £ 0.25 | 97.00 £ 0.40
35 82.95 £ 0.25 | 96.71 £ 0.38
40 82.32 £ 0.25 | 96.41 £ 0.38
45 81.74 £ 0.28 | 96.12 £ 0.40
45 81.20 £ 0.31 | 95.82 £ 0.45

Table 3.2: Relative humidities of saturated salt solutions at temperatures between
0°C and 50°C [66].

sufficient to maintain hydration for 18 hour scans. Double layer 13 pm thick Kapton
windows are shown in yellow. Kapton is a polyimide (PI) which is nearly transparent
to x-rays and experiences minimal radiation damage. These windows maintain vapour

pressure while allowing x-rays through the chamber.
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Figure 3.11: Optical microscope image of multilamellar DMPC sample. Bubble struc-
tures produced by fast hydration are shown in red.
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X-Rays

Figure 3.12: Schematic of x-ray vapour chamber. The solution is placed in the trough
(in blue) surrounding the central pillar on which the sample (in black) is mounted.
We are able to maintain a pressurized environment by using carefully placed Kapton
windows (yellow), which are nearly transparent to x-rays.
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Chapter 4
Scattering

Scattering techniques are ideal for the study of lipid bilayers. Radiation such as
neutrons or x-rays provide non-invasive, non-destructive probes of bilayer structure
and dynamics from mesoscopic to microscopic lengthscales. Figure 4.1 illustrates the
range of biological dynamics accessible to scattering techniques. Scattering techniques
allow the energy and momentum transfer between incident radiation and lipid bilayer
samples to be observed. This information is interpreted with scattering theory to

obtain information about the structure and dynamics of the bilayer.

4.1 Scattering Theory

The wavelength of the incident and scattered radiation describes the wavevectors
k; and k; where k = 27“ The wavevector is related to the radiation momentum by
p = hk. The energy of the radiation can be defined in terms of incident and scattered

wavevectors according to:

h2k?
E article — 4.1
particl ™M ( )
h
Bave = £ = hike (4.2)

A

where Epgticie and Eqqe represent the energy of particle (neutron) and wave (x-ray)

radiation respectively. The energy exchange between the radiation and the sample
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Figure 4.1: Accessible range and timescales of various scattering techniques includ-
ing neutron, light and x-ray scattering. The dashed rectangle indicates the range
accessible by current high performance computer simulations [3].
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Figure 4.2: The scattering triangle with k;, k; and q.

is called the energy transfer hw and is defined by the difference in magnitude of the
wavevectors according to equations 4.1 and 4.2. For zero and nonzero energy transfer,
radiation undergoes elastic and inelastic scattering respectively. To produce elastic

scattering, k; must equal ky, where the wavevectors are described by Braggs law:

2dsing = A, (4.3)

where d is the lattice spacing perpendicular to the surface and 6 is the angle be-
tween the surface normal and the incident radiation. We define the scattering vec-
tor or momentum transfer as the vector difference between the initial and scattered

wavevectors.

q=k;—k; (4.4)

The scattering triangle is formed by k;, k¢ and g as shown in Figure 4.2.

The reciprocal space of a regular bravais lattice is defined as the set of all wavevec-
tors k which lead to constructive interference when scattered from a this lattice. Each
point on the reciprocal lattice defined by reciprocal lattice vectors h, k, and [ corre-
sponds to a wavelength where elastic scattering may occur. The magnitude of the
scattering vector can also be defined by the scattering triangle and cosine law.
dmsin 27

= (4.5)

Since the scattering vector is a difference of wavevectors, it can also be related to a

lq| =

real-space lengthscale d. The flexibility of many scattering techniques arises from the
ability to change the energy and momentum transfer independently.

The probability that incident radiation will interact with the sample is given by
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Figure 4.3: The differential cross section as defined by the scattering angles (6, ¢),
and area dS a distance r from the scattering centre [67].

the scattering cross section. Scattering cross sections are defined by the scattering
geometry as shown in Figure 4.3. The scattered intensity can be expressed in terms

of the double differential cross section which is the probability of radiation

do?
dQdE;
being scattered per second through a small solid angle df) in the final energy range
dE¢ normalized by the flux of incident radiation. For incident flux ®; and n particles
scattered in d€) and dEy, the double differential cross section, differential cross section

j—g and total cross section o are described as follows:

do? n

= 4.6
dQdE;  ©,d0dE; (4.6)
do r d*o
— = | ——dF 4.
0 / dQE; ! (4.7)

0

4 do

= —dS2 4.
o /0 de (4.8)

The total cross section o is a measure of the total scattering probability which
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is independent of the energy and scattering angle. The number of the scattering
events detected is directly proportional to these cross sections and the incident flux:
Nyetector = Pido = @ij—gdﬁ. A summary of total neutron and x-ray scattering cross
sections is shown in Figure 4.4. The scattered intensity through a cross section is
dependent on the nature of the incident radiation and sample structure. The sample
structure is described by the form factor and structure factor. The geometrical struc-
ture factor of a n-atom crystal lattice denoted by vectors R describes the amplitude

of the Bragg interference structure of the scattered radiation.

S(q) = Z fi(r)eid R (4.9)

The atomic form factor f;(q) is defined as the normalized amplitude of scattering

from within the j** scattering particle or unit cell:

fila) = / p(r)e't”d’r (4.10)

where 7 is the vector describing the displacement of the scattering from the particle
centre of mass, and p(r) is the spatial density of the scatterer about the centre of
mass. For x-rays p(r) describes the density of the electron cloud. We can define the

differential cross section for x-ray scattering from a crystal lattice as follows:

do

. = VP @ IS(a) (.11)

The b%P term is a result of Thompson scattering from a single electron, where b is the
scattering length which describes the strength of the interaction between radiation and
scattering centre, and P is the polarization of the x-ray source. For the unpolarized
beam in an x-ray diffractometer, P = $(1 4 cos0), where 6 is the angle between
the horizontal and scattered beam. The magnitude of the three dimensional x-ray
structure factor is given as |S(q)|> = Nvd(q) where N is the number of unit cells, v

is the volume of the unit cell and the delta function describes the Bragg condition.

For neutrons, the density p(r) is a delta function centered at the nucleus, which
interacts with incident neutrons with experimentally determined scattering length b.

This allows p(7) to be replaced by an effective potential V (r) which is a discrete sum
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Figure 4.4: Comparison of neutron and x-ray cross sections for a selection fo el-
ements. The area of the circles represents the scattering cross section and are to
scale unless otherwise indicated. Neutron cross sections were taken from [67], and
X-ray cross sections were obtained from mass attenuation values in the National
Institute for Standards and Technology (NIST) physical reference data database
(http://www.nist.gov/pml/data/).
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over the scattering lengths of all scattering particles.

r) =2 bid(r— Ry) (4.12)

This potential is weak enough that we neglect all but first order scattering. The
neutron differential cross section may then be defined as the magnitude of the sum

over all these interactions as shown in equation 4.13.

Zbe

do
iq-r V
dQ neutron ‘ /

In its penultimate form, the neutron differential cross section appears as simply the

= bibe BRI (413)
7,k

magnitude of the structure factor with form factor b;. The scattered intensity through
a cross section is therefore oc |S(q)|? for both x-rays and neutrons.

The geometrical structure factor tells us only about elastic processes. To explain
inelastic intensities, the double differential cross section must be developed. The
energy and time distribution of the scattered radiation must be taken into account.
Conservation of energy allows the energies of the scattered radiation to be represented

as a delta function:

6(dEgystem + hw) = ! eI TR ity (4.14)
2rh
—0o0
The time dependence of scattered radiation is taken into account by averaging particle
separations over a time t. Combining these two effects with the differential cross

section for neutrons above produces the double differential cross section.

d20' ) k
= —iq:[Rg(0)—R; (1)]\ Liwt §4 N
deEf neutrons Qk 7-‘-}1 Z b bk / 7 >€ ot N kz S(qa w)neuh‘ons

(4.15)
where S(q,w) is the dynamical structure factor or scattering law for a series of N
scattering centers. A similar development for x-rays leads to the following scattering
law [68].
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d*o k e\’ .
i~ () b plS(@ (4.16)
rray ?

where p, and pg are the initial and final x-ray polarization states respectively.

For neutrons, the scattering law (equation 4.15) is dependent on the scattering
lengths b of the scattering nuclei. The total cross section of a nucleus is given as
o = 47b? corresponding to the surface of a sphere of radius b. However since the
strength of the interaction between neutron and nucleus (given by b) depends on the
nuclear structure of the scattering nuclei, b changes significantly between elements,
isotopes and nuclear spin states. A neutron interacting with a series of nuclei will ex-
perience a range of cross sections depending on the atomic purity of the sample. This
gives rise to coherent and incoherent scattering. To account for this effect, we divide
equation 4.15 into components dependent on coherent and incoherent cross sections
defined in terms of the mean and variance of the scattering lengths: oo, = 47(b)? and
Oine = 4[(b?) — (b)?] as demonstrated in Figure 4.5. Coherent scattering corresponds
to the scattering that would occur if all nuclei had the average scattering length.
Coherent scattering varies strongly with scattering angle (6) and demonstrates con-
structive interference. Incoherent scattering corresponds to the isotropic scattering

from randomly distributed defects and depends only on the number of nuclei N.

We now have four types of scattering: elastic coherent scattering, elastic incoher-
ent scattering, inelastic coherent scattering and inelastic incoherent scattering. Elas-
tic coherent scattering is useful for probing the equilibrium structure, while inelastic
coherent scattering probes collective dynamics. Elastic and inelastic incoherent scat-
tering are related to single-particle structure or dynamics such as diffusion. The term
quasi-elastic is used to describe processes which are not elastic, but do not demon-
strate a well defined frequency. This type of scattering results in primarily incoherent
scattering distributed about w = 0 and is related to single particle dynamics and local
relaxation processes. Figure 4.6 shows a typical excitation spectrum. While relax-
ational processes lead to a quasi-elastic broadening of the central energy resolution,

collective fluctuations lead to inelastic excitations with well defined frequencies.
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Figure 4.5: Coherent and incoherent scattering [8].
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Figure 4.6: A profile of how the different types of scattering appear in the dynamical
structure factor as a function of w.
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4.2 Properties of Neutrons and X-rays

Neutrons and x-rays are ideal probes for soft condensed matter. Table 4.1 contains
a summary of neutron and x-ray properties. Neutrons are uncharged nuclear par-
ticles with mass 1.68 x 10727 kg and spin % Neutron energies vary between eV
to MeV, however a room temperature, or ‘thermal’, neutron travels at ~2200 m/s,
with energies of ~25 meV and wavelengths ~0.2 nm. Due to their uncharged nature,
neutrons penetrate the electron cloud and interact weakly with atomic nuclei. Ther-
mal neutron wavelengths are much larger than the nuclei which leads to isotropic
scattering. Neutrons generally penetrate deeper into materials at lower energies than
other probes, which is advantageous for examining biological materials. The presence
of nuclear spin which interacts with unpaired spins in magnetic materials may ex-
pose magnetic ordering and substructure. Neutrons also survive 885 seconds before
undergoing [ decay, which leaves plenty of time for experimentation. Variability in
the scattering length allows distinction of light elements (such as Hydrogen) in the
presence of heavier elements. Differences in the scattering length between isotopes
allows the distinction of particular signals by selective labelling or contrast matching.
In particular the difference in the coherent scattering cross sections of Hydrogen and

Deuterium (?H, or D) allows labelling structures in biological systems.

X-ray and neutron properties
- X-rays Neutrons
Nature Wave Particle
Mass 0 1.68 x 107%7
Velocity c 2200 m/s (Thermal)
Momentum % mv
Charge — —
Spin — z

Table 4.1: X-ray and neutron properties.

In contrast, x-rays are a form of electromagnetic radiation with wavelengths from
0.01 to 10 nm. X-rays are uncharged, massless, spinless and travel at the speed of light.
X-ray photons also interact with the the electron cloud surrounding the nucleus. As a
result, x-ray scattering cross sections depend on the number of electrons and increase

with atomic number. Increased scattering from larger elements makes observations
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of light elements difficult. Cross section contrast between neighbouring elements is
also small, which makes them difficult to distinguish. X-rays do not interact with the
nucleus or spin states which means all atoms of the same element scatter identically.

As a result, x-rays do not exhibit incoherent scattering.
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Chapter 5

Instrumentation

5.1 Neutron Instrumentation

5.1.1 Neutron Sources

Neutrons may be produced by alpha particle bombardment, deuterium-tritium fu-
sion, electron Bremsstrahlung gamma irradiation, nuclear fission and spallation [67].
However only nuclear fission and spallation yield sufficient neutrons for experimental
scattering [67, 69]. Neutrons produced by fission require a nuclear reactor core and
yield ~1 experimental neutron per fission [67]. Fission depends on the instability
of large nuclei such as Uranium-235. Proton coulomb repulsion competes with the
attractive short range strong nuclear force which keeps nuclei together. The basic

fission reaction for 2*°U is shown in equation 5.1.

Nihermal +20 U — 2fissionfragments + 2.5n ¢, + 180MeV (5.1)

Low energy (~1 meV) neutrons are absorbed by the #**U nucleus which forms the
unstable 230U nucleus. 23U decays into Barium and Krypton fragments and an
average of 2.5 neutrons with energies between 1 and 2 MeV [67, 69]. The rate of
reaction is controlled by raising or lowering neutron absorbing Boron control rods. A
schematic of a nuclear reactor core is shown in Figure 5.1.

A 10 MW reactor produces 8.5 x 10'7 neutrons per second in the entire reactor

volume with energies distributed as in Figure 5.2 [67]. Neutrons produced can be

61



M.Sc. Thesis - M. D. Kaye McMaster University - Physics and Astronomy

Fuel Element

o Neutrons slowed down
Moderator D.0 Beam tube extracts
2 thermal neutrons
x\\_& /

/O

Figure 5.1: A schematic of the nuclear reactor core in the High Flux Reactor at the
Institut Laue Langevin is shown. Neutrons generated by reaction in the core are
slowed down by the moderator before either reacting again, or escaping through a
beam tube [67].

Neutron Classification
cold < 10 meV
thermal 10 - 100 meV A
hot 100 - 500 meV
epithermal | 500 meV - 1 MeV
fast > 1 MeV

Table 5.1: Neutron energy classifications.

classified as in Table 5.1. The fast neutrons produced are too high energy to continue
the chain reaction, so the neutrons are slowed down by repeated collision with a
liquid moderator until they are in equilibrium. Neutron interactions with moderator
molecules such as D,O and H,O involve rotations about the molecular centre of mass,
so small molecules with light atoms such as H or *?H (D) are preferred to reduce the
number of required collisions [69]. For D50, 25 collisions are required before neutrons
equilibrate near 1 meV [69]. Moderated neutrons sustain the chain reaction, and by
allowing some to escape through beam tubes, experimental neutrons are obtained. A

good moderator slows the neutrons quickly, but also provides a peak flux of thermal
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Figure 5.2: Nuclear reactor neutron energy spectrum. Intensities are not drawn to
scale. Neutrons are classified as thermal, epithermal or fast, depending on their
energy as shown in Table 5.1 [67].

neutrons a short distance (thermal diffusion length) from the core, where they are
easily accessible to inserted beam tubes. The thermal diffusion length of thermal
neutrons in DyO is 1 m, where only 10 c¢m is required for moderation, which makes
it an excellent moderator [69]. While modern spallation sources boast two orders of
magnitude more flux, reactor sources provide a broader neutron energy distribution
(particularly more cold neutrons) which provides more experimental flexibility.

A schematic of the High Flux Reactor core at the Institut Laue Langevin is shown
in Figure 5.1. A power of 58 MW is generated from a single fuel element composed
of 93% enriched #**U vanes with a total mass of 8.57 kg. The reactor core is 40 cm in
diameter and is surrounded by a 2.5 m diameter DoO moderator tank which achieves
peak neutron flux 35 cm from the centre of the reactor core [67]. A water tank and
concrete shield surround the core and moderator. Cooling is achieved by cycling DoO
through the fuel vanes and the reaction is controlled by a single central Boron control
rod. This apparatus provides a spectrum of thermal neutrons with peak a peak flux

of 1.5 x 10%° —>-. In addition, multiple localized moderators in the D,O moderator
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Figure 5.3: A schematic of the spallation process. The high energy proton first
causes a rescattering of high energy neutrons, followed by a period of nuclear decay
or ‘evaporation’, where the bulk of the neutrons are emitted at a lower energy along
with photons, neutrinos and other nucleons [67].

tank provide peak neutron flux in the 200 meV (hot), 5 meV (cold) and 8 x 107°
meV (ultracold) range. This reactor houses 16 beam tubes which provide neutrons

to 40 instruments.

Spallation sources produce neutrons by bombarding a heavy metal target with
high energy protons produced by an accelerator. Protons are accelerated to energies
of 10 MeV to 1 Gev, and collided with targets of Uranium, Tantalum, Tungsten,
Lead or Mercury. A schematic of the spallation process is shown in Figure 5.3.
The proton collision produces a cascade of nucleons which ejects neutrons of similar
energy and direction to the incident proton. Nuclei return to the unexcited state by
‘evaporating’ several lower energy neutrons, photons, neutrinos and other nucleons
isotropically [67, 70]. The bulk of neutrons are produced by evaporation with energies
of ~2 MeV for 250 MeV protons [69]. This reaction produces 20 - 30 neutrons per
proton collision and releases 3 times less energy than fission [67, 69]. Reactor sources
produce a continuous flux of neutrons, however with spallation it is possible and
advantageous to produce pulses of neutrons. Pulsed spallation sources may achieve
higher instantenous neutron flux by decreasing the pulse length. Neutron background
is also lower because the source is not producing neutrons the majority of the time

[67, 70]. Thermal neutron fluxes up to 1 x 10" - are produced by moderation
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in H,O baths at ambient temperatures placed in the path of the beam. Accelerated
protons are aggregated in an accumulator ring to form tight bunches, which are
released as pulses microseconds in duration [69]. Figure 5.4a shows the pulse geometry
for the Spallation Neutron Source (SNS) at Oak Ridge National Labs in Oak Ridge
Tennessee.

Neutron energies are determined by measuring their time of flight. An example
instrument layout for a pulsed spallation source is shown in Figure 5.4. Energies are
determined by selecting velocities with choppers (discussed below) based on known
distances and travel times. The pulse frequency is limited such that pulses do not
overlap to allow time of flight measurement. The pulse length defines the flux and
initial energy distribution of the neutrons produced. The pulse frequency determines
minimum neutron velocities. A ratio of pulse length to pulse periodicity of 2 - 3%,
called the duty cycle, is preferred to balance pulse intensity and energy resolution
[69].

The Spallation Neutron Source (SNS) operates at peak power of 1.4 MW. An
overview of the facility is shown in Figure 5.5a. The SNS is the most intense neutron
source in the world and provides a peak neutron flux of 1 x 10'7 —>-. Protons are
created and accelerated from 2.5 MeV to 1 GeV in a linear accelerator. Accelerated
protons are compressed by a factor of 1000 in an accumulator ring and released after
1200 turns for 1 us pulses at a frequency of 60 Hz. This represents a duty cycle of 2%.
The target is a liquid Mercury box surrounded on the top and bottom by ambient
temperature HoO and 20 K Hydrogen moderators which provide thermal and cold
neutrons respectively (Figure 5.5b). The target operates between 60 and 90° C at
2 MW beam power. Target Mercury flows convectively through the 70 x 200 mm
proton beam spot to prevent overheating. This target currently provides neutrons for

12 beamlines and 14 instruments.

5.1.2 Neutron Instruments

The goal of neutron instrumentation is to precisely define the state (energy, momen-
tum, spin, intensity, direction) of the incident neutron beam and to examine the
resulting scattering pattern. Neutron velocities (energies) can be determined by mea-

suring their wavelength (Bragg scattering), determining their time of flight or observ-
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Pulse
~ Tus

Disk Chopper

Figure 5.4: Spallation Neutron Source pulse geometry is shown in a). Different colours
represent neutrons of different velocities. The SNS operates at a duty cycle of 2% with
pulses of 1 us every 1.7 ms. b) depicts a typical pulsed source instrument. Neutron
energy is selected by disk choppers. By changing the velocity and relative phase of
these choppers, the velocity of incoming neutrons can be precisely defined. The pulse
width defined by a chopper depends on its angular aperture size § and the aperture
size of the beam opening .
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Figure 5.5: An overview of the Spallation Neutron Source facility is shown in a).

b) depicts the liquid Mercury proton target. Images obtained from the Spallation
Seutron Source website (http://neutrons.ornl.gov/facilities/SNS/works.shtml).
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ing the precession of neutron spin in an external magnetic field. Neutron instruments
such as backscattering spectrometers, spin echo spectrometers, reflectometers, time of
flight spectrometers and triple axis spectrometers achieve this in different ways and
as a result extract different information. Neutron optics such as monochromators,
choppers and collimators are used to define beam characteristics.

Monochromators are single crystals or arrays of crystals with well defined lattice
planes. Neutron wave properties dictate that reflections from a crystal lattice are
defined by Bragg scattering (equation 4.3). By adjusting angle of incidence of the
neutron beam, a particular wavelength (or energy) of neutrons may be selected. Ideal
monochromator material must have a large scattering length density, low absorption
and low incoherent and inelastic scattering cross sections. Crystals such as pyrolytic
graphite, Silicon, Germanium or Copper with mosaicities between 0.3 and 0.5° are
preferred [67]. Mosaic crystals composed of arrays of smaller crystals may be arranged
as shown in Figure 5.6 to form focussing monocromators which increase neutron flux
on a smaller sample area. However the broader distribution of lattice spacings in mo-
saic crystal monochromators broadens the selected wavelength resolution and beam
divergence. Mosaic crystals are also used to compensate for large incident beam di-
vergence by broadening the distribution of possible reflection angles. The wavelength
resolution of a crystal monochromator depends on the incoming and outgoing beam

divergence oy and a; and monochromator mosaicity 7y, according to equation 5.2.

(5.2)

AN (0%77?\4 + o, + Oz%a%) 12
)

— =cot b, o2+ o+ A,

For a perfect single crystal (7, = 0) reflecting a beam with 1° incident divergence at
20,, = 90°, a typical relative resolution of ~1% is obtained [69]. Crystal monochro-
mators based on Bragg scattering also reflect higher order wavelengths A/n. These
must be filtered out by using crystals such as pyrolytic graphite, which eliminates
second order reflections for A = 1.53 A and 2.36 A for thermal neutrons, or using
filters such as polycrystalline Beryllium, which transmits only neutrons over 4 A [67].
Monochromators are often complemented by collimators which define the direction
and divergence of the neutron beam. To define the divergence of a beam in one
dimension in a distance L, tubes divided by neutron absorbing blades (Cd or metal

coated in Gd), called Soller collimators, are used. A Soller collimator is shown in

68



M.Sc. Thesis - M. D. Kaye McMaster University - Physics and Astronomy

INSC * .
= Cu(200) Reflection,

Soller Collimator ~ Divergence
o= a/L\

— N

I 4

Absorbing plates . >

< L » Spacing a

Figure 5.6: Vertically focussing monochromator and soller collimator schematic [69].

Figure 5.6. The length L and blade spacing a define the collimation divergence

% of neutrons which are not absorbed. The collimation is measured in minutes
(’) which are defined as 6—10th of a degree. Collimator transmission 7 depends on the

thickness t of the blades according to 7 =

a =

where a is the blade spacing. At a

att’
collimation of 10°, 96% of this theoretical tra;rlsmission can be obtained [67].
Choppers restrict neutron energy by time of flight. A simple disk chopper is
shown in Figure 5.6b. Disk choppers consist of a disk with one or more slits which
rotates with its axis parallel to the neutron beam. The chopper is made of, or coated
in neutron absorbing material such that only neutrons passing through the chopper
opening while it is lined up with the beam path may pass. Two choppers placed a
distance L apart are used to define a wavelength band A\. For neutrons with A\ =
4 A and chopper speeds up to 20 000 rpm, neutron energy can be determined in
only a few meters. The first chopper defines a pulse with full width half maximum
8= 5;—:, where ¢ is the angular opening in the chopper, 7y is the angular opening in the
beam path and w is the chopper frequency. The second chopper (or monochromating
chopper) is rotated in the opposite direction to the first to select a narrow velocity
distribution. The relative wavelength resolution is defined by the pulse width and
time of flight ¢t = m”TM as 82 = g, where h is Planck’s constant. Multiple choppers

)
are employed at pulsed sources to further define pulse shape and eliminate pulse
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Fermi Chopper

Multichannel Curved
Neutron Guide

Figure 5.7: Disk Chopper, Fermi Chopper and Neutron Guide. Disk chopper
image obtained from the Neutron Science Research Centre at the Tokai Re-
search  Establishment (http://www.jaea.go.jp/jaeri/english/ff/news62/rd1.html).
The neutron guide shown was fabricated by Swiss Neutronics and is in use
at the Institut Laue Langevin. Image obtained from Schott glass manufacturers
(http://www.us.schott.com/advanced_optics/english /projects/neutron_science.html).

overlap. A Fermi chopper consists of a set of curved collimator blades which rotate
with their long axis parallel to the beam path (see Figure 5.7). Fermi choppers
simultaneously pulse and monochromate the neutron beam. Curved blades provide
straight collimation from the point of view of the neutron [67].

Neutron guides transport neutron beams from the source to the instruments and
also contribute to beam characteristics. Transporting neutron beams away from the
source ensures lower backgrounds and allows neutron pulses to spread out, enhancing
velocity selection. Neutron guides are rectangular tubes enclosed in Boron and coated

with highly reflective material, such as Nickel. Reflectivities up to 99% are achieved
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and guides are usually evacuated to elminate air scattering or absorption. Neutron
guides are usually evacuated to avoid air scattering or absorption. Curved guides
are employed to eliminate high energy neutrons and are often divided to decrease
divergence and allow sharper curves without loss of flux [67]. A multichannel curved

neutron guide is shown in Figure 5.7.

Two important neutron instrument types are triple axis and backscattering spec-
trometers. Triple axis spectrometers leverage the flexibility of the scattering triangle
to measure the intensity of scattered neutrons with a particular energy and momen-
tum transfer. A schematic of a triple axis spectrometer is shown in Figure 5.8a.
Three rotatable axis are indicated in red. The initial neutron energy is selected by
a monochromator in a rotatable shielded drum (axis 1). The incident angle of the
beam on the monochromator defines the invident wavevector k;, and may be altered
by rotating the monochromator and drum opening. The beam then interacts with
the sample, which may rotate with the analyzer drum (axis 2) to define the scattering
angle 20 and g. A final neutron energy is selected by the analyzer (another monochro-
mating crystal) which may be rotated independently of its containing shielded drum
(axis 3), before striking the detector. The angle of incidence of the beam on the
analyzer defines the final wavevector ky. Horizontal beam divergence is described by
Soller collimators present in the neutron guide, after the monochromator, after the
sample and after the analyzer. Slits are also used to limit the beam to the sample
and analyzer area and provide vertical collimation. Low efficiency (~ 107 - 107%)
detectors called monitors are placed in the beam path to monitor monochromated
and scattered neutron flux [67]. A schematic of a triple axis spectrometer in W-

configuration is shown in Figure 5.8b.

Defining k;, ky and g with the monochromator, analyzer and sample axis allows
examination of one point in (g,w) space. Rotating the monochromator and analyzer
with a constant scattering angle allows scanning through the intensity at different
energies for a single g value. Constant g scans can also be performed with either k; or
k; fixed and varying the scattering angle. Rotating the monochromator and analyzer
such that the magnitude of k; and ky; are constant changes the scattering angle and
scans through g values at a constant energy. The resolution of the instrument in

both g and w depends on the collimation and the mosaicity of the monochromator
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and analyzer crystals. Horizontal beam divergences between 0.5 - 2 degrees typically
lead to a relative q resolution of ~1% and energy resolutions of 5-10% for thermal
neutrons [67]. The resolution is flux limited because for a given neutron source, there
will be less neutrons in a smaller A range. Excitations with energies from 50ueV
to 200 meV may be examined using a triple axis spectrometer depending on the
energy range (cold, thermal, hot) of the neutron source. The accessible g and energy
range of triple axis spectrometers are limited by physical rotation constraints and
momentum conservation (closing the scattering triangle). Triple axis spectrometers
are also limited because they can only examine one point in (g,w) space at a time,
which is excellent for precise measurements of excitations at known (g, w) values, but

is limiting for new discoveries.

A schematic of the IN12 cold triple axis spectrometer at the High Flux Reactor
of the Institut Laue-Langevin is shown in Figure 5.8a. A summary of instrumental
characteristics is shown in Table 5.2. Situated 108 metres from the reactor core, IN12
provides a 12 x 3 cm? cold neutron beam with low background. IN12 employs an
adjustable 12 x 8 cm? vertically focussing pyrolytic graphite (002) monochromator
with lattice spacing 3.355 A which can produce energies between between 2.3 and

14 meV. A nitrogen cooled Berylium filter 10 cm long is used to filter higher order

n
cm?s

monochromator reflections. Maximum neutron flux is 1.0 x 107 for energies of
4 meV and 60’ collimation. An adjustable horizontally focussing 12.2 x 11.8 cm?
pyrolytic graphite (002) analyzer allows energy resolutions up to 22 peV at 2.3 meV
and 30’ collimation. Gadolinium coated Soller collimators of 10 - 60’ can be placed
after the monochromator, sample and analyzer. Accessible monochromator angles
are between 7.5 and 45° and sample and analyzer may rotate through ranges of 120°

and 140° respectively.

Backscattering spectrometers are another type of neutron scattering instrument
which attempts to maximize energy resolution. As mentioned above, the difficulty in
achieving maximum resolution is that it typically involves discarding neutrons outside
the desired energy range, which results in a loss of flux. Backscattering spectrom-
eters de-couple the resolution from the flux by taking advantage of the dependence
of monochromator A\ on the angle of incidence 6,,. As 6,, approaches 90°, taylor

expansion of equation 5.2 demonstrates that the wavelength depends on the incident
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Figure 5.8: a) A schematic of the IN12 cold triple axis spectrometer. b) A generalized

triple axis spectrometer in W-configuration.
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Figure 5.9: A schematic of an ideal backscattering apparatus. a) The horizontal
plane is shown. The neutron beam is monochromated, scatters from the sample, and
is reflected by an array of analyzers to detectors arranged slightly above and below
the sample. The vertical plane is shown in b). 6, should be nearly 90°.
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Figure 5.10: A schematic of the backscattering spectrometer at the Spallation Neu-
tron Source (BASIS). In a), the beam enters on the left through a series of chop-
pers which tune the incoming wavelength. The beam is then scattered by the
sample passed through radial collimators, and reflected by Silicon (111) analyzers
to detectors above and below the incident beam. b) Shows the setup inside the
evacuated detection drum. c¢) and d) show the crystal analyzer array and detec-
tor tubes inside the evacuated drum. Images obtained from the instrument website
(http://neutrons.ornl.gov/instruments/SNS/BASIS/).
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IN12 Triple Axis Spectrometer Characteristics
Neutron Source Reactor
Energy range 2.3 - 14 meV
A range 2.3-6.0A
Peak Flux 1.0 x 107 s
Maximum Energy Resolution 22 peV
Monochromator Pyrolytic Graphite (002)
Analyzer Pyrolytic Graphite (002)

Table 5.2: IN12 instrument characteristics. Peak flux is measured at 4 meV with 60’
collimation. Maximum energy resolution occurs at an incident energy of 2.3 meV.

beam divergence to the second order. The A resolution of a monochromator will
therefore be maximum in the case of backscattering: where 6,, = 90° and cot6,,
approaches zero [71]. By employing backscattering on both the incident and scat-
tered beams with perfect Si (111) monochromators, energy resolutions up to 0.3 peV
can be achieved [71]. A schematic of an ideal backscattering spectrometer is shown
in figure 5.9. The incident neutron energy is selected in backscattering geometry,
which then interacts with the sample. The scattered neutrons (green) are reflected
(blue) back from an array of focused analyzers onto a nearby array of detectors. For a
pulsed source, incident energy is defined by choppers acting over a long neutron guide.
Longer guides allow increased pulse spreading which increases chopper wavelength
resolution. A high-speed chopper close to the moderator is often used to sharpen
the source pulse to further increase resolution [71]. Backscattering geometry is ideal
for elastic scattering, but inelastic examinations are restricted by the backscatter-
ing condition. Fixed analyzers, providing a fixed k¢, means k; must be modulated to
change the observed energy transfer. For a pulsed source this is achieved by adjusting
the wavelength selected by the choppers, which can provide energy transfers of up to
+120peV. Continuous source backscattering instruments which use a monochromator
to define k; rely on neutron Doppler shifting from moving monochromators or ther-
mally expanding crystals such as CaFy [71]. Energy transfers of ~30 peV are possible
with Doppler velocities of 5 m/s, where thermal expansion of CaFy from 77 to 700
K provides only a ~3% relative energy change [69]. The high energy resolution of
backscattering spectrometers is ideal for examining low energy signals corresponding

to slow nano-picosecond dynamics.
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A schematic of the backscattering spectrometer at the Spallation Neutron Source
(BASIS) is shown in Figure 5.10 and uses backscattering geometry only for the an-
alyzers. A summary of BASIS parameters is shown in Table 5.3. A 60 us pulse and
three choppers operating at 60 Hz define the incident beam wavelength as 6.4 A over
an 84 m 10 x 12 cm? neutron guide. The neutron guide illuminates a solid angle of
1.2 steradians in a 5 m diameter evacuated drum which houses the sample chamber,
Si (111) analyzers and detectors. An array of 2 mm thick hexagonal Silicon crystals
with lattice spacing 3.14 A are arranged in a spherical pattern to span 180° around
the sample chamber and reflect neutrons at 6,, = 87.93° to detectors placed above and
below the incident beam path (see Figure 5.10c and d). Radial horizontal collimators
surround the sample chamber to ensure near backscattering. The detector and ana-
lyzer array provides a two dimensional intensity map between g = 0.6 - 2.0 A-1and
qg. =-0.67 - 0.67. The elastic energy defined by the analyzer array is 2.08 meV with
a resolution of 3 peV. The sample chamber is a 1 m diameter hole in the centre of
the evacuated detector drum. The sample can placed in the sample chamber may be
evacuated by an external vacuum pump and its temperature controlled by a cryostat
within a tolerance of 1.0 K. The energetic range available is £120 peV, however asym-
metrical background effects limited the usable range to £80 peV. Chopper frequency,
incident wavelength and sample temperature are controlled from a computer system
on top of the detector drum. Intensity data is collected in binary format and reduced
to two dimensional g maps by a central server. Intensity maps may be filtered by
applying custom masks which eliminate unwanted or background data. Data may
then be divided by g and preliminary data analysis may performed at the instrument

with Data Analysis and Visualization Environment (DAVE) software.

5.2 X-ray instrumentation

5.2.1 X-ray generation

X-rays are produced by converting electron kinetic energy into electromagnetic ra-
diation. Electrons are accelerated to velocities nearly 50% the speed of light and
collided with a metal target such as Copper, Tungsten, Iron, Cobalt, Molybdenum
or Silver [72]. Electrons with energies from 1 - 100 keV are obtained by applying a
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Figure 5.11: a) The x-ray spectrum produced by electronic collision with a copper
and molybdenum target. Intensities are not to scale [72]. b) The production of
characteristic x-rays. An incident electron knocks a target electron out of its orbital,
higher energy electrons decay to take its place and emit an x-ray photon in the process
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BASIS Backscattering Spectrometer Characteristics
Neutron source Pulsed Spallation
Elastic energy 2.08 meV
Energy range +120 peV

Q range 0.6 to 2.0 A~*

Maximum Energy Resolution 3 peV

Chopper Speed 60 Hz
Analyzer Si (111)
Bragg angle 87.93

Table 5.3: BASIS backscattering spectrometer characteristics.

voltage across an evacuated tube containing a positively charged target anode and
negatively charged cathode. The cathode consists of a heated tungsten wire or coil
which produces electrons by thermionic emission. Electron current measured in mA
(1 mA = 6.24 x 10% electrons/second) is limited by the heat produced upon collision
with the target which may cause target damage. For a Tungsten target and 100 keV
electrons, the only ~1% of electron kinetic energy is converted to x-rays [73]. A rotat-
ing disk anode, which spreads electron thermal energy over the larger area and mass
of the anode disk is often employed to achieve higher electron current. Interactions
with the target nuclei and electron cloud produce photons with wavelengths ~1071°
m corresponding to x-rays. The spectrum of x-rays produced by Molybdenum and
Copper is shown in Figure 5.11a and exhibits a continuous and characteristic region.
Braking radiation (bremsstrahlung) x-rays are produced by rare (~0.5%) interac-
tions with the nucleus, and exhibit a continuous low intensity distribution focussed
at high energies. Characteristic x-rays are produced when incident electrons eject
target electrons from an atomic orbital. As a result, higher orbital electrons decay,
emitting x-ray photons exhibiting distinct energies defined by the electron energy loss
as shown in Figure 5.11b [72]. High incident electron energies are required to ensure
target electrons are ejected. The two primary peaks of characteristic x-rays are the
K, and Kp lines, which indicate that the electron decayed to the K shell from an
adjacent (L), and non-adjacent orbital respectively. The wavelength of K, and Kg
lines fall between 0.2 and 2.0 A and depend on the target material. Modern x-ray
instruments employ only one characteristic x-ray line (usually K,) and others are

filtered out with sub-millimetre thin metal sheets (lead, rhodium, nickel are good
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Kp filters) or by monochromating the beam. Two distinct peaks K,, and K,, are
present in the K, band at very similar energies. Improved x-ray energy resolution
can be achieved by selecting only K,, using Germanium or Silicon monochromators

or a focussing multilayer mirror.

5.2.2 Biological Large Angle Diffraction Experiment

The Biological Large Angle Diffraction Experiment (BLADE) is the Rigaku Smart-
lab Automated Multi-Purpose x-ray diffractometer at the McMaster Laboratory for
Membrane and Protein Dynamics. Simple x-ray diffractometers consist of an x-ray
source, a monochromator, a series of slits for collimation, a sample stage and a detec-
tor. The initial and final wavevectors are defined both by the selected wavelength and
the incident (k;) and scattered (k;) angles with respect to the sample. The detector
measures the elastic scattered intensity of the sample at the lengthscale defined by
these wavevectors. BLADE provides a high intensity beam, with adjustable resolution
and adjustable wavevectors by means of rotating source and detector arms. A picture
of BLADE is shown in Figure 5.12, and a summary of instrumental characteristics is
given in Table 5.4. X-rays are generated by a water cooled 9 kW rotating copper anode
with maximum voltage of 45 kV. A maximum electron current of 200 mA produces
x-ray intensities up to 10'° counts per second. The copper target produces K,,, Ka,
and Kz x-rays at wavelengths of 1.544, 1.541 and 1.392 A respectively. For examining
thin films, the K,, wavelength is selected by a monochromating multilayer mirror. A
series of swappable 2, 5 or 10 mm height limiting slits and 0.5 - 15 mm width limiting
slits allow adjustment for sample sizes and g resolution (see Figure 5.12b). Soller
collimators with horizontal divergence 0.15, 0.5, 1.0, 2.5 and 5° may also be placed
in the beam path before and after the sample. The sample stage shown in Figure
5.12c may rotate up to 95 in the vertically and 720° horizontally. Sample alignment
can be performed automatically by specifying sample dimensions and measuring the
scattering profile at different orientations. The x-ray hydration chamber (without
cover) is shown mounted on the sample stage in Figure 5.12c. Sample temperature is
controlled through a water bath pumped directly under the hydration chamber. The
detector arm may rotate in the plane () of the sample stage with variable resolution,

providing a g range of -0.3 to 3 A-1. The source (6,) and detector (f;) arms may
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Figure 5.12: The entire instrument is shown in a). The detector arm may rotate
both parallel and perpendicular to the sample stage, and the source arm may rotate
perpendicularly. The incident optics are shown in b). The sample stage and water
flow tubes are shown in c).

rotate perpendicular to the sample plane to provide a g, range from 0 to 1.4 AL
Raster scanning the detector arm through 6, and 6; maps the scattered intensity
in the two dimensional q range, producing a 2D in-plane scan. BLADE produces
2D in-plane scans with 0.02 A~ g, resolution in ~18 hours. Sample perpendicular
structure may be explored by moving the detector arm through 6, to perform reflec-
tivity. Collimation and slits in the beam path after the sample limit the scattered g
resolution. However the lack of monochromator for precise scattered energy selection

results in signal averaging over both elastically and inelastically scattered x-rays.
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BLADE Characteristics
Source 9 kW Rotating Anode
Maximum Voltage 45 kV
Maximum Current 200 mA
Wavelength 1.544 A
q) range -0.3-3.0A!
q, range 0-14A-"

Table 5.4: BLADE x-ray diffractometer characteristics.
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supported lipid bilayers studied by quasi-elastic neutron scattering, Soft Matter, 6,
5864-5867, 2010
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Preface to Paper I

In this study lipid diffusion in single solid supported bilayers was investigated with
quasi-elastic neutron scattering. The study of single solid supported bilayer dynam-
ics with neutron scattering has previously been limited by minute sample masses and
insufficient neutron flux. In this paper, state of the art backscattering neutron scat-
tering techniques were able to access nanometre length scales and pico to nanosecond
timescales required to examine diffusive lipid motions for the first time. Diffusion
coefficients for single bilayer systems were found to be comparable to those found
for multilamellar bilayer systems with macroscopic techniques. However the nature
of the observed lipid diffusion was continuous where multilamellar systems observe a
flow-like ballistic motion. An enhanced diffusion was also observed over lengthscales
near the lipid nearest neighbour distance. This enhanced diffusion was attributed to
the highly ordered bilayer fluid phase which resulted from confinement of the bilayer
to the substrate.

I was the second author on this paper. This involved learning how to prepare
single solid supported bilayers, controlling and collecting data from a backscattering
spectrometer and performing preliminary on-site data analysis. Sample preparation
was performed by Dr. Maikel Rheinstadter, Clare Armstrong and myself. During
the experiment, I was responsible for controlling the instrument and collecting the
resulting data. Data produced was fit with DAVE analysis software after each scan
to determine the optimum use of beamtime. I was also involved in discussions of the
final data analysis to a lesser degree. Clare Armstrong was the primary investigator
for this paper and she contributed to the sample preparation, instrumental control
and performed the final data analysis. Dr. Maikel Rheinstadter also contributed to
all aspects of this paper.
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It seems to be increasingly accepted that the diversity and compo-
sition of lipids play an important role in the function of biological
membranes. A prime example of this is the case of lipid rafts; regions
enriched with certain types of lipids which are speculated to be
relevant to the proper functioning of membrane embedded proteins.
Although the dynamics of membrane systems have been studied for
decades, the microscopic dynamics of lipid molecules, even in simple
model systems, is still an active topic of debate. Neutron scattering
has proven to be an important tool for accessing the relevant
nanometre length scale and nano to picosecond time scales, thus
providing complimentary information to macroscopic techniques.
Despite their potential relevance for the development of function-
alized surfaces and biosensors, the study of single supported
membranes using neutron scattering poses the challenge of obtaining
relevant dynamic information from a sample with minimal material.
Using state of the art neutron instrumentation we were, for the first
time, able to model lipid diffusion in single supported lipid bilayers.
We find that the diffusion coefficient for the single bilayer system is
comparable to the multi-lamellar lipid system. More importantly,
the molecular mechanism for lipid motion in the single bilayer was
found to be a continuous diffusion, rather than the flow-like ballistic
motion reported in the stacked membrane system. We observed an
enhanced diffusion at the nearest neighbour distance of the lipid
molecules. The enhancement and change of character of the diffu-
sion can most likely be attributed to the effect the supporting
substrate has on the lipid organization.

Although phospholipid membranes have been studied for decades'
there is still no consistent picture of lipid dynamics, even in simple
model systems. While techniques such as fluorescence recovery after
photobleaching (FRAP) and fluorescence correlation spectroscopy
(FCS) are capable of measuring the diffusion of lipid molecules on
micrometre length scales, quasi-elastic neutron scattering (QENS) has
proven to be an important tool to study nanoscale dynamics and
diffusion on a nanometre length scale. In their seminal 1989 paper,
Pfeiffer et al? studied the local dynamics of lipid molecules in stacked

“Department of Physics and Astronomy, McMaster University, Hamilton,
ON, Canada. E-mail: armstcS@mcmaster.ca; Fax: (+905) 546-1252; Tel:
(+905)525-9140 x26376
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¢Canadian Neutron Beam Center, NRC, Chalk River, ON, Canada

T Electronic  supplementary information (ESI) available: Details
regarding the data analysis. See DOI: 10.1039/c0sm00637h

fluid lipid membranes using incoherent neutron scattering techniques.
Here a detailed model of lipid dynamics, including rotations, libra-
tions and diffusion, was proposed. More recently, this topic was
revisited by Busch e al® using state of the art neutron scattering
techniques. Their primary finding was that the molecular mechanism
for long range lipid diffusion in stacked membranes is a flow-like
motion rather than the traditional diffusive motion. Ballistic motion
was speculated to be a more efficient search strategy as compared to
a Brownian motion.**

Despite their potential relevance to bioengineering applications,
such as biosensors and surface functionalization®” dynamical neutron
scattering experiments in single supported bilayers have been limited
in the past, as the minimal amount of sample material in a single
bilayer results in a low scattering signal. Recent developments in
neutron scattering instruments, and increasingly powerful neutron
sources, now make it possible to observe dynamics in single bilayers.
How the interaction between membrane and substrate affects lipid
organization and dynamics, as compared to multi-lamellar or free-
standing membranes, is a fundamental question.

We have studied the nanosecond lipid diffusion in a single phos-
pholipid bilayer supported on a silicon wafer. From quasi-elastic
neutron scattering, acquired using a backscattering spectrometer, the
mechanism of the lipid diffusive motion could be modeled. While
flow-like motion was reported in stacked bilayer systems,® we find
evidence for a continuous diffusion with an enhanced diffusion at the
nearest neighbor distance.

Single-supported bilayers of the model system 1,2-dimyristoyl-sn-
glycero-3-phoshatidylcholine (DMPC) were prepared by vesicle
fusion and hydrated by heavy water (D,0).® 100 double-side pol-
ished, 2, 300 pum thick, Si(100)-wafers were cleaned by immersion in
an H,O," sulfuric acid mixture (volume fraction of 70%

06A!

Fig.1 A sketch of the experimental setup. Each solid supported single
bilayer is aligned such that the plane of the membrane is in the scat-
tering plane. In-plane ¢ between 0.6 and 2.0 A~ are then measured
simultaneously.
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concentrated H,SOy4, 30%H,0, at 90 °C for 30 min). This strongly
oxidizing combination removes all organic contaminants on the
surface, but does not disturb the native silicon oxide layer. The
wafers were then rinsed and stored under distilled water before
use. 200 ml of a 5 x 107> mol L~"' Hepes, 5 x 107> mol L' MgCl,,
and 100 x 10~ mol L' KCI buffer solution was prepared and
heated to 55 °C. DMPC was added to the buffer solution up to
a concentration of 1.5 mg ml~'. The milky solution, which initially
contained giant multi-lamellar vesicles, was sonicated (50% duty
cycle, power level 4) for 15 h until the solution became transparent
and small uni-lamellar vesicles formed. The hydrophilic Si wafers
were then completely immersed in the solution for 1 h. The lipid
solution was kept at 55 °C during the whole process to keep the
bilayers in their fluid phase. After 1 h the wafers were thoroughly
rinsed with ~2 L of distilled water to remove excess vesicles from
the surface. Through this procedure, small bilayer patches initially
develop on the substrate, which eventually undergo a transition
into a large uniform single bilayer after approximately 20-25 min.?
The substrates were then annealed for 72 h at 55 °C in an oven in
air before mounting in an aluminium sample can, and rehydrated.

Because the sample was hydrated with D,O, the incoherent
neutron scattering experiment is sensitive to local dynamics of the
(protonated) lipid molecules. About 75% of the scattering comes
from hydrogen atoms attached to the lipid acyl chains in the
hydrophobic membrane core, and about 25% from hydrogen atoms
located in the head group region. To increase the scattering signal,
100 wafers (resulting in 200 single bilayers) were mounted horizon-
tally into the spectrometer, such that the neutron beam was always
in the plane of the membrane (g)). In contrast to previous studies,
this type of sample orientation probes ¢ values between 0.6 and 2.0
A simultaneously, corresponding to lateral length scales of 3 Ato
10 A. The experimental setup is shown in Fig. 1. The sample was
sealed in an aluminium sample can and placed inside a closed-cycle
refrigerator (CCR) during the experiment. A sufficient amount of
D,0 was added before closing to ensure full hydration of the bila-
yers (26 water molecules per lipid molecule), approximately 100 pL.

Elastic incoherent neutron scattering experiments were carried out
using the high flux neutron backscattering spectrometer HFBS at
the NIST Center for Neutron Research (NCNR), Gaithersburg, in
its standard setup with Si (111) monochromator and analyzer crystals
corresponding to an incident and analyzed neutron energy of 2.08
meV (A = 627 A). At the ~0.8 peV resolution used, only hydrogen
movements with characteristic times slower than 1 ns are monitored.
The hydrogen atoms reflect the movements of larger groups to which
they are attached, such as lipid head groups and carbon tails.
Freezing and melting of molecular degrees of freedom can easily be
identified, as they lead to jumps or kinks in the recorded intensity.
Because the elastic intensity is related to the molecular mean-square
thermal fluctuations (6u?), S¢ (Q)Mexp( - <6u2(T)>Q2>, each

inc 6

point on an elastic scan provides a value for the mean-square

displacement (MSD) at a particular temperature.” The MSD was
calculated and is shown in Fig. 2 over a temperature range of 240-355
K. Data were taken while heating the sample at a rate of 0.08 K
min~'. The inset in Fig. 2 depicts a sketch of a hydrated single sup-
ported bilayer as suggested by Novakova et al. from X-ray reflec-
tivity. Each lipid molecule was found to be associated with 26 water
molecules. Eight water molecules per lipid were found to be located

03—
| Heating 0.08 K/min
0.25" '

02
0.15}
0.1}

0,05/

Mean Square Displacement (A?)

7240 260 280 300 320 340 360
Temperature (K)

Fig. 2 The MSD of the lipid molecules over a temperature range of 240
to 355 K. The error bars shown are the result of statistical uncertainty.
Melting of the hydration water was observed at approximately 273 K. No
additional phase transition was observed at higher temperatures.

within the head group region, while 18 water molecules per lipid form
a hydration layer on the surface of the bilayer. There was also
evidence of the presence of water molecules between the substrate and
the lower leaflet.'

A melting transition at about Ty, = 273 K was observed (see
Fig. 2), which can most likely be assigned to the melting of the
membrane hydration water. In multi-lamellar DMPC systems the
transition from the gel into the fluid phase occurs at 7,,, = 23.4 °C =
296.6 K in fully hydrated bilayers and appears as a pronounced step
in the MSD."2 No such transition was observed. It was reported
that the transition temperature may shift up to 318 K for nanometre
sized patches of single supported bilayers."*** The transition from the
gel into the fluid phase involves a drastic increase in volume and area
of the lipid molecules. For patches, the volume and area difference of
the lipid molecules between the two phases can most likely relax over
defects in the bilayer coverage.” In our samples, the transition was
possibly suppressed due to large uniform and defect free single bila-
yers. While we cannot exclude the possibility that the upper and lower
leaflets have different transition temperatures, the technique used
should be sensitive enough to detect a transition in the individual
leaflets. The diffusion constant that we determined is an order of
magnitude faster than diffusion reported in the gel phase of multi-
lamellar systems? and corresponds well with the diffusion constants
reported in fluid multi-lamellar membranes, as discussed below. At
303 K, the single DMPC bilayers can, therefore, tentatively be
characterized to be in a fluid state with an enhanced structural order;
however, further structural investigations are required to unambig-
uously determine the structural state of the bilayer.

To measure the slow nanosecond dynamics, peV energy resolved
spectra were measured on the BASIS backscattering spectrometer at
the Spallation Neutron Source, at Oak Ridge National Laboratory.
The experiments were performed using a 60 Hz chopper setting with
the incident wavelength bandwidth centered at of 6.4 A. The Si (111)
crystal analyzers provide an energy resolution of ~3 peV, FWHM of
the elastic peak, and a Q-range of 0.6 to 2.0 A~'. The dynamic range
used was —80 to 80 peV. Typical counting times were ~24 h.

Different diffusion models have been proposed. For a continuous
diffusion, the quasi-elastic broadening is described by a Lorentzian

This journal is © The Royal Society of Chemistry 2010
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peak shape, with a full width at half maximum (FWHM) that shows
a ¢f dependence,

FWHM (q)) = 2hDq (1)

where D is the diffusion constant.'

A flow motion, as suggested in ref. 3,4 is described by a Gaussian
component, where the width of the function has a linear ¢, depen-
dence,

FWHM(q)) = 2v/2In(2)hv,gq). )

Here v, refers to the ballistic velocity of the lipid molecules. In an
unconstrained motion, v, would correspond to the thermal velocity,
v 2k B T / m.

Fig. 3 (a) and (b) depict exemplary spectra at ¢; = 0.9 and 1.3 A
The total scattering can be described by a narrow central component
due to instrumental resolution and a quasi-elastic broadening
between ~1-24 peV. There is also evidence for a smaller broad
component, similar to what has been observed by Busch ez al. This
broad component, most likely due to vibrations and librations of the
lipid molecules, has a width of ~200 peV, but is clearly out of the
dynamic range of the instrument. The narrow component was
assigned to the lateral diffusion of the lipid molecules. The broad-
ening could well be fitted using a Lorentzian function rather than
a Gaussian. The data were fit with three components: an asymmetric
Gaussian and a background, a narrow (1-24 peV) Lorentzian
function to describe the lipid diffusion, and a broad (~200 peV)
Lorentzian function. The instrumental resolution was determined by
fitting data measured in the frozen state of the bilayers, at 7= 240 K,
using the asymmetric Gaussian function to accommodate the slight
asymmetry in the resolution function of the BASIS spectrometert.
The parameters were then used to fit the quasi-elastic broadening
observed at 7' = 303 K.

Fig. 4 plots the FWHM of the Lorentzian, following deconvolu-
tion with the instrumental resolution, as a function of ¢f. The data
can well be fit by a straight line, making it possible to determine the
diffusion constant using eqn (1), D = 60 £ 10 x 1072 m? s7'. The
data deviate from the straight line around ¢ = 1 A, giving rise to
faster dynamics. Diffusion seems to be enhanced at nearest neighbour
distance of the lipid molecules of about 6 A 2m/1 A h.

When comparing to eqn (1) and (2), the most likely mechanism for
diffusion in single supported bilayers seems to be continuous diffu-
sion rather than the flow-like motion reported for multi-lamellar

b
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Fig. 3 Spectra for a) ¢ = 0.9 A-'and b) 1.3 A1 The error bars shown
are the result of statistical uncertainty. Data were fitted (black) with the
instrumental resolution (green), a Lorentzian quasi-elastic broadening
(yellow) and an additional broad Lorentzian (red).
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Fig. 4 FWHM of the Lorentzian as a function of ¢f. When excluding
data points around ¢ = 1 A1, data can be fit using a linear function.
Diffusion seems to be enhanced around ¢ = 1 A-', as indicated by the
peak. Error bars correspond to a 10% confidence level in the Lorentzian
fit. The inset shows a sketch of the lipid packing that might give rise to an
enhanced nearest neighbour diffusion.

membranes stacks. The peak like feature around 1 Alin Fig. 4
shows evidence for an enhanced diffusion of the lipid molecules,
possibly triggered by voids in the ordered arrangement of lipids. The
diffusion constant we found lies well within the range of diffusion
constants of fluid phospholipid bilayers reported in the literature
(18-180 x 1072 m* s~ *'%17), However, because we cannot resolve
a possible difference in the diffusion constants of the lipids in the
upper and lower leaflets of the bilayer, we cannot exclude the possi-
bility that the diffusion in the lower leaflet is suppressed by the
presence of the substrate, while the diffusion in the upper leaflet may
be enhanced by a highly ordered fluid phase of the lipids, thereby
averaging to a diffusion constant which is comparable to multi-
lamellar systems.

This change of character and enhanced nearest neighbour diffu-
sion is most likely to be due to the highly ordered fluid phase of the
lipids caused by the confinement of the defect free bilayer on the
substrate. Note that the diffusion constants, as determined by inco-
herent neutron scattering, are usually an order of magnitude above
the values obtained by macroscopic techniques in single’" and
multi-lamellar systems.? This may be due to coherent motion of lipid
molecules, which are speculated to move as loosely bound clusters
rather than individual molecules.**!

This experiment has also demonstrated the feasibility of perform-
ing inelastic neutron scattering experiments on single supported
bilayer systems. Complex membranes containing different membrane
embedded proteins, as well as cholesterol, can be prepared. By tuning
bilayer properties, such as elasticity, the impact of membrane prop-
erties on protein function may be elucidated. Inelastic neutron scat-
tering experiments were once limited by the availability of sample
material. The sample used for this study contained less than 1 mg of
lipids. This opens up new opportunities for dynamical neutron
scattering experiments in relevant and highly topical membrane/
protein systems.
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Preface to Paper 11

In this study the collective lipid tail dynamics of DMPC-ethanol systems were investi-
gated with inelastic neutron scattering and all atom molecular dynamics simulations.
Ethanol is known to bond to lipid headgroups and increase membrane permeability.
In this paper, we present evidence that ethanol also modifies the collective lipid tail
dynamics. A new low energy dynamic mode associated with lipid tail dynamics was
observed in fluid phase multilamellar DMPC bilayers immersed in a 5% ethanol/water
solution. This mode was observed in both inelastic neutron experiments and molecu-
lar dynamics simulations at energies of 0.8 meV and shows little dispersion. The well
known acoustic phonon mode present in pure lipid systems is also observed in the
DMPC-ethanol system with energies up to 4.5 meV. Both dynamic modes demon-
strate both longitudinal and transverse character which may be related to molecular
motions perpendicular to the bilayer. Passive membrane transport of small molecules
is theorized to occur by the formation and perpendicular travel of small kink defects
in the hydrophobic membrane core. This is consistent with the enhanced collective
motion and enhanced permeability observed in the DMPC-ethanol system. However,
further studies are required to determine the molecular origin of this mode and its
relation to permeability.

I was the primary investigator in this study. This involved the analysis of both
inelastic neutron scattering and molecular dynamics data. Fitting of the neutron
scattering and longitudinal and transverse molecular dynamics curves was performed
simultaneously to generate dispersion the displayed dispersion curves. Neutron scat-
tering experiments were performed by Dr. Maikel Rheinstadter and all atom molec-
ular dynamics simulations were performed by Dr. Mounir Tarek and Valeria Conti
Nibali. Dr. Karin Schmalzl, Dr. Mounir Tarek and Dr. Maikel Rheinstadter con-

tributed to the discussion of the analysis results.
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From inelastic neutron-scattering experiments and all atom molecular dynamics simulations we present evi-
dence for a low-energy dynamical mode in the fluid phase of a 1,2-dimyristoyl-sn-glycero-3-phoshatidylcholine
(DMPC) bilayer immersed in a 5% water/ethanol solution. In addition to the well-known phonon that shows a
liquidlike dispersion with energies up to 4.5 meV, we observe an additional mode at smaller energies of 0.8 meV,
which shows little or no dispersion. Both modes show transverse properties and might be related to molecular

motion perpendicular to the bilayer.
DOI: 10.1103/PhysRevE.83.050907

Lipid bilayers have long been considered to be homo-
geneous, largely passive fluid barriers based on Singer and
Nicholson’s fluid model from 1972 [1]. However, it seems to
be increasingly accepted that the diversity and composition
of lipids play an important role in the function of biological
membranes [2]. Bilayers regulate membrane elasticity, me-
diate protein-protein interactions [3], and are speculated to
be important for transmembrane transport of small molecules
[4-7].

Because of their ability to hydrogen bond with the head
groups [Fig. 1(a)], short-chain alcohols, such as ethanol, are
primarily located in the hydrophilic head group region [8—
10], with bonding lifetimes of about 1 ns [10]. Ethanol has
a number of effects on lipid bilayers: It decreases the gel-to-
fluid transition temperature [8,11], has a weak effect on the
area per lipid, and increases membrane fluidity and disorder
[10]. Finally, it was found to increase membrane permeability
[10,12,13].

In this Rapid Communication we present evidence that
ethanol modifies collective lipid-chain fluctuations. The im-
pact of ethanol on membrane core dynamics was quantified
by determining the collective short wavelength fluctuations
on the 100-ps time scale from inelastic neutron scattering
experiments and all atom molecular dynamics (MD) simu-
lations. In addition to the acoustic mode that has been reported
previously in phospholipid bilayers, we find evidence for a
new low-energy mode. This excitation may be related to the
enhanced permeability observed in the presence of ethanol
molecules.

Highly oriented multilamellar membrane stacks of several
thousands of chain deuterated 1,2-dimyristoyl-sn-glycero-
3-phoshatidylcholine (DMPC-d54) bilayers were prepared
by spreading a solution of 25 mg/ml lipid in trifluo-
roethanol/chloroform (1:1) on 2-in. silicon wafers, followed by
subsequent drying in vacuum. Twenty such wafers separated
by small gaps were combined and aligned with respect
to each other (total mosaicity about 0.5°). The deuterated

“Mounir. Tarek @srsmc.uhp-nancy.fr
frheinstadter @mcmaster.ca

1539-3755/2011/83(5)/050907(4)

050907-1

PACS number(s): 87.16.dj, 29.30.Hs, 87.10.Tf

samples had a total mass of about 400 mg. The stability
of stacked bilayers in ethanol/water solutions with different
concentrations was checked using x-ray reflectivity. Bilayers
in solutions with concentrations of more than 5% ethanol could
not be stabilized for more than a couple of hours because
of the well-known effect of thermal unbinding [14]. Stable
bilayers in water/5% ethanol could eventually be prepared by
adding 2% (weight/weight) polyethylene glycol (PEG) with
a molecular weight of 20000. PEG is known to exert an
osmotic pressure on the membrane stack that stabilizes the
lamellar structure [15]. PEG was reported not to participate in
the DMPC bilayer and, therefore, not to have a direct effect
on lipid structure and dynamics [16]. A concentration of 5%
ethanol (corresponding to a 1 M ethanol solution) results
in a structure where, on average, one ethanol molecule is
attached to each lipid molecule [17]. The sandwich sample was
completely immersed in about 40 ml of a D,O/C,DsOD/PEG
solution to ensure a defined alcohol concentration in the

FIG. 1. (Color online) (a) Lipid (DMPC) and ethanol molecule.
(b) Sketch of the supported multilamellar membrane stacks used in the
neutron scattering experiment. (c) Snapshot of an all atom molecular
dynamics simulation of DMPC/IM ethanol. Water molecules are
depicted in red and white; ethanol molecules are depicted in yellow.

©2011 American Physical Society
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FIG. 2. (Color online) (a) Neutron reflectivity curves. (Inset)
Decay of the integrated intensity of the first Bragg peak, normalized
to the initial intensity. The solid line is a fit after a single expo-
nential decay. (b) In-plane neutron diffraction of the DMPC/ethanol
system. The lipid acyl chain correlation peak was observed at
g =137A".

bilayers, and mounted in a hermetically sealed aluminium
container within a cryostat. Figure 1(b) shows a sketch of
the supported multilamellar membrane stacks used in the
neutron scattering experiment. Temperature was kept constant
at T =303 K during the experiment, in the fluid phase of
the bilayers.! The experiment was performed on the IN12
cold triple-axis spectrometer at the high flux reactor of the
Institut Laue-Langevin, Grenoble, France. IN12 was equipped
with vertically focusing monochromator and analyzer and the
beam was collimated to 40’-monochromator-30'-sample-30'-
analyzer-60'-detector. Scans were done in the W configuration
with fixed values of k; = 1.75 and k; = 1.25 A", resulting
in a ¢ resolution of Ag = 0.005 A~! and energy resolutions of
Ahw = 200 peV and 60 ueV, respectively. Dynamic ranges of
~4.5 meV respectively ~1 meV were accessible using these
two setups.

Figure 2(a) shows neutron reflectivity curves (g, ) taken after
the sample cell was closed and at the end of the experiment,
after + = 140 h. The lamellar spacing, d,, was determined
from the positions of the four well-developed Bragg peaks to
be d, = 64.5 A. Note that this value is slightly lower than
the value reported for DMPC under full hydration of d, =
66 A [18]. From MD simulations [9] ethanol was reported to
decrease d, in DMPC/ethanol stacks. However, the decrease
in d, must also partially be attributed to the osmotic pressure
exerted by the addition of PEG to the solution. The inset in
Fig. 2(a) depicts the decay of the integrated intensity of the
first reflectivity Bragg peak normalized to the initial intensity
with time. The solid line is a fit after a single exponential
decay. Despite the use of PEG, the amount of lipids in the
lamellar structure decayed to about 60% after 50 h. Using the
fit function, the counts of all scans were extrapolated to t = 0
s such that all scans could be compared and combined.

In-plane diffraction of the DMPC/ethanol system (g)
is shown in Fig. 2(b). The total scattering consists of a
pronounced central peak at ¢;; = 0 A~! and a (heavy) water
peak at about 2.0 A~!, the nearest-neighbor distance of the

'In multilamellar DMPC-d54 bilayers the transition from the gel
into the fluid phase occurs at 7,, = 21.5°C = 294.7 K [19].
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water molecules in solution. The structure factor, S(gy ), of
the lipid tails has a maximum centered at g, = 1.37 A1
corresponding to an average lipid acyl chain distance of
d = 4.60 A, slightly larger than in pure DMPC-d54, where
4.50 A were reported [19]. The corresponding areas per lipid
can roughly be estimated from the position of the chain
correlation peak [20] to be A; = 2.64(9d/8)* =70.7 A?
compared to 67.6 A2 for the pure DMPC bilayer. The area
per lipid was therefore found to increase by about 4% in the
presence of the ethanol molecules. We note, however, that it
is not possible to compute the area per lipid directly from the
interchain distance [21].

MD simulations of pure DMPC and DMPC-ethanol sys-
tems were performed at 303 K in the liquid crystal phase of the
membrane. Each system infinitely replicated in a multilamellar
array by 3D periodic boundary conditions contained 72
lipids, at excess hydration (~45 water molecules). We have
considered a system at a high ethanol concentration (686
ethanol molecules partitioned in the water baths) and let it relax
using constant pressure and constant temperature simulations.
After ~100 ns it equilibrated toward a final configuration
where a fraction of ethanol molecules partitioned within
the lipid, see Fig. 1(c) for a snapshot of the system. The
DMPC and DMPC/ethanol systems were characterized by
average areas per lipid of respectively 61.5 and 69.2 A. These
were considered in satisfactory agreement with experiment.
Further simulations used to generate the scattering curves
were performed at constant volume and constant temperature
for duration of 4 ns each in order to cover the length scale
corresponding to the experimental resolution. Both, the NVT
and the NPT MD simulations were carried out using NAMD2
[22]. The equations of motion were integrated using a multiple
time-step algorithm [23]. Short- and long-range forces were
calculated every two and four time steps respectively, with
a time step of 2.0 fs. Chemical bonds between hydrogen
and heavy atoms were constrained to their equilibrium value.
Long-range electrostatic forces were taken into account using
the particle mesh Ewald (PME) approach [24]. The lipids
were described by all-atom, empirical force fields proposed
by Hogberg et al. [25], the water molecules by the TIP3P
model [26], and the ethanol force field was taken from [27].
The connection between the MD trajectories and the inelastic
neutron data is via the density correlation function. The
correlation function was calculated from the MD trajectory as
I(q),t) = (n*(q),0)n(g),t)), where n(qy,t) is the generalized
density fluctuation, n(g,t) = l/ﬁ Za by explig) - ro(1)},
with r,(¢) the position of the ath scatterer at time ¢ and by,
its neutron scattering length density and N the number of
scatterers. S(g).iw) was calculated as a Fourier transform
of I(g,t) [28]. For each wave vector selected in the range
[0.4 A~" and 2 A~'], the I(g),t)s were averaged over values
obtained considering a minimum of 20 randomly selected
q values, providing a 2d powder average of the scattering.
Here we focused on the lipid tail dynamics and therefore
considered only contributions from the C atoms in the
hydrocarbon chains so the experimental and simulated data
can be compared directly. In addition, simulation data were
convoluted with an energy resolution of 80 ueV, comparable
to the experimental instrumental resolution. The MD data
were also used to calculate the transverse dynamics of the
lipid tails. The transverse current spectra, Cr(g,®), were
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FIG. 3. (Color online) Spectra from experiment [(a), (b) and
¢)] and simulations [(d) and e)]. Two excitations are visible at
q =15 A~"in (a). Part (b) depicts the low-energy excitation at
a higher energy resolution. In (c) a small g, component was added to
the total scattering vector and an excitation was observed at 0.5 meV.
Simulation data are shown for ¢ = 1.6 A~! (d) and ¢ = 0.4 A~!
(e). (f) Calculated transverse current spectra. Two propagating modes
are visible at high g;.

calculated following [29]. Note that these dynamics are not
directly accessible experimentally [29].

Figure 3 shows the collective short wavelength dynamics of
the DMPC-ethanol system from experiment and simulations.
The neutron data in Figs. 3(a), 3(b), and 3(c) show a
central (Gaussian) peak due to instrumental resolution
and a quasielastic broadening centered at energy transfer
hw = 0 meV. This quasielastic component has contributions
from coherent and incoherent scattering of the bilayers and
solvent and could well be fitted by a Lorentzian peak shape.
In addition, inelastic peaks were observed due to propagating
collective in-plane dynamics of the deuterated membrane
core. Two peaks were observed in Fig. 3(a), one at an energy
of 2.28 meV and a second one at a smaller energy of 0.77 meV.
The latter is more evident in the high-resolution experiment
[Fig. 3(b)]. The corresponding energies were determined by
fitting damped harmonic oscillators (DHO) to the spectra.
Phonon energies were determined at g;; values of g = 1.35,
1.5, and 1.65 A~!, around the lipid correlation peak, where the
coherent scattering of the sample was found to be dominated by
the coherent scattering of the lipid membrane core [19]. Note
that the momentum transfer in the scans in Figs. 3(a) and 3(b)
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FIG. 4. (Color online) (a) Phonon energies as determined from
experiment (M) and simulation (o). While the upper branch is also
found in pure lipid bilayers, the low-energy branch is attributed to
the presence of the ethanol molecules in the bilayers. (b) Dispersion
of the calculated transverse current spectra. Propagating transverse
modes were observed for g values greater than 1.5 A~". Solid lines
are guides for the eye.

was longitudinal and the observed modes have longitudinal
properties. To determine an additional potential transverse
character, additional scans have been conducted by adding
a small g, component to the total scattering vector Q. In the
corresponding scan in Fig. 3(c), an excitation at slightly
smaller energy values of 0.5 meV was observed. Selected
S(g),hiw) spectra evaluated from the MD simulations
trajectories of the DMPC-ethanol system are shown in
Figs. 3(d) and 3(e). The spectra were fit using the effective
eigenmode model [28], which consists of a central heat mode
and propagating sound modes located at +iw and —hiw. Two
such modes were visible in the spectra and their energies
were determined from the position of asymmetric Lorentzian
peak shapes. Figure 3(f) shows the transverse current spectra
at ¢ = 3.4 A1, Two excitations are visible, one at 1.8 meV
and a second, low-energy, excitation at 0.7 meV. These energy
values correspond to the excitation energies in the longitudinal
scans within the given errors. Propagating modes could be
identified in the transverse current spectra at g values
higher than about 1.5 A~! only, corresponding to less than a
nearest-neighbor lipid tail distance. The transverse dynamics
are most likely relaxational at smaller g;, values as the shear
modulus is expected to be small in the fluid phase of the
membranes.

The dispersion relations for longitudinal and transverse
dynamics are shown in Fig. 4. Two branches are visible in
the longitudinal spectra in Fig. 4(a). The dispersive mode at
higher energies of about 4 meV coincides well with the mode
previously reported for pure lipid bilayers from simulations
[21,28] and experiments [19,30]. The new mode at lower
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energies of about 0.8 meV appears to be less dispersive.
Experimental and computational data for pure DMPC bilayers
were analyzed in parallel and no sign of this low-energy mode
was found. The latter mode was therefore attributed to the
presence of the ethanol molecules in the bilayer. Two branches
are also visible in the transverse current spectra in Fig. 4(b),
as determined from the simulations.

An acoustic phonon branch was previously observed in
lipid bilayers. This phonon has a typical shape: It shows a
linear increase at small g, values due to long wavelength
sound propagation, and a pronounced minimum at g;; values
corresponding to the nearest-neighbor distances of lipid acyl
tails. Our data suggest that this mode is not altered by the
presence of the ethanol molecules. The mode at ~0.8 meV
not present in the pure lipid shows little or no dispersion.
This conclusion is, however, mainly based on simulation data
as the experimental data cover a much smaller g range.
The position of the low energy excitation in the experiment
appears to be sensitive to the perpendicular direction as it
shifts when adding a small ¢, component. Both simulations and
experiment therefore point to a partial transverse, out-of-plane
character of this mode. Both modes are also observed in the
calculated transverse current spectra. The molecular motions
associated with these modes can thus be pictured as coherent
displacements of the carbon atoms in the lipid tails in the plane
of the membrane, and partially also along the bilayer normal.
As the collective lipid tail dynamics is related to the mobility
of kink defects and small voids in the hydrophobic membrane
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core [6], both modes might be important for transmembrane
transport. In particular the low energy mode in the presence
of ethanol could be related to the enhanced transmembrane
transport of small molecules. However, further investigations
are needed in order to pinpoint the molecular origin of this
mode.

In summary, we present the first inelastic scattering experi-
ments to study collective lipid dynamics of supported bilayers
in a water-ethanol solution complemented by all atom MD
simulations. Experiment and simulation reveal an additional
low-frequency collective mode associated with the acyl chain
dynamics, when ethanol is embedded within the lipid bilayers.
From experiment and simulations the collective hydrophobic
membrane core dynamics show transverse properties, related
to molecular motions perpendicular to the membrane. Whether
these modes are related to transmembrane transport of small
molecules will be an important question in future experiments
and simulations.
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Chapter 8

Vapour Phase Ethanol

Experiments

The presence of a new low energy mode with perpendicular character in DMPC-
Ethanol systems warrants further investigation. As mentioned in chapter 2, the diffi-
culty in constructing lipid bilayers in ethanol is that it is not naturally incorporated
into the bilayer, and must be added either from the aqueous or vapour phase. The
presence of the intense heavy water scattering at g = 2 A1 and strong elastic con-
tribution near the tail-tail interaction peak limited the experimentally accessible lipid
signal in neutron scattering experiments of DMPC immersed in water-ethanol solu-
tions. Thermal unbinding and vertical sample orientation also limited stable DMPC-
Ethanol systems to ethanol concentrations of 5%. The x-ray hydration chamber
allowed hydration of 100% DMPC samples from the vapour phase and in a horizontal
orientation. In this configuration, the ethanol concentration is tunable by adjusting
the contents of the hydration chamber trough, and stable DMPC bilayers could be

prepared in the presence of ethanol solutions at concentrations up to 20% by mass.

8.1 X-ray Experiments

Stacked DMPC-ethanol systems were examined with x-ray diffraction using the Bio-
logical Large Angle Diffraction Experiment (BLADE). Solid supported multilamellar
DMPC bilayers with ~5000 layers were prepared on 1 x 1 cm? Silicon (111) wafers
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according to the APTES preparation method described in chapter 3. DMPC sam-
ples were carefully aligned in the center of the x-ray hydration chamber pillar before
adding 5 mL of ethanol water solution to the trough. Precise sample alignment was
performed by BLADE software for consistency throughout the experiment. Ethanol-
water solutions were prepared at concentrations of 0, 1, 5, 10 and 20 % ethanol by
mass. Samples were allowed to equilibrate for at least 2 hours after closing the x-ray
hydration chamber to ensure consistent hydration. X-ray 2D in-plane scans were per-
formed over a period of 18h at 299 K. This provided scattered x-ray intensity maps
between -0.3 to 3.0 A~ g, and 0 to 1.4 Algq

were arranged around the sample hydration chamber to blow hot air over the Kap-

.. Two high temperature air guns
ton windows for the duration of the experiment. The increased window temperature
prevented condensation on the Kapton windows and enhanced condensation on the
sample. Air guns were set to 115°C and 100°C for the large and small Kapton win-
dows respectively. Temperature inside the chamber was controlled by adjusting the
temperature of the water bath which is pumped directly underneath the hydration
chamber trough and sample pillar (see Figure 5.12c). The final 20% ethanol solution
was also saturated with K,SO, to produce a relative humidity of 97% and reduce

condensation on the hydration chamber pillar surrounding the sample.

A 2D in-plane scan of a dry 100% DMPC control sample at 299 K is shown in
Figure 8.1. Displacement along the x-axis indicates a decrease in in-plane lengthscale
and displacement in the y-direction indicates decreasing perpendicular lengthscale.
At g = 0, a series of high intensity spots appear along the g, axis. At large in-plane
lengthscales the bilayer stack appears as a series of flat layers. The high intensity
spots are indicative of this three dimensional long range order of the bilayer stack
and correspond to Bragg reflections from different layers of the sample. The circular
arc of intensity surrounding these peaks is a powder average result of the mosaicity
of the sample. Deviations from the horizontal bilayer plane orientation indicate the
contribution from the bilayer spacing is no longer aligned with g, but also has a g,
component, which leads to Bragg peak shifting off the g, axis. The in-plane ordering
of the bilayers is demonstrated by rod-like structures at q = 1.4 A-'and 1.0 A1,
The rod at g = 1.4 A1 corresponding to lengthscales of 4.5 A demonstrates the

two dimensional ordering of the lipid tails. The rod at g = 1.0 A-! demonstrates
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q, (A7)

Figure 8.1: 18 hour 2D in-plane scan of an unhydrated pure DMPC sample at 299
K. In-plane and perpendicular structure are not coupled. Sample imperfections lead
to the very small (log scale) arc structures seen in intensity peaks.
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Figure 8.2: a) Depicts a 2D in-plane scan of a pure DMPC bilayer hydrated with pure
water at 299 K. Note the position of the tail-tail interaction peak at g, = 0. b) 2D
in-plane scan of a pure DMPC bilayer hydrated with pure water and 10% ethanol at
26°C. Here we see the peak has shifted upwards in g, by ~0.1 A=!. This points to an
increase in the perpendicular dynamics in the DMPC-ethanol system. The observed
lengthscale corresponds to 63 A, approximately equivalent to one bilayer thickness.

the headgroup ordering associated with an increase in lipid molecular order in the
gel (L) phase. A similar powder average pattern is observed for both of these rod

structures which is again indicative of the sample mosaicity.

2D in-plane scans of vapour hydrated 100% DMPC samples in pure water and 10%
ethanol solutions at 299 K are shown in Figure 8.2. The hydrated scans demonstrate
an increase in disorder which leads to a diffusion of the scattering signal called diffuse
scattering. Well defined Bragg peaks are still visible as well as the lipid tail-tail
interaction signal at g = 1.4 A-'. The signal at q, =10 A-1 corresponding to
headgroup spacing is not present, which is consistent with a transition to the fluid
(L,) phase. The primary difference between the pure water and 10% ethanol scans
shown is the position of the tail-tail interaction signal. In the pure water and dry scan,
the intensity of the tail-tail rod begins at g, = 0 A~'. In the 10% ethanol scan this
peak has shifted upwards to begin at ~ q, = 0.1 A-!. This displacement corresponds
to a lengthscale of ~63 A which is similar to the fluid phase DMPC bilayer thickness

d, = 62.6 A [10] and to the thickness observed in our previous neutron experiments
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(d, = 64.5 A). A consistent displacement in the g, position of the tail-tail interaction
peak was observed for ethanol concentrations of 1, 5, 10 and 20%. A plot of the
q. shift as a function of ethanol concentration is shown in Figure 8.3. Error bars
represent uncertainty as a result of excess diffuse scattering and pillar condensation
(discussed below). The g, displacement demonstrates a slope of 0.002 A~'/% which

may indicate a constant displacement of ~0.1 A~! with the addition of ethanol.

8.2 Discussion

A positive q, displacement with the addition of ethanol is consistent with and com-
plimentary to our previous neutron experiments. The displacement of the pure water
tail-tail interaction peak at g, = 0 A~1 demonstrates that lipid tail fluctuations have
long characteristic lengthscales in the z direction. The displacement of the ethanol
tail interaction peak of q, = 0.1 A~! relative to the pure water tail interaction peak
represents a decrease in the significant lengthscale of tail interaction in the z direction.
The tail-tail interaction peak in the ethanol samples exhibits z-direction lengthscale of
one bilayer thickness or less, which indicates coherent tail fluctuations of these wave-
lengths are the most common. This is consistent with the perpendicular character
observed in the acoustic phonon in the neutron experiments as well as the idea that
coherent lipid tail fluctuations aid passive membrane transport. However, further
examinations are required to quantify q, displacement and identify its nature.

Some challenges remain for hydrating lipid bilayer samples with ethanol from the
vapour phase. A major experimental difficulty was the accumulation of condensation
in the path of the x-ray beam. Condensation on the Kapton windows could be
limited by adjusting the position of air guns, but significant condensation built up
on the sample pillar during the 18 hour scans. Large water droplets in the path
of the beam lead to an increase in diffuse and water scattering unrelated to the
sample hydration and obscured bilayer reciprocal space structural features (see Figure
8.4). Condensation could be limited in certain areas by adjusting the air guns. It is
also difficult to determine the true concentration of ethanol on the sample. For the
purposes of these preliminary experiments, the ethanol-water mixture was assumed to

be ideal such that the concentration of ethanol condensing on the sample is the same
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Figure 8.3: Shift in q, observed with change in ethanol concentration. The errors
reported are a result of the high degree of diffuse scattering present in the hydrated
samples which partially obscured the tail interaction peaks at some concentrations.

as that of the liquid. The relative concentrations of ethanol and water vapour between
their 351 K and 393 K is well defined, and indicates that at a given temperature more
ethanol will be exchanged to the vapour phase, which results in higher re-condensed
ethanol concentrations [74]. This issue is shown in Figure 8.5, where a solution with
30% ethanol will boil at ~355 K and produce a vapour with nearly 60% ethanol.
However, to my knowledge the concentration of ethanol in ethanol-water vapours
below 351 K is undefined.

Despite these experimental difficulties, x-ray diffraction investigations of DMPC-
ethanol systems show qualitative agreement with previous neutron experiments. Fur-
ther diffraction experiments may reveal more about the perpendicular nature of lipid
tail fluctuations in this system. High resolution reflectivity scans of DMPC-ethanol
systems may also be performed to investigate perpendicular structural changes with

the addition of ethanol at high resolution.
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Figure 8.4: The presence of large water droplets on the x-ray hydration chamber
sample pillar may create more diffuse and water scattering, which contributes to a
diffuse scattering background.
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Figure 8.5: The vapour-liquid phase diagram for water-ethanol mixtures. At a given
mass fraction of ethanol, the boiling point is defined by the liquid curve and the
ethanol vapour content is defined by the vapour curve [74]. The pathway for evap-
oration (red) and subsequent re-condensation (blue) is indicated by arrows for an
ethanol concentration of 30%.
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Conclusions

In the work presented in the preceding document, we have studied the structure
and dynamics of lipid bilayer systems. In particular, neutron and x-ray scattering
techniques were employed to investigate the diffusion of single solid supported lipid

bilayers and the impact of ethanol on collective lipid tail dynamics.

State of the art neutron backscattering spectrometry studies of single solid sup-
ported bilayers demonstrated for the first time that the time and lengthscales as-
sociated with single bilayer diffusion are accessible to neutron scattering. Diffusion
constants for single solid supported DMPC bilayers were found to be consistent with
previous macroscopic studies in multilamellar bilayers. However, the diffusion ex-
hibited continuous character rather than a flow-like diffusion which was found in
multilamellar bilayers. An enhanced diffusion was also observed at lengthscales of 6
A near the lipid nearest neighbour distance. This may correspond to void formation in
the liquid phase bilayers. The enhanced diffusion and continuous character observed
may be a result of enhanced lipid order enforced by restriction to the substrate. The
feasibility of neutron scattering studies of single supported bilayers opens the door for
the investigation of more complex single solid supported bilayer systems containing

macromolecules such as cholesterol or ethanol.

The collective dynamics of lipid-ethanol systems were also investigated. Inelastic
neutron scattering and all atom molecular dynamics simulations were employed to
study the collective dynamics of DMPC bilayers immersed in a 5% ethanol solution.
Both experiment and simulation revealed an additional low-frequency mode in the

lipid tails of the DMPC-ethanol system, which is not present in pure lipid systems.
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The higher energy acoustic mode previously associated with lipid tail dynamics in
pure lipid systems is also observed in the DMPC-ethanol system. Experiment and
simulation reveal that these dynamics exhibit transverse character which may be as-
sociated with molecullar motions perpendicular to the bilayer. This may be related to
the enhanced permeability observed in ethanol-membrane systems. X-ray diffraction
studies of the DMPC-ethanol system hydrated from the vapour phase indicate that
lipid tail fluctuations exhibit characteristic lengthscales equal to or less than one bi-
layer thickness. Passive transport of small molecules through the membrane core may
be achieved by the formation and perpendicular motion of small kink defects. This is
consistent with the enhanced collective dynamics and characteristic lengthscale ob-
served, as well as the increased permeability in ethanol-membrane systems. However,
further studies are required to fully characterize the molecular motions associated

with the new dynamic mode and its relation to membrane permeability.
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